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ABSTRACT OF THE THESIS 

 

Parvalbumin-positive inhibitory interneuron density in the amygdala in Williams syndrome 

 

by 

 

Demi Maria Zabala Greiner 

 

Master of Science in Biology 

University of California San Diego, 2019 

 

Professor Katerina Semendeferi, Chair  

Professor Brenda Bloodgood, Co-Chair 

 

Williams syndrome (WS) is a rare neurodevelopmental disorder caused by a 

microdeletion in chromosomal region 7q11.23 affecting approximately 25-28 genes. Individuals 

with this disorder display a unique hypersocial phenotype involving a seemingly uninhibited 

social approach, alongside several physiological and intellectual impairments. Many studies have 

characterized the genetic and behavioral phenotype of WS, however due to WS infrequency, 

there is limited research on how the genetic deletion affects neuroanatomical structure. The 
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amygdala is a brain structure pivotal for the regulation of social and emotional behavior. 

Disruptions to the inhibitory interneuron system within the amygdala have been documented in 

other neurodevelopmental disorders, but not yet examined in WS. Through unbiased 

stereological and immunohistochemical approach, parvalbumin-positive (PV+) inhibitory 

interneuron density was measured within the lateral, basal, accessory basal and central nuclei of 

the amygdala in four post mortem human brains of individuals with WS and four matched 

controls. There was no significant difference of PV+ inhibitory interneuron density in WS 

compared to neurotypical controls in all amygdaloid nuclei. However, for both groups, the lateral 

nucleus demonstrated a regional specialization of PV+ interneurons not seen in the other nuclei 

examined. This is the first study to quantify GABAergic inhibitory interneuron density within the 

amygdala of WS individuals and one of a handful of studies to quantify interneuron density in 

the human brain. This study contributes important findings for future research that aim to 

examine neuronal mechanisms within WS and other neurological disorders involving atypical 

social behaviors in which inhibitory circuitry may be affected. 
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INTRODUCTION 

Chapter 1 has been prepared as the future peer-reviewed publication of this study. It was 

designed first with a concise background section, followed by materials and methods, results, 

and discussion. This study explores the inhibitory interneuron system within an important brain 

structure in the context of a rare neurodevelopmental disorder, Williams syndrome.  

Chapter 2 contains extensive background information of this study, including detailed 

explanations of its unique aspects explored including Williams syndrome, the amygdala, and the 

GABAergic inhibitory system within the brain. This chapter is meant to provide ample detail on 

the specific aspects of the study, essentially an extension to the background from Chapter 1. 

Chapter 3 includes concluding statements denoting the significance of the present study. 

The nature of Williams syndrome, human post mortem tissue, and inhibitory network research 

individually is uncommon, but together, even more so. In turn, this represents the novelty and 

value of the present study’s unique elements. 
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CHAPTER 1:  PARVALBUMIN-POSITIVE INHIBITORY INTERNEURON DENSITY 

IN THE AMYGDALA WILLIAMS SYNDROME 

Background 

Williams syndrome (WS) is a rare neurodevelopmental disorder caused by a hemizygous 

deletion in chromosomal region 7q11.23 resulting in a distinctive hypersocial phenotype 

alongside several physiological impairments and intellectual modulations (Doyle, Bellugi, 

Korenberg, & Graham, 2004; Korenberg et al., 2000). The mechanisms underlying these somatic 

physical phenotype of WS is well-characterized; however, while genes in the WS deletion such 

as GTF2IRD1, CYCLN2, and LIMK1 have been implicated in social cognition, emotional 

behavior (particularly fear), and neuronal development (Arber et al., 1998; Donnai & Karmiloff-

Smith, 2000; Porter et al., 2012; Serrano-Juárez et al., 2018; van Hagen et al., 2007; Young et al., 

2008), little is known about the neuroanatomical correlates of the distinct hypersocial phenotype. 

Williams syndrome poses a unique opportunity to study known genetic deletions that result in a 

characteristic, consistent social phenotype and many studies have been conducted in unraveling 

WS at the genetic and behavioral levels (Martens, Wilson, & Reutens, 2008). What is rather 

lacking in research is the bridge between the two levels: the affected anatomy, particularly the 

brain microstructure. The neurological underpinnings of the hypersocial phenotype is not well-

understood and examining the microstructure of brain regions linked to sociobehavioral circuitry 

are critical in bridging the gap between genotype, neuroanatomy, and behavior. 

The amygdala is a subcortical structure located in the medial-temporal lobe and is 

typically known as pivotal region for emotional information processing, especially fear (Davis, 

1992; Ochsner & Gross, 2005). Additionally, the amygdala has been characterized in the “social 

brain” (Brothers, 1990), serving as a central point for the convergence of social and emotional 
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sensory information (Adolphs 2003; Klüver and Bucy 1939; Murray 2007). There are 13 distinct 

amygdaloid nuclei, each defined by neuronal morphology, electrophysiology, function, and/or 

connectivity to other brain regions (Sah et al. 2003). The four nuclei in the amygdala commonly 

examined and distinguished in this study include the lateral, basal, accessory basal (together 

referred to as the basolateral nucleus) and the central nucleus, because of their defined 

morphological boundaries compared to other nuclei and unique connectivity with brain regions 

(Stefanacci & Amaral, 2000, 2002). Each nucleus has an important role in the relay of sensory 

information to many cortical and subcortical regions, as well as integrating that information 

between the nuclei (Sah et al. 2003). Generally, the basolateral nuclei relay information to and 

from higher-order cognitive areas, such as the orbitofrontal and prefrontal cortices, sensory 

cortices, and subcortical structures like hippocampal associated areas (Stefanacci & Amaral, 

2000). The central nucleus receives major projections from the basolateral nucleus and 

subsequently projects to autonomic structures in the brainstem (Stefanacci & Amaral, 2002). The 

amygdala has demonstrated microstructural modulation in WS such as increased overall volume 

(Jernigan and Bellugi 1990; Reiss et al. 2000) and increased overall and lateral nucleus density 

(Lew et al. 2018), as well as other neurodevelopmental disorders including autism spectrum 

disorders (ASD) and schizophrenia (Amaral, Schumann, & Nordahl, 2008; Kreczmanski et al., 

2007).  

The main population of amygdaloid neurons are glutamatergic excitatory principal 

neurons, comprising approximately 80-90% of total neurons (McDonald & Augustine, 1993; 

Pitkänen & Amaral, 1994). The remaining are mainly local γ-aminobutyric acid containing, or 

GABAergic, inhibitory interneurons that regulate the glutamatergic excitatory principal neuron 

activity (McDonald & Augustine, 1993). A well-characterized subpopulation of GABAergic 
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interneurons is immunopositive for the neuronal protein, parvalbumin or PV+. PV+ interneurons 

make up 19-43% of the total GABAergic interneuron population, alongside other inhibitory 

interneuron subtypes including calbindin and calretinin (McDonald & Mascagni 2001). 

GABAergic PV+ interneurons function to control the excitability of single principal neurons and 

other interneurons, as well as synchronizing the frequency of groups of principal neurons (Cobb, 

Buhl, Halasy, Paulsen, & Somogyi, 1995; Spampanato, Polepalli, & Sah, 2011; Woodruff, 

Monyer, & Sah, 2006; Woodruff & Sah, 2007b). Due to PV+ interneurons’ role in the direct 

regulation of excitatory activity within the amygdala (Spampanato et al., 2011; Woodruff & Sah, 

2007a), it is possible that PV+ interneuron density alteration can cause improper amygdala 

function. Inhibitory interneuron dysfunction has been implicated in several neurological 

disorders that include atypical mental and behavioral phenotypes, such as ASD, schizophrenia, 

and Fragile X syndrome (Berretta, Pantazopoulos, & Lange, 2007; Coghlan et al., 2012a; Prager, 

Bergstrom, Wynn, & Braga, 2016; Schumann, Bauman, & Amaral, 2011). 

Given the critical role of the amygdala in social behavior, WS’s unique hypersocial drive, 

and the role of the inhibitory interneuron system in modulating neuronal circuitry, the inhibitory 

regulation of the amygdala of WS is a potential site of dysfunction. This pilot study is the first to 

measure an important inhibitory interneuron population within the amygdala of WS individuals. 

Utilizing immunohistochemical and unbiased stereological techniques, the PV+ interneuron 

density was measured in four nuclei of the amygdala in post mortem tissue of four WS and age-, 

sex-, and hemisphere-matched control pairs. I hypothesized that the seemingly uninhibited 

hypersocial WS phenotype may be the result of a higher PV+ inhibitory interneuron density with 

the amygdala, a highly innervated socio-emotional processing area of the brain, due to the 

greater inhibitory regulation neurons that would be present. With greater inhibitory interneuron 
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presence, I hypothesize that there would be greater inhibition of the fear/threat detection ability 

of the amygdala reflected in a “fearless” social approach, such as the WS social phenotype. 

 

Materials and Methods 

(Initials Key for Research Scientists and Research Assistants: KS = Dr. Katerina 

Semendeferi, CL = Dr. Caroline Lew, KH = Dr. Kari Hanson, DC = Deion Cuevas, KG = 

Kimberly Groeniger, DG = Demi Greiner) 

 

Subjects 

Post mortem brain tissue of the amygdala from four Williams syndrome brains and four 

neurotypical, or control, age-, sex-, and hemisphere-matched brains were used in this study 

(Table 1). Brain tissue of Williams syndrome individuals were received from the Ursula Bellugi 

Brain Collection and neurotypical brain tissue was received from the NIH NeuroBioBank. All 

amygdala brain blocks were formalin-fixed and subsequently saturated in a series of sucrose 

solutions prior to cutting for optimal cutting condition and cryoprotection. Amygdala tissue 

blocks were frozen on dry ice and sectioned in a 1-in-5 series at 80 µm thickness via microtome 

by CL, KG, and DG (Leica SM 2010R). One series per subject was mounted on gelatin-coated 

glass slides and stained for Nissl substance, and the remaining were stored in tissue 

cryopreservation solution (TCS) and kept at -20°C prior to immunohistochemical staining. The 

selection of tissue sections for immunohistochemical staining spans the rostral-caudal extent of 

the amygdala in each individual in a 1-in-20 series. 
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Immunohistochemistry 

The immunohistochemical tissue processing was carried out by DG with the assistance of 

KH, CL, DC, and KG. All amygdala tissue sections were processed by immunohistochemical 

staining for the neuronal marker parvalbumin. After each step in this tissue staining process such 

as washes and solution incubation, the tissue-filled plates were placed on an orbital shaker table 

(KJ 210BD Oscillator) at 80 rotations per minute to maximize tissue contact with the 

surrounding solution. Frozen tissues submerged in TCS were defrosted and washed in phosphate 

buffer solution B (PBS-B). Antigen retrieval was performed by submerging tissue in 0.5% 

citraconic acid in deionized water solution (pH = 7.4), heated at 86°C for 30 minutes, cooled, 

then washed in PBS-B. The tissue was quenched for endogenous peroxidases with a 3% 

hydrogen peroxide-methanol solution incubated for 20 minutes, then washed in PBS-B. Pre-

block solution was prepared using 4% normal serum, 0.6% Triton-X, 5% BSA in PBS-B and 

incubated with the tissues for 1 hour, then washed in PBS-B. Mouse primary antibody (#235, 

SWAnt; Marly, Switzerland) in PBS-B at 1:8000 concentration was applied to tissues and 

incubated for 24 hours at room temperature, then 24 hours at 4°C. The tissue was then washed 

and incubated with anti-mouse secondary antibody (BA-2000, Vector Laboratories, Inc., 

Burlingame, CA) in PBS-B at 1:200 concentration for 1 hour at room temperature. The tissue 

was then washed in PBS-B and the avidin-biotin peroxidase complex (ABC) kit (PK-4000, 

Vector Laboratories, Inc.; Burlingame, CA) was incubated with the tissue for 1 hour at room 

temperature, then washed with PBS-B. The DAB (3,3'-diaminobenzidine) chromogen kit (SK-

4100, Vector Laboratories, Inc.; Burlingame, CA) was prepared according to the manufacturer’s 

instructions. DAB solution containing double-distilled water, buffer stock solution, DAB stock 

solution, and hydrogen peroxide and was incubated with the tissue shaking for a maximum of 8 
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minutes until desired dark brown color was obtained. After desired darkly stained color was 

achieved, the tissues were transferred to PSB-B to halt the reaction and the tissues were mounted 

onto gelatin coated slides (#5075-W, Brain Research Laboratories; Newton, MA). After the 

immunostained tissue had dried onto the slides, the slides were dehydrated in a gradient of 

ethanol solutions then transferred into Citrisolv (Decon Laboratories, Inc.; King of Prussia, PA). 

Glass coverslips were applied onto the tissue by DG, DC, and KG using Permount (Fisher 

Scientific; Pittsburgh, PA) as adhesive medium. The slides were then dried overnight before 

quantitative stereology and microscopy. 

  

Stereological Analysis 

Stereological analysis of the tissue was performed by DG with the guidance of KH and 

CL. Unbiased designed-based stereological analysis of the immunostained tissue was performed 

using a Nikon Eclipse 80i brightfield microscope and the Optical Fractionator probe of 

Stereoinvestigator software (MBF Bioscience; Williston, VT). The Optical Fractionator probe 

allows for the estimation of a total population of cells based on random sampling within outlined 

regions of interest on sections spanning a uniform z-plane. Each subject had 5-9 amygdala tissue 

sections to quantify spanning the rostral-caudal extent of the structure. Boundaries of each the 

four nuclei were drawn in reference to the adjacent Nissl stained sections from the same subject 

at 1x magnification consistent with previously published amygdala boundaries (Schumann & 

Amaral, 2005). The grid size per nucleus was optimized to take into consideration the less 

abundant interneuron population compared to total neuron population and to be proportional to 

the size of each nuclei: 900 x 900 µm2 (lateral), 750 x 750 µm2 (basal), 500 x 500 µm2 (accessory 

basal), and 350 x 350 µm2 (central). Other stereological parameters such as counting frame size 
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and dissector height remained consistent for all nuclei: 350 x 350 µm2 and 20 µm, respectively. 

An example of a single counting site within the program is shown in Figure 1. Neuron soma that 

were within the counting frame were counted. Neuron soma that lay within the counting frame 

and intersected green lines were marked, whereas neuron soma that were within the counting 

frame and intersected the red lines were not marked (Figure 1). Neuron soma that were darkly 

stained and had neuron-like morphology (processes, clear cell body shape) were counted. A 

threshold coefficient of error (Gundersen m = 1) was used to monitor and account for the 

variability of neuron quantification within each subject. For this study, Gundersen CE m = 1 

values of < 0.2 calculated for each nucleus per subject were considered reliable, values 

exceeding 0.2 were not considered reliable for consistent comparison. PV+ interneuron density 

(neurons/mm³) was calculated as the estimated population using mean section thickness with 

counts (neurons) divided by planimetric volume of the structure (mm³). Other reported measures 

such as total neuron count during one nuclei probe run and coefficient of error were also 

included in this study. Total neuron count represents the raw number of neurons measured during 

each probe run. Estimated total population represents the estimated projection of all interneurons 

within the entire structure. Volume represents the planimetric volume or the volume calculated 

based on the boundaries drawn from the serial sections. 

 

Statistical Analysis 

All statistical tests were performed on GraphPad Prism Version 8.1.0 for Windows 

(GraphPad Software, La Jolla, California, USA). A two-way ANOVA was performed to test the 

variable of condition (WS) and differences between nuclei. Mann-Whitney tests (non-parametric, 

unpaired t-tests for comparing two groups) were performed following the ANOVA to compare 
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WS condition within each of the nuclei with a measured Gundersen coefficient of error m = 1 < 

0.2, numerical criterion based on a prominent interneuron density study (Kataoka et al., 2010). 

 

Results 

This study aimed to measure the parvalbumin-positive interneuron density within four 

major subdivisions of post mortem human amygdala of the Williams syndrome brain. 

Quantitative stereological results are listed in Table 2, including the estimated total population, 

volume, total population density, and percentage (%) of total neuron density. The data reveal no 

significant difference in PV+ interneuron density in Williams syndrome group compared to 

neurotypical control group across all four amygdaloid nuclei (two-way ANOVA, p < 0.05). 

Figure 2 represents the individual values and group means comparing the WS subjects and their 

corresponding controls in each nucleus. Figure 3 represents the individual values of WS and 

neurotypical control pairs within each nucleus. There was a significantly greater PV+ 

interneuron density between the lateral and central nucleus within the WS group (Freidman test, 

p = 0.0370, not shown), however statistical tests involving the accessory basal and central nuclei 

were not deemed reliable due to their large coefficients of error (Gundersen m = 1, > 0.2) and 

large standard deviations. The neurotypical group did not show significant differences of 

interneuron density between all nuclei, likely due to small sample size. 

Figure 4 illustrates the qualitative PV+ interneuron density distribution across the four 

nuclei distinguished in this study: the lateral, basal, accessory basal, and central nuclei. The 

rostral-caudal extent of the amygdala was represented across the tissue sections quantified, 

however the mid-amygdala region was chosen for representation in this figure because of the 

presence of all four nuclei distinguished in this region of the amygdala. The lateral nucleus had 
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the greatest PV+ interneuron density for the WS and neurotypical individuals generally, however 

there was greatest PV+ interneuron density distributed along the most lateral portion of this 

nucleus. This figure (Figure 4) depicts one section of one subject (WS14) of the study, however 

this pattern was observed in most other tissue sections per subject. Other nuclei were not 

observed to have this consistent regionalization, but rather more ubiquitously distributed. 

 

Discussion 

Through a neuroanatomical and stereological approach, parvalbumin-positive interneuron 

density within the four major nuclei of the human amygdala in Williams syndrome individuals 

was measured. This is the first study quantitatively measuring of the PV+ interneuron density 

within the WS amygdala. 

The PV+ interneurons tightly regulate the activity of excitatory neurons within the major 

nuclei of the amygdala, part of the fear network of the brain (McDonald & Betette, 2001; 

Woodruff & Sah, 2007b). A higher inhibitory interneuron density within this structure may 

disrupt the typical excitatory activity causing an imbalance of excitation/inhibition regulation 

and improper neural networking (Marín, 2012). Amygdala PV+ interneurons were hypothesized 

to have higher density in all nuclei within WS compared to neurotypical individuals because of 

the seemingly uninhibited, “fearless” social drive seen in WS. With a higher density of the 

subunits of the inhibitory regulation mechanism present, in theory, there would be increased 

overall inhibition of the structure’s neuronal activity. Particularly for the amygdala, there would 

be social fear inhibition because of the structure’s important convergence in socio-emotional 

information processing (Adolphs, 2006; Murray, 2007). The greater inhibitory interneuron 
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density or inhibitory control may be associated with the lack of social fear inhibition, in other 

words being prosocial, seen within the WS phenotype. 

The results show that there was no significant difference between the WS groups and 

neurotypical control group across all four of the major amygdaloid nuclei, which does not 

support the initial hypothesis, but the measurements are similar to previous human interneuron 

density studies (Pantazopoulos, Lange, Hassinger, & Berretta, 2006; Garcia-Amado and Prensa, 

2010). Additionally, only the lateral and basal nucleus measurements were considered reliable 

due to their acceptable CE during quantification. There are several possible explanations for 

these results including small sample size, scarce PV+ interneuron numbers leading to large 

coefficients of error, roles of other inhibitory interneuron populations, and the possibility of a 

functional difference of the interneurons as opposed to an anatomical difference. Other aspects of 

this study such as the apparent PV+ interneuron localization within the lateral nucleus, 

neurotypical subject NT5758, and limitations of the study will be discussed in further detail. 

 

Other Interneurons 

Parvalbumin-positive interneurons are one of the main inhibitory interneuron populations 

in the cortex and the amygdala (Markram et al., 2004; McDonald & Mascagni, 2001). There 

have been quantitative interneuron studies within the human amygdala, which have served as the 

basis for this study’s observations, however only one study was found to have comparable 

methodological density units of neurons/mm3 whereas other studies used neurons/mm2.  

Both parvalbumin and calretinin interneurons were quantified as a percentage out of total 

neuron density in a cohort of three neurotypical subjects in Garcia-Amado and Prensa (2010). 

The calretinin-positive interneurons, another major GABAergic inhibitory interneuron 
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population, had greater density in the four amygdaloid nuclei distinguished in this study 

compared to the PV+ population, representing 4-23% of the total neuron population whereas 

PV+ interneurons were <1% of the total neuron (Garcia-Amado and Prensa, 2010). Total neuron 

counts of individuals from this study were taken from Lew et al. (2018), a study within our 

laboratory, and the percentage of PV+ interneurons in the total neuron population was calculated. 

Within this comparison, our results showed that PV+ interneurons also comprised approximately 

1% or less of total amygdaloid neuron density, similar to Garcia-Amado and Prensa (2010). Our 

study contributes to the line of evidence that the PV+ interneuron density is consistently low 

across the human amygdala, but other interneuron populations may be present in larger numbers. 

Pantazopolous et al. (2006) describe quantitative measures of multiple interneuron 

subpopulations within the human amygdala including parvalbumin-positive (PV+), calbindin-

positive (CB+), and parvalbumin/calbindin-positive interneurons (PV/CB+) that demonstrated 

statistically different number of each neuronal subpopulations in the different nuclei throughout 

the amygdala. However, the interneuron density measurements were calculated in units of 

neurons/mm2, as opposed to this study’s density units of neurons/mm3. Neurons/mm2 measures 

the density of neurons within an area on a particular “2D” section, however this study’s use of 

estimated total neuron populations and structure volume estimations in calculating an estimated 

total neuron number within a cubic (3) volume provides a more accurate measure for density. 

Therefore, comparisons of interneuron density can be made on a qualitative basis. CB+ 

interneurons showed greater number ubiquitously throughout the amygdala and particularly in 

more medial nuclei, like the accessory basal and central domains, whereas the PV+ showed 

greater number in the rostral/mid-amygdala region and lateral nucleus, similar to the findings of 

the present study. This again indicates that the PV+ interneurons immunostained represents one 
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of many subpopulations of GABAergic interneurons and that other subpopulations may be 

populating and localizing in the other regions.  

Sorvari et al. (1995) has also depicted this similar PV+ interneuron pattern in the human 

amygdala, however density measurements in this study were calculated in neurons/mm2 which 

leaves our density comparisons on a qualitative level. Similar PV+, CR+, and CB+ distribution 

patterns are present in the rat amygdala, where PV+ was more robustly present in the more 

lateral nuclei and sparse in the medial nuclei. CR+ and CB+ were more evenly distributed 

throughout all amygdaloid nuclei, notably populating the central nucleus consistent with past 

studies (Kemppainen & Pitkanen, 2000; McDonald & Betette, 2001). Future studies quantifying 

all the major GABAergic interneuron subpopulations within the human amygdala for WS may 

illustrate a more comprehensive overview of the regional specialization of the entire inhibitory 

interneuron system. The other major interneuron subpopulations may achieve greater statistical 

power across the amygdaloid nuclei which may provide support for this study’s hypothesis that 

there would be greater inhibitory interneuron density overall within the WS amygdala. 

 

Electrophysiology 

PV+ interneurons may not have significantly greater density within the amygdala in WS, 

but another proposed explanation for this is perhaps an underlying functional mechanism over 

glutamatergic principal neurons, a feature that neuroanatomical work cannot directly determine. 

PV+ interneurons have characteristic electrophysiological activity within the basolateral 

amygdala exhibiting fast-spiking bursts (Rainnie, Mania, Mascagni, & McDonald, 2006; 

Spampanato et al., 2011) and are involved in feedforward and feedback inhibition and excitation 



14 

 

systems dependent on the type of afferent cell, glutamatergic or interneuron respectively 

(Woodruff et al., 2006; Woodruff & Sah, 2007a, 2007b).  

In ASD, there is a reduction of GABAergic system elements in various cortical regions 

(Coghlan et al., 2012a). In a Fragile X syndrome model, there is a reduction of GABAergic 

transmission, inhibitory synapses, and synaptic GABA levels within the amygdala (Olmos-

Serrano et al., 2010). Within schizophrenia, there is reduced GABA precursor protein with 

conserved neuron number in the PFC and cerebellum (Akbarian et al., 1995; Guidotti et al., 

2000) and reduced excitation in PV+ interneurons (Belforte et al., 2010). GABAergic 

dysfunction is slowly being revealed as a common finding in neuropsychiatric and neurological 

disorders (Coghlan et al., 2012b; Marín, 2012), however many of the research studies involved 

electrophysiological and protein expression methods contributing insights to the functionality of 

the interneurons as opposed to its structural differences. Functionality and anatomy are 

complements of each other, paralleled research of neuroanatomy and electrophysiology for this 

dichotomy would illustrate the complete role of interneurons in regulatory neurotransmission. 

 

Regional Localization 

In this study, I found that the lateral nucleus exhibits higher PV+ interneuron density 

compared to the other nuclei in both neurotypical and WS human amygdala, although 

insignificant (Table 2, Figure 4). This distribution pattern has been present in the human 

amygdala (Garcia-Amado and Prensa, 2010; Pantazopoulos et al., 2006; Sorvari et al., 1995), as 

well as the monkey (Pitkänen & Amaral, 1993), and rat (Kemppainen & Pitkanen, 2000). The 

lateral nucleus can be subdivided into two regions in humans: lateral (outer most) and medial 

(inner most) (Pitkänen & Kemppainen, 2002; Sorvari et al., 1995). As described in the 
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aforementioned studies, PV+ interneurons populate the basolateral nucleus predominantly 

compared to other amygdaloid nuclei, especially within the lateral nucleus. Accordingly, within 

our study, the lateral-most portion of the lateral nucleus, as opposed to the medial subdivision, 

had the highest PV+ interneuron density in both the WS and neurotypical control groups. This 

recurrent pattern may provide insight on the specificity of PV+ interneuron information 

regulation. 

The lateral nucleus has unique innervation and circuitry with other parts of the brain, 

largely from cortical sensory areas (Sah et al. 2003; Stefanacci and Amaral 2002). It is the main 

information input area of the amygdala and starts the information processing from multimodal 

sensory areas (Stefanacci & Amaral, 2000).  This higher density of a specific inhibitory 

interneuron type in this particular nucleus may indicate that PV+ interneurons favorably regulate 

afferent information from mainly sensory territories, as opposed to autonomic territories or other 

nuclei like such as the central nucleus. In Lew et al. (2018), the lateral nucleus demonstrated an 

increase to overall neuron density in neurotypical individuals, which may account for this 

increased overall density of this particular nucleus. The neurodevelopmental trajectory of 

amygdala neurons has demonstrated a medial to lateral gradient, where neuronal migration 

begins in the more medial nuclei, like the central nucleus, and end in the lateral nucleus 

(Kordower, Piecinski, & Rakic, 1992). This pattern may implicate a mechanism that contributes 

to the uneven distribution of the PV+ interneurons in the mature lateral nucleus. 

The human entorhinal cortex and prefrontal cortex also have regional specialization and 

lamina-specificity, respectively, of inhibitory interneurons subpopulations including PV+ (Lewis 

et al., 2001; Mikkonen, Soininen, & Pitkänen, 1997). This interneuron type may be suited for 

regulating specific types of incoming information across the human brain. 
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NT5758 

One subject in the control group, NT5758, demonstrated an unusual staining pattern that 

greatly differed from all other individuals observed in this study, as well as previous PV+ 

interneuron studies (Garcia-Amado and Presna, 2010; Kemppainen & Pitkanen, 2000; 

Pantazopoulos et al., 2006). Of the six amygdala sections quantified for this individual, two 

sections in the caudal region showed an abnormal staining pattern containing densely packed, 

darkly stained PV+ soma in the upper portions of the accessory basal and central nuclei. The 

nuclei boundaries and stained cells were verified for accuracy by two senior lab members. 

The causal mechanisms underlying the abnormal PV+ interneuron density observed in 

subject NT5758 remain elusive. The cause of death for subject NT5758 was sepsis, a condition 

of extreme organ failure due to a hyperactive host immune response and commonly results in 

brain cognitive dysfunction (Lever & Mackenzie, 2007; Siami, Annane, & Sharshar, 2008). 

There is evidence that induced sepsis decreases overall neuron number in the brain, PV+ 

interneuron function, and cognitive ability in mice, (Ji et al., 2015; Semmler et al., 2007), so it is 

possible that complications of sepsis contributed to this irregular robust localized staining. 

 

Limitations 

Due to the nature of neuroanatomical work for this rare neurodevelopmental disorder, the 

WS sample size for this pilot study was n = 4. Therefore, conclusions drawn from the data are 

based on a small subset of WS cases and may not be representative of the entirety of the disorder 

but do provide the neuroanatomical groundwork for further studies to build upon as well as novel 

findings. There are two main points of limitation: sample size and low neuron number. 
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Firstly, the unique intersection of topics this study addresses include a rare 

neurodevelopmental disorder like Williams syndrome, post mortem tissue in humans and 

quantification of interneurons makes these findings novel, but subject to small sample size. This 

study contained four WS subjects and four neurotypical control subjects, one of the neurotypical 

subjects had only the lateral nucleus present. Having very few subjects produces data that may 

not be fully representative of density measures for each of the groups. By increasing the number 

of subjects within the study, we can get a more accurate representation of what the density of the 

PV+ interneuron population more likely is. The low sample size also poses the issue of statistical 

power and reliability. However, post mortem human studies hold valuable information that an 

animal model or cell culture lack which is the actual human measurement within the species of 

interest, not an extrapolated or hypothesized one.  

Secondly, although interneurons play a critical role in the regulation of neuronal activity 

in cortical and subcortical structures, they make up a minority of the overall neuron population 

(DeFelipe, 2002; Markram et al., 2004; Sorvari et al., 1996). This poses the issue of reliable 

estimation and quantification due to their sparse distribution. Amygdala GABAergic 

interneurons comprise approximately 10-25% of the total neuron population (McDonald & 

Augustine, 1993; Pitkänen & Amaral, 1994). When sampling interneurons, let alone a subtype of 

interneurons, there is a chance for low overall counts that result in high coefficients of error or 

high probability of inaccuracy. 

The Optical Fractionator probe (MBF Bioscience; Williston, VT) used to measure the 

density of these interneurons in this study operates by estimating the total population of a cell 

type by randomly sampling on a uniform grid throughout a series of sections expanding the 

entire extent of the structure. This method of unbiased, design-based stereology allows for a 
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quantitative estimation of a cell subpopulation, without having to physically count every cell 

within the structure. A measure of accuracy for this estimation is the coefficient of error (CE), or 

how largely the cell counts measured in each nucleus per section differ from the average count of 

that nuclei from all the sections. The more sections there are to quantify, the closer the “true” 

average value will be, and therefore deviations from the “true” average are less accurate. 

The lateral nucleus tended to have the highest overall neuron counts and density as 

compared to other nuclei in both WS and neurotypical groups (Table 2). Having a larger number 

of neurons resulted in the lowest coefficients of error compared to the other nuclei due to their 

consistently higher count throughout a majority of the amygdala (Table 2). The second most 

PV+ interneuron dense nucleus was the basal nucleus with a corresponding lower density and 

higher average CE compared to the lateral. Next were the accessory basal and central nuclei, 

with even lower densities and higher CE’s (Table 2). Due to the lower and lower counts overall 

in particular nuclei, the subsequent CE’s were higher, indicating high amounts of variation and 

deviations from the mean. For instance, in the central nuclei of NT4916 and NT5758 there was 

only one marked PV+ interneuron within the entire region sampled per subject (Table 2). Other 

sections contained zero counts, resulting in even greater deviations from the mean and the 

highest CE measurable, which is 1.0. 

Amygdala nuclei density measurements that achieved levels of unreliable coefficients of 

error, Gundersen CE m =1 > 0.2 or greater than a 20% chance of error, were not considered 

reliable data. Nuclei per individual that surpassed a CE of 0.2 were not considered in statistical 

tests or drawing viable conclusions from. This criterion subsequently eliminates reliable 

quantitative comparisons of the accessory basal and central nuclei in both the WS and 

neurotypical groups, leaving only the lateral and basal nuclei for quantitative comparison, 
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statistical analysis, and reliable discussion. Measuring the densities for low-count neuron 

populations yields an issue of accuracy but may be remedied by increasing the number of 

measurable sections per nuclei and number of individuals. These territories stained positively for 

neurotransmitter fibers and positive cells and increasing the number of sections may allow for 

future quantification of interneuron density in these regions. However, this may not be the best 

use of this incredibly rare and precious tissue. Due to the rarity of the tissue available, the 

maximum amount of quantifiable sections was used in this study, 5-9 sections per individual. In 

future studies, more sections per individual may be added such as using a 1-in-10 series as 

opposed to this study’s 1-in-20 series to lower the CE and to more accurately measure more 

neuron scarce nuclei. 

 

Conclusion 

This is the first study to obtain quantitative measures of an amygdaloid interneuron 

subpopulation of post mortem individuals with Williams syndrome. Preliminary conclusions can 

be made from the lateral and basal nuclei findings where PV+ interneurons show a regional 

localization, potentially indicative of incoming sensory information regulation by this cell-type 

specifically. Williams syndrome subjects tended to follow this pattern of localized PV+ 

interneuron density within the lateral nucleus, therefore potential modulation in functionality or 

density changes in other inhibitory interneuron subpopulations within the amygdala may be 

occurring. While this study did not find significant differences in PV+ interneuron density in WS 

and neurotypical controls, our findings of very low numbers of PV+ interneurons suggests that 

subpopulations of other inhibitory interneurons are more prevalent in the amygdala, and thus my 

hypothesis that greater density throughout all amygdala nuclei in WS cannot be ruled out as a 
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contributing mechanism explaining the uninhibited social drive phenotype. The underlying 

evidence suggests that the amygdala, a socially and emotionally implicated brain structure, may 

have a modulated inhibitory regulation network is apparent due to the known structural change in 

the WS amygdala and the modulated inhibitory regulation networks in other neurodevelopmental 

disorders. Williams syndrome demonstrates a consistent genotype-phenotype relationship where 

its genetic mechanisms result in atypical social behavior that can be further understood by 

neuroanatomical study in the context of neural network regulation systems. 

Chapter 1 includes material currently being prepared for submission for publication in a 

peer-reviewed journal. Greiner, Demi Maria Z.; Lew, Caroline H.; Hanson, Kari L.; Cuevas, 

Deion; Groeniger, Kim M.; Semendeferi, Katerina. Parvalbumin-positive inhibitory interneuron 

density in the amygdala in Williams syndrome. The thesis author was the primary investigator of 

the material in this master’s thesis. 
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CHAPTER 2: EXTENDED BACKGROUND 

Williams Syndrome  

Williams syndrome (WS) is a rare neurodevelopmental disorder occurring 1 in 7,500–

20,000 births with a uniquely social behavioral phenotype (Morris, Demsey, Leonard, Dilts, & 

Blackburn, 1988; Strømme, Bjømstad, & Ramstad, 2002). One of the most defining 

characteristics of WS is “hypersociability”, such that WS individuals, compared to typically 

developing individuals, approach and engage in social interactions in an uninhibited manner, 

especially with strangers (Doyle et al., 2004; Gosch & Pankau, 1994). Alongside this increased 

social drive, the WS phenotype includes visuospatial deficits, intellectual impairments, increased 

attention to faces, increased risk of cardiovascular disease (supravalvular aortic stenosis), and 

distinctly “elfin” facial features, including a broad forehead, wide mouth, upturn nose, full 

cheeks and lips (Doyle et al., 2004; Järvinen-Pasley et al., 2008). WS is caused by a hemizygous 

genetic deletion in chromosomal region 7q11.23 affecting approximately 25-28 genes 

(Korenberg et al., 2000). The clinical diagnosis of WS is confirmed via fluorescent in situ 

hybridization (FISH) analysis, which may confirm a deletion within the WS chromosomal region 

(Williams Syndrome Association, 2019). 

The social profile of WS is denoted by the predominant affiliative behavior with 

intellectual and visuospatial deficits (Bellugi et al. 2000), but also includes strengths in language 

ability, such as verbal short-term memory, working memory, and vocabulary (Mervis et al. 2003) 

and increased attention to faces (Järvinen-Pasley et al., 2008). WS individuals ranking of happy 

faces (Haas et al., 2009) and unfamiliar faces as more approachable (Bellugi, Adolphs, Cassady, 

& Chiles, 1999) with an inability to detect facial fear signals appropriately (Plesa-Skwerer et al. 

2006; Plesa-Skwerer et al. 2011). Williams syndrome has several known targets of the body 



22 

 

caused by the genetic deletion. Mouse models of the WS deletion have demonstrated similar 

social and physiological phenotypes, such as more affiliative behavior and cardiovascular 

abnormalities (Osborne, 2010; Young et al., 2008). The deletion of the elastin-encoding gene 

ELN has been well-documented as a contributing factor to the high rate of cardiac disease, such 

as SVAS (narrowing of the aorta), which is the common cause of death in WS individuals 

(Pober, 2010; Wessel, Pankau, Kececioglu, Ruschewski, & Bürsch, 1994). The mechanisms 

underlying the somatic physical phenotype of WS is well-characterized; however, while genes in 

the WS deletion such as GTF2IRD1, CYCLN2, and LIMK1 have been implicated in social 

cognition, emotional behavior (particularly fear), and neuronal development (Arber et al., 1998; 

Donnai & Karmiloff-Smith, 2000; Porter et al., 2012; Serrano-Juárez et al., 2018; van Hagen et 

al., 2007; Young et al., 2008), little is known about the neuroanatomical correlates of the distinct 

hypersocial phenotype. 

Williams syndrome poses a unique opportunity to study known genetic deletions that 

result in a characteristic, consistent social phenotype and many studies have been conducted in 

unraveling WS at the genetic and behavioral levels (Martens et al., 2008). What is rather lacking 

in research is the bridge between the two levels: the affected anatomy, particularly the brain 

microstructure. For example, the ELN gene is largely recognized as a major contributor to 

cardiac complications in WS individuals, epitomizing the genotype-phenotype relationship 

(Donnai & Karmiloff-Smith, 2000). However, the neurological underpinnings of the hypersocial 

phenotype is not well-understood and examining the microstructure of brain regions linked to 

sociobehavioral circuitry are critical in bridging the gap between genotype, neuroanatomy, and 

behavior.  
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The Amygdala 

The amygdala is a social brain structure that converges on social behavior and emotion 

(Brothers, 1990). The amygdala is a subcortical structure located in the medial temporal lobe and 

is typically known as pivotal region for emotional information processing, especially fear (Davis, 

1992; Ochsner & Gross, 2005). Additionally, this region serves as a central point for evaluating 

social and emotional information in the brain (Adolphs 2003; Klüver and Bucy 1939; Murray 

2007). A well-documented case demonstrating the function of the amygdala involved Patient 

S.M. who was diagnosed with Urbach-Weithe disease, an autosomal recessive condition causing 

bilateral amygdala destruction (Adolphs et al. 1994). With virtually absent amygdala function, 

Patient S.M. shows a seemingly “fearless” behavior and could not experience fear when posed 

with typically fearful stimuli, particularly fearful facial expressions (Adolphs et al. 1994). While 

intellectual and memory capabilities as well as sensory association areas are conserved, Patient 

S.M. is unable to identify fearful situations that may be life-threatening (Feinstein et al., 2011; 

Kluver and Bucy, 1939). Subsequent human studies have shown the role of the amygdala in 

threat detection (Mattavelli et al., 2014), fear conditioning, and fear learning (Rodrigues, Schafe, 

& LeDoux, 2004). Lesion studies of the amygdala in macaques have demonstrated similar 

behaviors, such as abnormal threat detection, less social stress, more affiliative behavior (Emery 

et al., 2001) and lack of fear responses to unfamiliar objects (Amaral, 2002; Dal Monte, Costa, 

Noble, Murray, & Averbeck, 2015). 

The amygdala is composed of 13 distinct nuclei, or subregions (Sah et al. 2003). Each 

defined by neuronal morphology, electrophysiology, function, and/or connectivity to other brain 

regions (Sah et al. 2003). The four nuclei in the amygdala commonly examined and 

distinguished in this study include the lateral, basal, accessory basal (together referred to as the 
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basolateral nucleus) and the central nucleus, because of their robust boundaries and specialized 

connectivity. Each nucleus has an important role in the bidirectional relay of sensory information 

to many cortical and subcortical regions, as well as integrating that information between the 

nuclei. The lateral nucleus is the primary input region for the connecting sensory information 

(gustatory, somatosensory, auditory, visual) from the cortical areas, thalamus, temporal lobe, and 

nucleus accumbens with bidirectional connections (Sah et al. 2003; Stefanacci & Amaral 2000). 

The basal nucleus receives information from the prefrontal, orbitofrontal, temporal cortices 

(perirhinal and parahippocampal) with projections from lateral nucleus (Stefanacci & Amaral, 

2002; Stefanacci, Suzuki, & Amaral, 1996). The accessory basal nucleus receives similar 

information as the basal nucleus with additional input from insular cortex and lateral nucleus 

intrinsically (Stefanacci & Amaral, 2002). The central nucleus receives strong intrinsic 

amygdaloid nuclei information from the basolateral region and from the insular cortex but 

notably serves as the primary output region to autonomic and visceral structures in the brainstem 

(midbrain, pons, and medulla) (Price & Amaral 1981; Sah et al. 2003; Stefanacci & Amaral 

2002). In a general sense, sensory information is mainly received within the basolateral nuclei 

complex and projected out of the amygdala by the central nucleus (LeDoux, 2007). The 

differentiated amygdala nuclei receive information from many sensory modalities and similarly 

project to many other brain regions making this structure integral to social, emotional, and 

cognitive circuits (Sah et al. 2003). Disruption to the amygdala may result in improper network 

communication and atypical phenotypes depending on the region information being transmitted 

throughout the amygdala (Prager et al., 2016). The amygdala is therefore of interest in WS 

because of its central role in socio-emotional information processing and could be a point of 

disruption resulting in an atypical social and emotional behavior. 
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Amygdaloid Neurons 

The balance of excitatory and inhibitory neuron firing dictates the neuronal activity of 

neurons and, therefore, the overall amygdaloid nuclei activity. The main populations of 

amygdala neurons, mostly studied in the basolateral nuclei, are glutamatergic excitatory principal 

neurons, which comprise approximately 80-90% of total neurons, similar to the cortex (Markram 

et al., 2004; McDonald & Augustine, 1993; Pitkänen & Amaral, 1994). The remaining are 

mainly local GABAergic inhibitory interneurons that regulate glutamatergic excitatory principal 

neurons as well as other interneurons (McDonald & Augustine, 1993). By releasing GABA, an 

inhibitory neurotransmitter, in their synaptic connections to excitatory neurons, creates an 

inhibitory post-synaptic signal causing a local chemical environment to prevent firing activity of 

the post-synaptic neuron. This action allows for inhibitory interneurons to regulate and balance 

neurotransmission. GABAergic interneurons can be categorized by several parameters such as 

electrophysiology and morphology, but the most common method is by their protein markers in 

post mortem tissue. The primary inhibitory interneurons of the amygdala are those 

immunoreactive for the protein markers calbindin, calretinin, and parvalbumin, which can be 

solely or co-expressed in various combinations (McDonald & Mascagni, 2001; Spampanato et 

al., 2011).  

Parvalbumin-positive (PV+) interneurons have been extensively studied and profiled as a 

major amygdala interneuron subtype. PV+ interneurons express the calcium-binding protein 

parvalbumin.  Parvalbumin is primarily used as a neuronal marker in immunohistochemistry and 

is also present in fast-twitch muscle fibers in addition to neural tissue (Celio & Heizmann, 1982). 

In the rat amygdala, 19-43% of the total GABAergic interneuron population in the amygdala is 

PV+ (McDonald & Mascagni, 2001). In the macaque amygdala, PV+ interneurons represent 
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approximately 29-38% of the GABAergic interneuron population (Mascagni, Muly, Rainnie, & 

McDonald, 2009). There are has yet to be a human study denoting the percentage of PV+ 

interneuron within the GABAergic population, however, PV+ interneurons were measured as 

<1% of the total neuron population (Garcia-Amado & Prensa, 2010). Qualitatively, PV+ 

interneuron density is similar across rat, monkey, and human, with the highest density within the 

lateral nucleus and sparse in more medial nuclei (Pitkänen & Kemppainen 2002). 

GABAergic PV+ interneurons function to control the excitability of single principal 

neurons and other interneurons, as well as synchronizing the frequency of groups of principal 

neurons (Cobb et al., 1995; Spampanato et al., 2011; Woodruff et al., 2006; Woodruff & Sah, 

2007b). PV+ interneurons are distinct from other interneuron populations by their fast-spiking 

firing activity, both in burst and stuttering patterns (Rainnie et al., 2006; Woodruff & Sah, 

2007b) and are also morphologically distinct, with chandelier and basket cell-like synapses 

(Muller, Mascagni, & McDonald, 2006; H. Sorvari et al., 1996). PV+ interneurons contact their 

targets at the soma, like a basket cell, and the axon initial segment where action potentials start, 

like a chandelier cell (McDonald and Betette 2001; Muller, Mascagni, and McDonald 2006; 

Woodruff and Sah 2007). PV+ interneurons are involved in feedforward and feedback inhibition 

and excitation systems dependent on the type of afferent cell, glutamatergic or interneuron 

respectively (Woodruff et al., 2006; Woodruff & Sah, 2007a, 2007b).  

Consistent across primate, rat, and cat species, the distribution of PV+ interneurons varies 

across the amygdaloid nuclei, where the lateral nucleus contains the highest density and the 

basal, accessory basal, and central nuclei show a decreasing density with virtually none in the 

central nucleus (Pantazopoulos et al. 2006; Garcia-Amado and Presna 2010; Sorvari et al. 1995). 

Although, the central nucleus is densely populated with GABAergic interneurons in macaques 
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(McDonald & Augustine, 1993), PV+ interneurons are not the most prevalent population in this 

region for humans. 

Due to PV+ interneurons’ role in the direct regulation of excitatory activity within the 

amygdala, it is possible that PV+ interneuron number or density alteration can cause improper 

amygdala function. Given the amygdala’s role in socio-emotional information processing, 

amygdala dysfunction may underly social behavior-linked disorders (Schumann, Bauman, and 

Amaral 2011), possibly due to irregularities in the interneuronal regulation system (Coghlan et 

al., 2012b; Marín, 2012). 

  

Neurological Disorders: Interneuron System and the Amygdala 

Both the inhibitory interneuron system and the amygdala have been implicated in several 

neurological disorders that include atypical mental and behavioral phenotypes, such as autism 

spectrum disorders (ASD), Fragile X syndrome (FXS), Rett syndrome, and schizophrenia 

(Berretta et al., 2007; Prager et al., 2016; Schumann et al., 2011). These two aspects, the 

interneuron system and the amygdala, will be described sequentially in the following 

neurological disorders. 

 

Autism Spectrum Disorders 

The sociobehavioral phenotype in WS has been described as being antithetical to ASD 

because it has been referred to as WS’s opposite social phenotype, due to ASD’s 

characteristically reserved social approach behavior and disinhibited hypersocial approach 

behavior observed in WS (Asada & Itakura, 2012; Barak & Feng, 2016; Vivanti, Hamner, & 

Lee, 2018). Additionally, there is a pattern of overlap seen in the 7th chromosome in select cases 

of ASD where the WS chromosomal region is duplicated in ASD (Sanders et al., 2011). An 
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overall decrease of GABAergic inhibitory activity in the amygdala has been observed, which 

may contribute to the typical ASD reserved social phenotype (Coghlan et al., 2012). 

Additionally, there is a significant decrease of PV+ interneurons across the cortex in ASD, 

notably within the prefrontal cortex, a region strongly connected with the amygdala (Hashemi, 

Ariza, Rogers, Noctor, & Martínez-Cerdeño, 2017; Selby, Zhang, & Sun, 2007). In an ASD 

mouse model, there is reduced PV+ interneuron GABA release in the cortex (Cellot & 

Cherubini, 2014). In autistic-like CADPS2-knockout mice, CADPS2 being a calcium mediator 

gene located on chromosome 7, there is a decrease of neocortical PV+ interneurons (Sadakata et 

al., 2007). If the implicated decrease of inhibitory regulation within a socio-emotional processing 

region is supported for ASD, then the opposite may be true for WS.   

The ASD amygdala demonstrates cellular and structural changes compared to controls. 

Children with ASD have shown an increase in amygdala volume which is not continued into 

adolescence (Schumann et al. 2004). There is a significant decrease in total neuron number 

within the amygdala and lateral nucleus in ASD individuals (Schumann and Amaral 2006). 

These results interestingly contrast with the WS amygdala anatomical findings described later in 

this section. 

 

Fragile X Syndrome 

FXS is caused by the disruption to fragile X mental retardation 1 protein (FMR1) gene 

causing intellectual disabilities and causes autistic-like behaviors (Garber, Visootsak, & Warren, 

2008). FXS has shown decreased inhibitory elements in the mouse amygdala including 

inhibitory neurotransmission, inhibitory synapses, synaptic GABA and GAD65/67 levels 

(Olmos-Serrano et al., 2010) and a reduction in the number of GABAergic receptors (Vislay et 
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al., 2013). Amygdala volume has demonstrated volumetric decreases in all ages in FXS (Gothelf 

et al. 2008; Schumann, Bauman, and Amaral 2011), FXS individuals have a decreased amygdala 

response in the presence of fearful faces (Kim et al., 2014). These studies collectively 

demonstrate that the amygdala may be a point of disruption in a genetically linked 

neurodevelopmental disorder. 

 

Rett Syndrome 

Rett syndrome is a neurodevelopmental disorder caused by genetic mutation in methyl-

CpG-binding protein 2, MeCP2, controlling chromatin remodeling and RNA splicing, resulting 

loss of motor functions, reserved social behavior, and a range of mental retardation occurring 

predominantly in females (Chahrour & Zoghbi, 2007). In MeCP2-knockout mouse models, the 

MeCP2 deficiency results in decreased GABAergic inhibitory interneuron activity while 

exhibiting Rett syndrome like behaviors (Chao et al., 2010). There have been contrasting reports 

on the levels of GABA within Rett syndrome individuals, where there is an increase of GABA 

within the basal ganglia and frontal cortex in Rett syndrome girls which then significantly 

decrease with age (Blue, Naidu, & Johnston, 1999a, 1999b). Rett syndrome-like mouse models 

demonstrated 39% amygdala volume reduction, as well as reductions in related social-cognitive 

structures like the hippocampus and striatum (Stearns et al., 2007). 

 

Schizophrenia 

Schizophrenia is a psychiatric disorder exhibiting psychotic symptoms such as delusions 

and hallucinations, disorganized speech, and social withdrawal (Volk & Lewis, 2015) with 

proposed neurodevelopmental origins (Birnbaum and Weinberger 2017; Murray et al. 1992). 
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Schizophrenic mice demonstrated atypical PV+ interneuron activity within the amygdala (Marín, 

2012). The prefrontal cortex is a highly connected brain region with the amygdala (Stefanacci & 

Amaral, 2000) and has demonstrated a reduction in the expression of GAD67, the precursor 

molecule for GABA (Akbarian et al., 1995), a reduction of GABAergic connections such as 

varicosities and axon terminals of PV+ cells in human schizophrenic subjects (Lewis et al., 2001; 

Woo, Whitehead, Melchitzky, & Lewis, 1998), and genetic candidates that contribute to PV+ 

interneuron development that include improper PV+ interneuron functioning have been found to 

be affected in schizophrenia-like mice (del Pino et al., 2013). The hippocampus is a brain 

structure that receives strong projections from the amygdala and has “partially” demonstrated 

that excess excitatory input from the amygdala pathway induce changes to the GABAergic 

system (GAD67+ terminal density) within the hippocampus (Berretta, Munno, & Benes, 2001). 

Amygdala volume has been shown to be comparatively decreased in childhood and 

increased during adolescence, where amygdala studies seem to be dependent on subject age, 

severity of symptoms, and concurrent medications (Schumann, Bauman, and Amaral 2011). 

Lateral nucleus volume is also decreased in schizophrenic individuals (Kreczmanski et al., 

2007). 

 

Williams Syndrome 

Above are examples of neurodevelopmental disorders that inhibitory interneuron 

modulation and/or amygdala structural differences, however little is known about WS amygdala 

structure post mortem, and no studies to date have examined inhibitory interneuron populations 

in the WS amygdala, only within preliminary studies within WS basal ganglia (Dr. Kari Hanson, 

personal communication). 
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Disruptions to brain anatomical structure and activity have been implicated in WS. MRI 

studies have shown some of the highly implicated brain regions in WS. There is a global 

reduction of brain volume in WS adults (Jernigan and Bellugi 1990; Reiss et al. 2000). Prior post 

mortem studies, in addition to the neuroimaging studies above, have been conducted 

investigating the WS amygdala structure and neuronal composition. Amygdala volume (Reiss et 

al. 2004) and basolateral neuron density are increased in WS compared to neurotypical 

individuals (Lew et al. 2018; Martens, Wilson, Dudgeon, & Reutens, 2009). At a functional 

level, normal amygdala activity is reduced compared to typically-developing controls in the 

presence negative social stimuli, such as threatening or fearful faces (Haas et al., 2009; Meyer-

Lindenberg et al., 2005), epitomizing a dampened social fear response. Brain structures that 

share bidirectional connections to the amygdala, such as the prefrontal cortex and striatum, have 

been documented to have total neuron density difference in the WS brain compared to 

neurotypical controls (Lew et al., 2017). 

The collection of these neuroanatomical studies demonstrate that Williams syndrome 

contains neuroanatomical changes that may be contributing to the characteristic hypersocial 

phenotype. Specifically, the GABAergic system within WS is an area of interest for this disorder 

because of the evident modulation in other neurodevelopmental disorders with atypical social 

behaviors. The GABAergic system within WS hasn’t been extensively explored, in part due to 

the scarcity of post mortem materials. 

 

Present Study 

Given the critical role of the amygdala in social behavior, William syndrome’s unique 

hypersocial drive, and the role of the inhibitory interneuron system in modulating behavioral 
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circuitry, the inhibitory regulation of the amygdala of WS is a potential site of dysfunction. This 

pilot study is the first to measure an important inhibitory interneuron population within the 

amygdala of Williams syndrome individuals. Utilizing immunohistochemical and unbiased 

stereological techniques, the PV+ interneuron density was measured within the four main nuclei 

of the amygdala in post mortem tissue of four WS and age-, sex-, and hemisphere-matched 

neurotypical control pairs. We will investigate whether the units of the inhibitory networks 

within the amygdala may be atypical within WS. I hypothesized that the seemingly uninhibited 

hypersocial WS phenotype may be the result of a higher PV+ inhibitory interneuron density with 

the amygdala, a highly innervated socio-emotional processing area of the brain, due to the 

greater inhibitory regulation neurons that would be present. With greater inhibitory interneuron 

presence, it is speculated that there would be greater inhibition of the fear/threat detection ability 

of the amygdala reflected in a “fearless” uninhibited social approach, such as the WS social 

phenotype. This investigation can lay a stepping stone for further quantitative neuroanatomical 

studies of Williams syndrome and other neurodevelopmental disorders with distinct social 

phenotypes looking into the GABAergic system and the amygdala. 
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CHAPTER 3: CONCLUSIONS 

The multidisciplinary nature of this study integrates unique biological techniques, utilizes 

human post mortem tissue, pinpoints a minor population of neurons, and profiles a rare 

neurodevelopmental disorder. As a result of the combination of these factors, this pilot study is 

the first of its kind to quantitatively measure the inhibitory interneuron system within amygdala 

in Williams syndrome and one of few with human subjects.  

Histological and stereological techniques are fundamental methods of research allowing 

for the hands-on analysis of affected tissue and anatomy. Post mortem histology, especially, is a 

rare opportunity in biological research because of the limited amount of tissue donated, even 

more so within the realm of rare neurodevelopmental disorders. The infrequency of WS and 

subsequent infrequent post mortem WS brain tissue is an incredibly rare opportunity for 

scientists. Projects using this tissue must be carefully considered and strategic because of the 

limited number of tissue sections, resulting in few but novel studies. I have been privileged to be 

able to access this rare material and contribute to the neuroanatomical aspects of WS.  

 Another aspect of this study that measures the inhibitory interneurons which constitute a 

small fraction of total neurons both within the amygdala and the greater cortex. Interneurons, 

although low in presence, are a pivotal source of circuit regulation in neuronal networks. This 

measure of density requires a threshold number of cells to quantify in order for reliable error 

analysis and therefore reasonable conclusions to be made. This study was no exception to this 

pitfall, however, contributes to infrequent human studies exploring inhibitory neurocircuitry. 

The convergence of each unique aspect in the present study made these findings not only 

novel, but a stepping stone for future studies to continue to unravel the unique genotype-

phenotype relationship WS embodies. From here, future studies in WS may pursue interneuron 
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density measurements in other social, emotional, and or cognitive brain regions to observe 

GABAergic system disruptions, such as the hippocampus, prefrontal cortex, and orbitofrontal 

cortex. Within the amygdala, more inhibitory interneuron subpopulations as well as the entire 

GABAergic system could be quantified to create a more complete amygdala GABAergic system 

story. This PV+ interneuron density measurement technique can also be applied to related 

neurological/neurodevelopmental disorders to measure the GABAergic composition and relate 

the findings across conditions that have overlapping developmental origins or implicated genes, 

such as ASD, Fragile X syndrome, schizophrenia, and anxiety disorders. Additionally, PV+ 

interneuron density can be measured in animal models to not only retrieve the corresponding 

post mortem anatomical correlates in other species, but complementary functional activity. 

Overall this study serves as one of the first studies to implicate the GABAergic system in 

WS, although with no significant differences in the WS phenotype. This study contributes to the 

neuroanatomical underpinnings of the disorder, however further pursuit of the inhibitory 

interneuron measurement within this structure as well as other brain structures may reveal 

differences that can serve as potential therapeutic targets to treat the accompanying, potentially 

harmful, symptoms of WS. 
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APPENDIX 

Table 1. Age-, sex-, and brain hemisphere-matched subjects included in this study. PMI is 

abbreviated for post mortem interval. 

 
Subject Condition Age at death 

(years) 

Sex Hemisphere PMI 

(hours) 

Cause of death 

WS10 WS 17 Male Right 24 Cardiac complications 

NT4916 Control 19 Male Right 5 Drowning 

WS14 WS 42 Female Right 18 Cardiac complications 

NT5445 Control 42 Female  Right 10 Pulmonary thromboembolism 

WS9 WS 43 Female Right 12 Cardiac complications 

NT5758 Control 43 Female Right 22 Sepsis 

WS13 WS 69 Male Right 8 Cardiac complications 

NT5943 Control 69 Male Right 23 Acute coronary artery thrombosis 
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Table 2. Density measures for all Williams syndrome and neurotypical subject pairs. Each WS 

individual’s matched subject pair is listed immediately below. CE represent coefficient of error. 

% total density represents percentage of PV+ interneuron density of total neuron density. * = 

values require additional quantification for calculation. 

 
Subject Amygdaloid 

Nucleus 

 
Total neuron 

count 

Estimated total 

population (neurons) 

CE  Volume 

(mm3) 

Density 

(neurons/mm3) 

% total 

density 

WS10 
    

  
  

 
 

Lateral 
 

285 44908.53 0.06  435.144 103.204 1.031 
 

Basal 
 

52 5949.33 0.14  195.443 30.440 0.298 
 

Accessory Basal 57 3000.40 0.14 95.362 31.463 0.270 
 

Central 
 

31 661.27 0.18  13.557 48.779 0.467 

NT4916 
    

  
  

 
 

Lateral 
 

208 29227.46 0.08  387.130 75.498 0.633 
 

Basal 
 

110 14211.84 0.11  292.787 48.540 0.294 
 

Accessory Basal 30 1620.89 0.18 145.765 11.120 0.082 
 

Central 
 

1 37.12 1.00  9.949 3.731 0.023 

WS14 
    

  
  

 
 

Lateral 
 

518 77961.87 0.05  454.527 171.523 1.374 
 

Basal 
 

109 15277.55 0.11  246.218 62.049 0.492 
 

Accessory Basal 78 4701.18 0.13 136.714 34.387 0.276 
 

Central 
 

14 441.17 0.27  21.251 20.760 0.155 

NT5445 
    

  
  

 
 

Lateral 
 

336 57930.00 0.06  360.097 160.873 1.485 
 

Basal 
 

62 6711.69 0.13  232.667 28.847 0.254 
 

Accessory Basal 5 363.29 0.45 105.208 3.453 0.027 
 

Central 
 

1 0 1.00  23.921 0 0.000 

WS9 
    

  
  

 
 

Lateral 
 

307 47274.93 0.06  445.676 106.075 0.842 
 

Basal 
 

66 7497.44 0.13  199.022 37.6714 0.230 
 

Accessory Basal 31 1488.36 0.18 133.447 11.153 0.112 
 

Central 
 

0 0 1.00  13.6146 0 0.000 

NT5758 
    

  
  

 
 

Lateral 
 

41 6287.78 0.16  454.057 13.848 0.139 
 

Basal 
 

158 13297.41 0.11  280.831 47.3502 0.435 
 

Accessory Basal 604 22865.27 0.06 85.7065 266.786 1.928 
 

Central 
 

91 1704.01 0.12  9.688 175.888 1.572 

WS13 
    

  
  

 
 

Lateral 
 

281 35103.79 0.06  315.548 111.247 * 
 

Basal 
 

41 3970.30 0.16  202.149 19.641 * 
 

Accessory Basal 21 859.83 0.22 81.158 10.595 * 
 

Central 
 

4 74.54 0.50  20.439 3.647 * 

NT5943 
    

  
  

 
 

Lateral 
 

289 44209.00 0.08  320.108 138.109 * 
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Figure 1. Brightfield photomicrograph of PV+ immunostained amygdala tissue section in the 

Stereoinvestigator Optical Fractionator probe (20x magnification). PV+ interneurons (darkly 

stained cells) were counted when they appeared the counting frame, or intersected the green 

inclusion line, but not when they intersected the red exclusion line. Scale bar = 50 microns. 
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Figure 2. Parvalbumin-positive (PV+) interneuron density of post mortem human amygdala in 

Williams syndrome (WS) compared to neurotypical (NT) controls across four characterized 

amygdaloid nuclei. Individual values (each marker) and group means with standard deviations 

are included. 
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Figure 3. Individual values of parvalbumin-positive (PV+) interneuron density of post mortem 

human amygdala comparing Williams syndrome and neurotypical control groups per amygdaloid 

nuclei, each graph separates each nuclei. Subjects are labelled by condition then subject ID, 

followed by sex and age. For example, WS10 (M17) represents Williams syndrome subject 10, 

male, and 17 years old. 
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Figure 4. Brightfield photomicrograph of parvalbumin immunostained mid-amygdala tissue with 

major nuclei subdivision boundaries outlined in the coronal plane (WS14). Lateral (L), basal (B), 

accessory basal (AB), and central (C) nuclei are denoted in their respective boundary outlines. 

Photomicrograph captured and boundaries drawn at 1x magnification. Scale bar = 1 millimeter. 
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