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ABSTRACT 
 

Title of Dissertation: Effects of Alcohol Exposure during Developmental Phases on Brain 

Functional Connectivity 

Shiyu Tang, Doctor of Philosophy, 2018 

Dissertation Directed by: Alexandre E. Medina, PhD 

        Associate Professor of Pediatrics 

     Rao P. Gullapalli, PhD, MBA 

     Professor of Diagnostic Radiology and Nuclear Medicine 

     University of Maryland, Baltimore 

 

Fetal alcohol spectrum disorders (FASD) is one of the most common causes of 

mental disability in the world. There is growing evidence that developmental alcohol 

exposure can cause reduced cognitive flexibility and alter multisensory processing, 

suggesting impairments in fronto-striatal and multisensory integrative cortical areas. The 

central hypothesis is that developmental alcohol exposure leads to impaired connectivity 

within these areas, and will result in reorganization of the large-scale brain network. We 

tested this hypothesis with two animal models that are known to exhibit abnormities in 

cognitive flexibility and sensory processing: (1) a rat FASD model with alcohol exposure 

from gestational day 6 to 20, similar to human gestation from the first to the late second 

trimester; (2) a ferret FASD model with alcohol exposure from postnatal day 10 to 30, 

similar to the third trimester of gestation in humans. These two models mimic alcohol 

exposure during early and late fetal stage humans. Our study revealed reduced resting-state 



 

functional connectivity within fronto-striatal circuit and a visual-tactile circuit in young 

adult animals with alcohol exposure during early fetal stage. Although alcohol exposure 

during late fetal stage did not alter the resting-state functional connectivity within fronto-

striatal circuit, an increased functional connectivity within the visual-tactile circuit was 

detected in juvenile animals. Graph theoretical analysis was used to assess the alteration in 

brain network properties after alcohol exposure during early or late fetal stage. A reduction 

of large-scale brain network small-worldness was observed following alcohol exposure 

during early fetal stage. No significant group difference was observed following alcohol 

exposure during late fetal stage. In conclusion, the results supported the central hypothesis 

that developmental alcohol exposure alters resting-state functional connectivity within 

fronto-striatal circuit and visual-tactile circuit and may eventually alter the organization of 

large-scale brain networks. The timing of alcohol exposure plays an important role in the 

outcomes and should be taken into consideration in future research, the usage of diagnostic 

biomarkers and the application of intervention approaches.
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CHAPTER I 

GENERAL INTRODUCTION 

 

Alcohol use during pregnancy can lead to a wide range of adverse birth outcomes. 

According to a recent report from Center for Disease Control and Prevention, about half of 

the women at childbearing age reported some alcohol use in the last 30 days and about 1 

in 5 reported binge drinking. Since most of the pregnancies are not planned, many women 

may be drinking without knowing that they are pregnant. Among pregnant women, about 

1 in 10 report alcohol use in the last 30 days and about 1 in 33 report binge drinking (Tan 

et al., 2015).  

There is no known safe amount or safe time of alcohol ingestion during pregnancy 

(Williams et al., 2015, Mills et al., 1984). Any alcohol use can put the fetus at risk of 

various cognitive deficits and life-long consequences such as physical disabilities, learning 

and behavioral problems (May et al., 2009, Riley et al., 2011). 

 Fetal Alcohol Syndrome (FAS) is a pattern of physical and mental defects that can 

develop following prenatal alcohol exposure. It has three major signs and symptoms: 

specific pattern of facial features (e.g., small eye openings, smooth philtrum, and thin upper 

lip), pre- and/or postnatal growth problems (e.g., lower height, lower weight) and central 

nervous system dysfunctions (e.g., brain structural changes, cognitive deficits). One needs 

to present all of the three symptoms to be diagnosed as FAS. However, a lot of children 

with prenatal alcohol exposure do not have all of the three symptoms. Therefore, an 

umbrella term, Fetal Alcohol Spectrum Disorder (FASD), is used to describe the full range 
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of disabilities that can occur in an individual who is exposed to alcohol prenatally. While 

public awareness has increased, the prevalence of FASD remains high in some western 

countries and is at 1-5% in US first-grade children (May et al., 2018). Children with FASD 

display a heterogeneous profile of physical, cognitive and behavioral deficits. The 

heterogeneous presentation of FASD can be attributed to a number of factors such as 

genetic background, nutritional factors, maternal stress, exposure timing, and dose. The 

various factors result in high variability across subjects and make it difficult to 

systematically study FASD in humans. Given this scenario, animal models of FASD, where 

confounding factors can be controlled, can be particularly useful.  

 

Animal Models of FASD 

The most commonly used animal models are rodents. The characteristics of rodents 

such as development process, anatomy, physiology, genetics and behavior are well studied. 

Features of FASD that mimic human condition such as facial dysmorphologies, growth 

retardation, brain structural alteration and cognitive deficits are also observed in rodents 

(Gil-Mohapel et al., 2011, Stanton and Goodlett, 1998, Green et al., 2005, Richardson et 

al., 2002, Ryabinin et al., 1995, Sulik et al., 1981). Besides the above advantages, mice and 

rats are commonly used also because of their short life span, genetic and physiological 

similarity to human and large litter size. Comparing to mice, rats are preferred in testing 

more sophisticated behaviors such as executive function and memory.  

Among gyrencephalic animals (cortex with gyri), primates are usually considered 

an “optimal” model to study FASD because of their similarity to human in terms of 

developmental process, brain structure and sophisticated behaviors (Schneider et al., 2011). 
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However, the long gestation period, large costs together with the large between-subject 

variations in response to alcohol often results in small sample size and low analytical power. 

Another animal model that is used in FASD studies is the ferret. Ferrets belong to the 

family Mustelidae and also have a gyrencephalic brain. They are born relatively immature 

and brain development processes during the second half of human gestation occur after the	

first postnatal week and last to the first postnatal month in ferrets (Barnette et al., 2009). 

There is a great body of the literature about sensory processing in ferrets, such as auditory 

cortex (King et al., 2000, Meredith and Allman, 2015), visual cortex (Chapman et al., 1996, 

White et al., 2001), and somatosensory cortex (Foxworthy and Meredith, 2011, Juliano et 

al., 1996, Manger et al., 2002). Studies using the ferret model of FASD revealed disrupted 

development of sensory systems after developmental alcohol exposure (Medina et al., 2003, 

Medina et al., 2005, Tang et al., 2018).   

 

Children and animal models with FASD experience deficits in cognitive 

flexibility and multisensory processing 

Among the different cognitive deficits observed in FASD children, alterations in 

cognitive flexibility and multisensory processing are frequently observed. Cognitive 

flexibility, an aspect of executive function, is the ability to change strategies when facing 

new and unexpected conditions. Children with FASD are often described as perseverative 

and stubborn in response to unfamiliar or frustrating situations. They can become overly 

emotional and anxious when things go out of expectation (Healthy Child Manitoba and 

Manitoba Education, 2009). Multisensory processing describes the merging of various 

sensory inputs from different modalities. When placed in large groups or small spaces, 
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individuals with FASD can become overwhelmed by sensory inputs from seeing and 

touching others (Center for Substance Abuse Prevention (US), 2014). 

Deficits in cognitive flexibility and sensory processing can be observed in animal 

models of FASD. In a rat model of FASD, rats exposed to alcohol from gestation day (G) 

2 to G20 required more sessions to meet the criterion in the reversal learning task, 

compared to control animals (Mihalick et al., 2001). Deficits in attentional set-shifting and 

reversal learning were also observed in rats exposed to alcohol from G6 to G20 while male 

rats presented more deficits than female rats (Waddell and Mooney, 2017). In ferrets 

exposed to alcohol from postnatal day (PND) 10 to 30, researchers observed disrupted 

visual cortex plasticity and altered columnar organization (Medina et al., 2003, Medina et 

al., 2005). In a ferret visual-tactile integrative area, the visual-tactile integrative manner of 

the bimodal cells was altered following alcohol exposure during PND 10 to PND 30 

(International Multisensory Research Forum abstract, Tang et al., 2017). Therefore, rat and 

ferret models of FASD are helpful in studying alcohol-induced brain alterations associated 

with cognitive flexibility and sensory processing. 

 In this thesis, we assessed the alterations in functional connectivity between brain 

regions associated with cognitive flexibility and multisensory processing alcohol exposure 

in different developmental phases. Our findings provided some insights into the biological 

substrate of these deficits and indicated that functional connectivity can be a potential 

biomarker for FASD. 
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I-A. Effects of Alcohol 

Alcohol can easily penetrate through blood-brain-barrier easily and interacts with 

multiple neurotransmitter systems such as gamma-aminobutyric acid (GABA), glutamate 

and dopamine, and can result in a group of adverse outcomes such as neuronal apoptosis 

and alter the balance between inhibitory and excitatory transmission. Researchers reported 

that short-term alcohol consumption can potentiate inhibition (Carta et al., 2004) and 

suppress excitation (Lovinger et al., 1990) while long-term consumption leads to a 

compensation effect with an enhanced function of the excitatory systems and a reduced 

inhibitory function (Valenzuela, 1997). Withdrawal of alcohol after long-term 

consumption can, therefore, result in a state of hyper-excitation (Valenzuela, 1997, 

Lovinger, 1993). 

During pregnancy, alcohol can freely cross the placental barrier and then distribute 

rapidly and almost equally in fetal tissues as in maternal tissues (Ho et al., 1972, Brien et 

al., 1983). It can disrupt the production and release of hormones (Kakihana et al., 1980, 

Hernandez et al., 1992) and growth factors (Dow and Riopelle, 1985, Tewari et al., 1992), 

which are critical for cell proliferation and differentiation. In addition, alcohol exposure 

can increase the formation of free radicals which results in cell damage, especially in the 

brain (Davis et al., 1990, Chen and Sulik, 1996). During developmental stages, alcohol can 

trigger widespread neurodegeneration resulted from apoptosis (Ikonomidou et al., 2000). 

For example, neuroapoptosis and cell loss were detected in the visual cortex of mice 

prenatally exposed to alcohol at birth and in early postnatal ages (Jiang et al., 2007). 

Previous studies revealed that alcohol exposure during early gestation can disrupt neuronal 

migration in a variety of brain regions which resulted in negative outcomes such as cell 
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dislocation (Clarren et al., 1978), reduced (Burke et al., 2015)or increased cell number 

(Skorput et al., 2015) in specific brain regions. Prenatal synaptogenesis, as well as later 

synaptic plasticity, can both be affected by prenatal alcohol exposure. Reduced synaptic 

formation was seen in rat hippocampus before birth (Tanaka et al., 1991). Impaired ocular 

dominance plasticity was observed in ferrets following prenatal alcohol exposure (Medina 

and Ramoa, 2005, Rema and Ebner, 1999, Lantz et al., 2012, Medina et al., 2003). The 

cortical refinement was also affected by developmental alcohol exposure, resulted in a 

disrupted columnar organization in the ferret visual cortex (Medina et al., 2005).  

These alcohol-induced brain damages lead to the broad cognitive deficits presented 

in children with FASD, some of which even last to adulthood.  

 

I-B. Cognitive Flexibility 

Cognitive flexibility is one of the three main aspects of executive function which 

encompasses a set of cognitive processes that are necessary for planning, organizing and 

to complete tasks. Besides cognitive flexibility, the other two aspects of executive function 

are working memory (hold information for processing) and inhibitory control (resist 

distractions and self-control) (Diamond, 2013). Cognitive flexibility describes the ability 

to switch between tasks and adapt to the changed environment. Similar to the other two 

aspects of executive function, cognitive flexibility is shown to significantly contribute to 

academic performance such as math and reading skills (Yeniad N. et al., 2013, Cole et al., 

2014). Moreover, it is also associated with characteristics that lead to better life outcomes 

such as creativity and resilience to negative life events and stress (Chen et al., 2014, Genet 

and Siemer, 2011). Together with the other main aspects of executive function, cognitive 
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flexibility begins to develop during preschool years, undergoes fast increase around 10-

years old and continues to improve into the early adulthood (Dick, 2014, Cepeda et al., 

2001).  

Investigations of different forms of cognitive flexibility can be achieved by several 

behavioral tasks. One of the most prominent tasks is the Wisconsin Card Sorting Test (Berg, 

1948, Grant and Berg, 1948) which tests attentional set shifting. In this test, subjects are 

required to match cards by one feature or dimension (i.e., color, number, shape). The 

dimension keeps changing during the task and can only be guessed from experimenter’s 

feedback. Reversal learning, sometimes performed as a component in set shifting 

paradigms, requires the subjects to reverse choice according to reversed outcomes.  

Among various brain regions, the prefrontal cortex is most associated with 

cognitive flexibility (Sakai, 2008). It is one of the most interconnected regions in the brain, 

containing extensive connections with the rest of the brain (Alvarez and Emory, 2006). In 

addition, the prefrontal cortex is one of the last regions to reach maturation whose 

developmental period lasting through early adulthood (Casey et al., 2008). These features 

make prefrontal cortex vulnerable to impairments in other brain regions and negative 

factors in its prolonged developmental stages. This may explain why impairments in 

cognitive flexibility are commonly seen in a number of developmental disorders such as 

autism, ADHD (Craig et al., 2016), and fragile x syndrome (Huddleston et al., 2014). 

Studies were performed to parse different forms of cognitive flexibility and identified 

subdivisions of the prefrontal cortex that contribute mostly to different components in tasks, 

such as initial rule learning, shifting between attentional set and reversal. The dorsolateral 

prefrontal cortex is shown to play an important role in set shifting. Previous studies showed 
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that dorsolateral prefrontal cortex of monkey or medial prefrontal cortex of rodent (an 

analogue to primate dorsolateral prefrontal cortex) is not necessary to reversal learning but 

is critical to switching attentional set (Birrell and Brown, 2000, Dias et al., 1996a, 

Bissonette et al., 2008). Orbitofrontal cortex (OFC) is shown to contribute mainly in the 

reversal learning (Bissonette et al., 2008, Dias et al., 1996b). Cognitive flexibility depends 

not only on prefrontal cortex, but also on the normal functioning of cortico-subcortical 

circuitries, particularly, the interaction between prefrontal cortex and striatum (Martins et 

al., 2011, Ragozzino, 2007, Clarke et al., 2008, Graham et al., 2009). For example, a 

previous study showed that impaired cortico-striatal GABAergic inhibition resulted in 

reversal deficits (Martins et al., 2011). Inactivation of striatum is shown to impair both set-

shifting and reversal learning (Ragozzino, 2007, Clarke et al., 2008).  

 Problems in cognitive flexibility are often observed in children and adolescents 

with FASD. They may have troubles with switching from one activity to another, get panic 

when rules change or being unable to consider alternatives. Deficits can be assessed by set-

shifting and reversal learning tasks (Kodituwakku et al., 2001b, McGee et al., 2008, 

Kodituwakku et al., 2001a). Some deficits detected by tasks of cognitive flexibility were 

not mediated by participants’ intelligence quotient (IQ) (Connor et al., 2000). Animal 

models of FASD also revealed deficits in set-shifting and reversal learning tasks adapted 

for rodents (Waddell and Mooney, 2017, Mihalick et al., 2001). These cognitive 

impairments are consistent with other studies that reported alterations in frontal lobe and 

striatum. 

Prenatal alcohol exposure is known to interfere with the development of the frontal 

lobe. Dysmorphology of frontal lobe, such as alterations in frontal volume and cortical 
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thickness, has been reported in children with prenatal alcohol exposure (Archibald et al., 

2001, Sowell et al., 2002, Sowell et al., 2008). Significant reduction of neurons in the 

medial prefrontal cortex (mPFC) was reported in rats after prenatal alcohol exposure. This 

neuron loss was shown associated with deficits in reversal learning (Mihalick et al., 2001). 

Increased GABAergic interneurons in mPFC were observed in prenatally exposed mice to 

alcohol and this alteration may contribute to the impaired reversal learning (Skorput et al., 

2015). Prenatal alcohol exposure also affects the development of the caudate nucleus. A 

reduction of caudate volume was observed in children with prenatal alcohol exposure 

compared to the typically developing peers (Fryer et al., 2012). The caudate volume is 

shown to be a consistent predictor of neuropsychological test performance including those 

represent cognitive flexibility within alcohol-exposed youth (Fryer et al., 2012). Animal 

studies demonstrated altered striatal dopamine system function such as altered dopamine 

synthesis and receptor binding in an exposure timing- and length- dependent pattern 

(Schneider et al., 2005, Schneider et al., 2009). Given that dopamine is a critical 

neurotransmitter within fronto-striatal circuitry, it is possible that such alterations can lead 

to the disruption of fronto-striatal interaction. Therefore, in this thesis, we assessed the 

intrinsic interaction between prefrontal cortex and striatum in two well-established animal 

models of FASD. 

 

I-C. Multisensory Processing 

Although each sensory system can work independently to provide us various 

information of the surrounding environment (e.g., sight, sound, touch), our perception to 

the world largely relies on the ability of pooling and merging information from distinct 
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sensory systems. Multisensory processing encompasses various ways through which the 

presence of information from different sensory modalities can adaptively influence the 

process of each other, and therefore, to enhance the accuracy of perception and attention. 

For instance, recognition of words is facilitated by the presence of both auditory and visual 

information with spatially coherent receptive fields, such as when we read lips (cross-

modal facilitation). This integration is not always a facilitation. For instance, auditory 

information can be suppressed when our attention is focused on a visual task, such as when 

reading books (cross-modal depression) (Stein et al., 2002).  

The ability to integrate information across various sensory modalities is now 

believed to develop during early postnatal life, parallel with the maturation of individual 

sensory systems. Based on studies on cat and monkey superior colliculus, a multisensory 

integrative area in the midbrain, neurons responsive to multiple sensory modalities are 

present at birth in monkey (Wallace and Stein, 2001) and at ~PND 10 in cat (equivalent to 

late prenatal period in primates) (Wallace and Stein, 1997). Although responsive to 

multiple modalities and having the adult-like topographic organization, the earliest 

multisensory neurons still lack the capacity to integrate (i.e., cross-modal enhancement or 

depression) the cross-modal information. This multisensory integrative capacity is believed 

to develop in early postnatal life and requires the postnatal sensory experience (Carriere et 

al., 2007, Wallace et al., 2004a). Besides subcortical areas, such as superior colliculus, 

multisensory neurons are identified in a number of cortical areas, such as higher-order 

sensory association areas that integrate information from and mediate interactions between 

sensory systems (Sereno and Huang, 2014, Macaluso and Driver, 2005). In a study on the 

cat anterior ectosylvian sulcus, a cat association cortex comprising somatosensory, visual 
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and auditory unimodal and multimodal neurons, the presence of unimodal and multimodal 

neurons was later than superior colliculus with somatosensory neurons presented at 4 

weeks of age while visual neurons were not seen until 12 weeks of age (Wallace et al., 

2006).  In addition, regions that previously thought to be unisensory (e.g., primary 

somatosensory cortex), are also shown to be influenced by cross-modal stimuli (Calvert et 

al., 1997, Foxe et al., 2000).  

The normal functioning of multisensory processing depends on the intact function 

of unisensory regions as well as the precise wiring between unisensory regions and 

multisensory areas. Basically, damage in any part of the brain involved in multisensory 

processing, lack of or being presented to inappropriate sensory stimuli, or disruption of 

activity-dependent plasticity during postnatal development could potentially result in 

problems in multisensory processing. 

Sensory processing problems and altered multisensory profile were often reported 

in children with prenatal alcohol exposure (Franklin et al., 2008, Wengel et al., 2011, Carr 

et al., 2010, Jirikowic et al., 2008). Children with FASD can be hypersensitive to sense 

which make them irritated to tags inside their clothing or overwhelmed to sensory inputs 

from large groups or crowded spaces. They can also be hyposensitive to senses and present 

sensory craving that need to make more noises to comfort themselves. Coordination 

problems were also commonly observed such as uncoordinated movement, poor reading 

skills and poor handwriting. An association was observed between sensory processing 

deficits with problems such as social, thought and attention, indicating that impaired 

sensory processing contributes to the difficulty in responding adaptively to their 

environments and in academic performance (Franklin et al., 2008, Carr et al., 2010, 
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Jirikowic et al., 2008). These difficulties are directly induced by sensory problems instead 

of mediated by the level of IQ (Carr et al., 2010). A magnetoencephalography study 

revealed altered neural oscillations in FASD adolescents during unisensory condition 

(auditory or tactile stimulus) as well as multisensory condition (auditory and tactile 

stimulus) compared to typically developing healthy controls (Bolanos et al., 2017). Visual-

motor integration and fine motor coordination problems were detected in children with 

prenatal alcohol exposure whose visual perception function was normal (Janzen et al., 1995, 

Doney et al., 2016). Moreover, in the group with prenatal alcohol exposure but was not 

diagnosed as FASD, only visual-motor integration but not visual perception or fine motor 

coordination was impaired (Doney et al., 2016). This indicates that the interaction between 

sensory/multisensory regions may be a particularly critical target underlying alcohol-

induced multisensory processing deficits. 

Neurophysiological studies revealed that multisensory integration occurs mainly in 

the superior colliculus, higher-order association cortices and borders of sensory cortices 

(Wallace et al., 2004b, Stein et al., 2002, Seltzer et al., 1996, Beauchamp et al., 2004). For 

multisensory convergence to occur accurately, sensory information from individual 

sensory modalities needs to reach multisensory areas in a precise manner. This requires 

accurate wiring between multisensory areas and individual sensory systems. A critical 

period for the organization of sensory circuits is the third trimester of gestation and months 

after birth when synaptogenesis and refinement – neuronal plasticity - occurs. Alcohol has 

been shown to affect the process of neuronal plasticity in sensory systems and result in 

disrupted wiring within the sensory systems. In animals with developmental alcohol 

exposure, impaired neuronal plasticity is observed in visual and somatosensory systems 
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(Lantz et al., 2012, Medina et al., 2003, Foxworthy and Medina, 2015, Rema and Ebner, 

1999). The plasticity can be restored with pharmacological, molecular and behavioral 

interventions (Foxworthy and Medina, 2015, Medina et al., 2006, Paul et al., 2010, Rema 

and Ebner, 1999). Disruption of plasticity after developmental alcohol exposure is likely 

to result in a less refined cortical organization (Medina et al., 2005) and a disorganized 

cortical circuitry such as abnormal cell projection or increased cortical connection (El 

Shawa et al., 2013). The abnormal neuronal interaction resulted from the disrupted cortical 

connection may lead to observed deficits in multisensory processing in FASD subjects. 

This thesis focused on the visual-tactile circuit as a representative multisensory integrative 

circuit. The intrinsic regional interaction within the visual-tactile integrative circuit was 

assessed as an indicator of visual-tactile integrative function. 

 

I-D. Large-scale Brain Network 

Current knowledge in cognitive neuroscience reveals that cognitive functions are 

performed not through individual brain regions that working independently but through the 

interaction of multiple regions across the brain that function as a large-scale network 

(reviewed by Bressler and Menon, 2010). An analytical technique – graph theory analysis 

– has been demonstrated to be helpful in assessing these large-scale network properties. 

The large-scale brain network can be defined in graph theory as a set of nodes (brain 

regions) and the edges (interactions between each pair of brain regions) (Figure 1.1) 

(Sporns, 2012).  

Previous studies have revealed that the large-scale brain network has a small-world 

topology characterized by dense local clustering of connections between neighboring 
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nodes and a short path length between any (distant) pair of nodes due to the existence of 

relatively few long-range connections (Bassett and Bullmore, 2006). This indicates that the 

large-scale brain network can support both segregated and integrated information 

processing efficiently. To fulfill normal functions, the large-scale brain networks attain 

certain characteristics which can be broken down into modular structures with central 

communication hubs to create an efficient network architecture. Network studies have been 

performed on a variety of neurological disorders. Studies on Alzheimer’s subjects have 

revealed brain network integrative abnormalities (He et al., 2009). Increased characteristic 

path length and decreased global efficiency were observed in subjects with multiple 

sclerosis (Kocevar et al., 2016), suggesting decreased network integration. Abnormal 

small-world properties with higher local clustering (excessive network segregation) and 

lower global integrity were detected in children with Attention-deficit/hyperactivity 

disorder (ADHD) (Cao et al., 2014). These findings suggest that alterations in the aspect 

of large-scale brain network can provide new insights into the characteristics of various 

brain disorders. Properties of large-scale brain network can be quantitatively described by 

a wide variety of measures from graph theory analysis (see Figure 1 and Box 1: Global 

measures definitions) (Rubinov and Sporns, 2010). These properties have been observed 

as early as in full-term neonates suggesting that the formation of the complex brain 

networks is associated with prenatal developmental events (De Asis-Cruz et al., 2015).	For 

instance,	neuronal migration and synaptic refinement are two critical substrates of the 

formation of fetal brain network because the former results in the generation of the network 

nodes and the latter leads to precise connections between these nodes. Therefore, exposure 

to alcohol during the critical period of either neuronal migration or synaptic refinement 
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may disrupt the normal organization of the whole-brain network. Although a large number 

of studies have been done on individual brain regions or circuits, less is known about the 

organization of the large-scale brain network in FASD subjects. One study observed 

increased characteristic path length and decreased global efficiency in prenatal alcohol-

exposed children, indicating decreased network integration which may be a result of the 

delayed formation of inter-network connections (Wozniak et al., 2013). Detailed 

information such as whether the network reorganization is associated with the timing of 

exposure and the age of subjects is not clear. Therefore, more efforts are needed to improve 

our understanding of FASD in the view of the large-scale brain networks as well as to 

obtain insights of diagnostics and intervention for prenatal alcohol exposure induced 

cognitive problems. With the goal in mind, this thesis included a study on alcohol-induced 

alteration in large-scale brain network. 

 

Figure 1.1. A schematic diagram of a brain network in graph theory.  
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Box 1: Global measures definitions 

 

Fundamental concepts: 

Node degree: the number of connections of a node that link to the rest of the network.  

Shortest path length: the minimum number of edges that one must pass through to go 

from one node to another.  

 

Measures of segregation 

Clustering coefficient: the number of connections that exist between the nearest 

neighbors of a node as a proportion of the maximum number of possible connections. It 

describes the level of the formation of local clusters of nodes with similar function. High 

clustering coefficient indicates strong mutual interaction of nodes within the same 

module. 

Local efficiency: the inverse of the average shortest path connecting all neighbors. It 

describes the efficiency of delivering information across nodes within the same module. 

High local efficiency suggests fast transmission of information from one node to any 

other node within the same module. 

 

Figure 1.2. A schematic diagram illustrating network with higher clustering 

coefficient and local efficiency.  
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Box 1: Global measures definitions (continued) 

 

Measures of integration: 

Characteristic path length: the shortest path length between two nodes averaged over all 

pairs of nodes. It describes the transmission of information across the whole-brain 

network. Short characteristic path length indicates fast transmission of information from 

one node to any other node in the large-scale brain network. 

Global efficiency: the average inverse shortest path length. It is another way, besides 

characteristic path length, to measure the efficiency of information transmission across 

the large-scale brain network. High global efficiency indicates fast information 

transmission within the large-scale brain network.   

 

Figure 1.3. A schematic diagram illustrating network with lower path length and 

higher global efficiency.  
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Box 1: Global measures definitions (continued) 

 

Measure of small-worldness 

Regular network: a network that nodes make regular connections to k neighbors, k/2 in 

the clockwise direction, and k/2 counter clockwise. This network exhibits a high clustering 

coefficient and a long characteristic path length (i.e., highly segregated but less 

integrated). 

Random network: a network that all nodes make random connections. This network 

exhibits a low clustering coefficient and a short characteristic path length (i.e., less 

segregated but highly integrated). 

Small-world: an intermediate network between regular network and random network, with 

a high clustering coefficient while maintaining short characteristic path length (i.e., highly 

segregated and highly integrated).  

 

Figure 1.4. A schematic diagram illustrating small-world network organization.  

Figure reproduced from Watts and Strogatz, 1998. 
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Box 1: Global measures definitions (continued) 

 

Measure of small-worldness 

Small-worldness index: to be simultaneously highly segregated and highly integrated, the 

clustering coefficient of a small-world network should be higher than a random network 

while characteristic path length remains similar to a random network. Small-worldness 

index is the ratio of the clustering coefficient to the characteristic path length after both 

metrics have been normalized to those in an equivalent random network. Hence, the 

numerator should be larger than 1 and denominator should be close to 1, giving a small-

worldness index larger than 1. 
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I-E. Timing of Exposure 

The development of the normal brain is a dynamic process. The effects of alcohol 

on the developing fetus can vary based on the timing of mother’s drinking. It is dependent 

on the extent of fetus vulnerability during different critical periods of gestation, and the 

stage it is in during the developmental process (Coles, 1994). The first 8 weeks in human 

gestation is the embryonic stage when the effects of alcohol can result in broad structural 

abnormalities. In the fetal stage (after the first 8 weeks), is characterized by many 

neurodevelopmental processes (Figure 1.5). Neurogenesis starts around gestation week 

(GW) 6 and is mostly completed by approximately GW 18. Neuronal migration starts 

slightly later than neurogenesis and peaks between GW 12 and 20 and is largely complete 

by GW 26–29. Synaptogenesis and circuit refinement (selective death of neurons, 

elimination of synapses or pruning) occur in a later fetal stage and peaks during the final 

months of gestation and the first months after birth. Given the above time frames, alcohol 

exposure during early gestation can affect developmental processes such as neurogenesis 

and migration while late gestation exposure interferes mainly with synaptogenesis and 

refinement and increases apoptosis in neurons and glia (Linderkamp et al., 2009, Stiles and 

Jernigan, 2010, Tau and Peterson, 2010). Thus, it is necessary to consider the timing of 

exposure when studying the effects of prenatal alcohol exposure.  

Children with prenatal alcohol exposure reported increased internalizing and 

somatic problems after first-trimester exposure while increased externalizing and 

aggressive problems when exposed only in late pregnancy (O'Leary et al., 2010). A study 

using rhesus monkeys observed different patterns of alterations in striatal dopamine D2 

receptor binding/dopamine synthesis ratio when alcohol was presented in different 
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gestation periods (Schneider et al., 2005). The relation between sensory processing 

behavior and striatal dopamine system function also varied with the timing of alcohol 

exposure (Schneider et al., 2009). These findings indicate that exposure to alcohol during 

different developmental periods can lead to different brain physiological and cognitive 

outcomes.  

 

 

Figure 1.5. Timeline of critical events in prenatal brain development.  

The predicted corresponding ages in rat and ferret are indicated by vertical yellow bar and 

green dashed line. Solid color lines indicate peak activities; doted lines indicate low or 

medium activities; arrows indicate events last to postnatal ages.  

Graph was adapted from Linderkamp et al., 2009, Semple et al., 2013, Barnette et al., 2009, 

Empie et al., 2015. 
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I-F. Functional Magnetic Resonance Imaging 

Functional magnetic resonance imaging (fMRI) is an indirect technique for 

measuring brain activity. At the brain region with neural up-regulation (i.e., activation), 

increased energy requirement results in more oxygen consumption in the tissue. This leads 

to an initial build-up of deoxygenated hemoglobin, and then a reduction of deoxygenated 

hemoglobin but an increasing of oxygenated hemoglobin because of increased blood flow 

to the specific region. This is the hemodynamic response to the neural event and can be 

measured by fMRI through blood oxygen level dependent (BOLD) signal (Figure 1.6). The 

oxygenated hemoglobin is diamagnetic while the deoxygenated hemoglobin is 

paramagnetic. BOLD signal reflects this change in magnetic field and therefore indicates 

the activation process of specific brain regions (Glover, 2011). 

  

Figure 1.6. Demonstration of the canonical hemodynamic response function.  

Graph was reproduced from http://mriquestions.com/does-boldbrain-activity.htm. 
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Task-based fMRI detects BOLD signal changes resulting from specific stimulation 

paradigms that are performed by the study subjects during a fMRI acquisition in the 

scanner. Task-based fMRI studies on FASD children demonstrated altered brain activation 

pattern during tasks that assess cognitive functions such as working memory and inhibitory 

control even when task performance was similar to the control group (Astley et al., 2009, 

Fryer et al., 2007, Roussotte et al., 2012). While task-based fMRI results in alterations of 

the brain activation associated with a specific task, while a relatively new and powerful 

imaging method, called resting-state fMRI (rsfMRI), can evaluate intrinsic brain regional 

interactions when a subject is not performing an explicit task (Biswal et al., 1995). It has 

been demonstrated that brain circuits that are involved in cognitive tasks can be reliably 

identified while the brain is at ‘rest’, indicating the existence of an intrinsic functional 

architecture for the brain (Smith et al., 2009, Fox and Raichle, 2007).	 It relies on the 

correlation of the spontaneous low-frequency fluctuations in the BOLD signal between one 

region and another disparate region within the brain. A strong correlation between the two 

regions exemplifies the existence of a strong functional connectivity between the two 

regions although there might not be a direct structural connection. Functional connectivity 

revealed by rsfMRI reflects the basic brain functional architecture that is associated with 

the anatomical organizations (Guerra-Carrillo et al., 2014). Because rsfMRI is task-free, it 

can be used in studies with pediatric patients, low-functioning subjects and particularly 

animals when performing tasks is not feasible. There have only been a few rsfMRI studies 

on FASD subjects. Previous rsfMRI studies on FASD children revealed disrupted inter-

hemispheric functional connectivity, reduced functional connectivity within resting-state 

brain networks and reduced brain network integration (Wozniak et al., 2011, Fan et al., 
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2017, Wozniak et al., 2013). Reduced functional connectivity within default mode network 

was observed in young adults with prenatal alcohol exposure (Santhanam et al., 2011). 

Alteration of within and between region connectivity was shown in adult rats with 

moderate prenatal alcohol exposure (Rodriguez et al., 2016). These findings indicate that 

prenatal alcohol exposure can alter the intrinsic brain functional organization. However, 

whether the alteration of the intrinsic functional connectivity is associated with specific 

cognitive functions was not investigated. In this thesis, we assessed the resting-state 

functional connectivity within the representative brain circuits for cognitive flexibility and 

multisensory processing functions using rsfMRI. In addition, with the application of graph 

analysis, we assessed the organization of the intrinsic brain networks after alcohol exposure. 

 

I-G. Resting-state Functional Connectivity vs. Anatomical Connectivity 

Besides presenting intrinsic regional interactions, previous studies showed that 

resting-state functional connectivity is closely related with anatomical connections (Honey 

et al., 2009, Wang et al., 2013, Genc et al., 2016). One of our recent studies also showed 

that resting-state functional connectivity, to some extent, can reflect the level of anatomical 

connections (Society for Neuroscience abstract: Meredith et al., 2018). In this study, 

biotinylated dextran amine (BDA) was used to identify cortical neurons that project 

directly to a ferret auditory-tactile integrative region, the lateral bank of rostral suprasylvian 

sulcus (LRSS) (Figure 1.7 A). Resting-state functional connectivity between LRSS and a 

group of cortical regions (as shown in Figure 1.7 B) was calculated. A significant 

correlation was observed between the level of BDA identified projection and resting-state 

functional connectivity (Figure 1.7 C). The fact that all regions retrogradely label with 
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BDA showed high z-scores in the rsfMRI support the idea that imaging is able to capture 

monosynaptic efferents. Moreover, a group of cortical regions (mostly visual regions or 

prefrontal cortical regions) without BDA labeled neurons also presented high z-scores with 

LRSS. This finding may be explained by the existence of afferents from LRSS or multi-

synaptic anatomical connections. 
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Figure 1.7. Anatomical and functional connectivity of ferret LRSS.  

(A) BDA labeled neurons in cortical regions; (B) Demonstration of LRSS functional 

connectivity and cortical regions of interest (ROIs); (C) Correlation between anatomical 

connectivity and resting-state functional connectivity. 

  

rsfMRI
ROIs

LRSS functional connectivity

Tracer - rsfMRI correlation
r2 = 0.24
p = 0.011

Retrogradely labeled neurons
BDA tracer

LRSS: Auditory-tactile

A

B

C



 27 

CHAPTER II 

GOALS, HYPOTHESIS, AND SPECIFIC AIMS 

 

Deficits in cognitive flexibility and multisensory processing were often observed 

in FASD subjects. These two cognitive functions are closely related and were shown to 

contribute greatly to the academic and social problems associated with FASD subjects. 

Deficits in these two cognitive domains suggest an impairment within related brain circuits. 

This leads to our main question of this thesis, which is: “Are there alterations in 

functional connectivity between brain regions associated with cognitive flexibility and 

multisensory processing in models of FASD?”. It has been shown that the timing of 

alcohol exposure leads to interference with specific developmental events and that the 

outcomes after developmental exposure can vary with the exposure stage. Therefore, it is 

critical to understand the alterations within specific brain circuits to attain insights into the 

effects of alcohol exposure in the early and late fetal stage. Information from such 

assessment is likely to improve our understanding of underlying mechanisms that are 

associated with specific cognitive deficits as well as bring insights of time window and 

targets for prevention and treatment. This chapter provides an overview of the central 

hypothesis that the timing of the prenatal alcohol exposure has an effect on the 

development of the fronto-striatal network and of a visual-tactile network. These 

alterations should also result in a reorganization of the intrinsic large-scale brain networks. 

We tested this hypothesis on two different animal models where the alcohol exposure 

occurred in periods that are similar to the early and late fetal stage of human brain 

development through the application of rsfMRI and graph theoretical analysis. We first 
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focused on the fronto-striatal network and on a visual-tactile network as a representative 

circuit for cognitive flexibility and multisensory integrative function, and then examined 

the large-scale brain networks to assess the brain functional organization after alcohol 

exposure during early and later fetal stages.  

II-A. Specific Aim 1: Alterations of Functional Connectivity within a Fronto-striatal 

Circuit and a Visual-tactile Circuit following Alcohol Exposure during Early Fetal 

Stage. 

Alcohol exposure during early fetal stage can directly disrupt the process of 

neurogenesis and neuronal migration (Miller, 1992b), the developmental events that enable 

appropriate positioning of neurons and the emergence of neuronal identity so that the 

correct patterns of functional synaptic connections can be established (Marin and 

Rubenstein, 2003). Disruption of these processes may lead to reduced spontaneous inter-

regional co-activation that can be reflected from resting-state functional connectivity. A rat 

FASD model with in utero alcohol exposure was used to mimic the early fetal stage 

exposure in humans. The medial prefrontal cortex (mPFC) of the rat is the functional 

analogue of human dorsolateral PFC (Hoover and Vertes, 2007) and was reported to be 

critical for executive function including cognitive flexibility (Deziel et al., 2015, 

PASSETTI et al., 2000). The visual-tactile integrative process is reported to occur within 

the barrel field of primary somatosensory cortex of rats (Sieben et al., 2013; Bieler et al., 

2017). Therefore, we assessed the resting-state functional connectivity between the mPFC 

and striatum, and between barrel field of primary somatosensory cortex and the visual 

cortex. We hypothesize that alcohol exposure during early fetal stage will disrupt 
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connections within these brain circuits. We predicted that the resting-state functional 

connectivity within these two circuits will be reduced in alcohol-exposed rats. 

II-B. Specific Aim 2: Alterations of Functional Connectivity within a Fronto-striatal 

Circuit and Visual-tactile Circuit following Alcohol Exposure during Late Fetal Stage. 

As neurogenesis and neuronal migration are largely complete by the beginning of 

the late fetal stage (i.e., 3rd trimester in humans), the development and positioning of 

neurons and the emergence of neuronal identity are not expected to be the main targets of 

alcohol-induced impairment during late fetal stage. Instead, alcohol exposure mainly 

affects developmental events such as synaptogenesis and refinement which can result in 

disrupted interaction between brain regions. A ferret FASD model with alcohol-exposure 

during the first postnatal month was used to mimic the late fetal stage exposure in human. 

A visual-tactile integrative region, rostral part of posterior parietal cortex (PPr), was 

identified in ferret brain. It exhibits a pattern of connectivity similar to the human 

intraparietal sulcus and receives its main afferents from the caudal posterior parietal cortex 

(PPc, a visual associative area) and the tertiary somatosensory cortex (S3, a tactile 

associative area). In this aim, we assessed the functional connectivity between ferret dorsal 

PFC (dPFC) and striatum, and between PPr with PPc and S3. We hypothesize that alcohol 

exposure during late fetal stage will disrupt connections within these brain circuits. We 

predicted to see an altered resting-state functional connectivity within these two circuits in 

alcohol exposed ferrets. The alteration patterns may provide specific developmental 

indications, e.g., reduced connectivity indicates less functional synaptic connection while 

increased connectivity indicates less synaptic pruning. 
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II-C. Specific Aim 3: Alterations of Large-scale Brain Network Organization after 

Alcohol Exposure during Early and Late Fetal Stage. 

Disruption of different developmental events may lead to different outcomes of 

large-scale brain network organization. The large-scale brain network can be seen as a set 

of nodes (brain regions) and edges (interactions between each pair of brain regions). 

Interference on the formation of either the nodes or edges may result in the reorganization 

of the network. The pattern of network reorganization can vary based on the time frame of 

alcohol exposure and its effect on specific developmental events. Therefore, alcohol 

exposure during early fetal stage and late fetal stage may have different manifestation on 

the organization of large-scale brain network. We hypothesized that the early stage 

exposure may lead to reduced network integration because of disrupted formation of nodes 

and edges while the late stage exposure may lead to either reduced network integration or 

increased network segregation depending on the shifted balance of synaptogenesis and 

pruning. We predicted that network measures such as normalized clustering coefficient, 

normalized path length and small-worldness will change following alcohol exposure. 
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Chapter III 

GENERAL METHODS 

 

III-A. Animal Models 

All animal procedures were performed in compliance with NIH guidelines and 

appropriate approvals were obtained from the University of Maryland, Baltimore, 

Institutional Animal Care and Use Committee. 

III-A1. Rat FASD Model 

Timed pregnant Long Evans rats (Harlan, now Envigo, Frederick MD) were kept 

in a light, temperature and humidity controlled animal care facility, with food and water 

provided ad libitum. The facility is controlled for temperature (22 °C) and humidity (40–

45%) and kept on a 12/12 h light/dark cycle (lights on at 7 am). Dams were paired 

according to body weight. One dam per pair was given ad libitum access to an ethanol-

containing liquid diet (L10251A, Research Diets, New Brunswick, NJ: 2.1% v/v ethanol 

on G6-G7; 4.27% ethanol on G8-G10; 6.36% G11-G20). The other dam as the control 

animal received an equivalent volume of a non-ethanol containing liquid diet or ad libitum 

access to laboratory chow. All animals were returned to lab chow on G21 and had ad 

libitum access to water throughout. Prior studies show that blood alcohol concentrations of 

100–150 mg/dl can be achieved using this model (Youngentob et al., 2007, Miller, 1992a). 

III-A2. Ferret FASD Model 

Ferret kits were ordered from Marshall Farms (North Rose, New York) at ages 

between PND 5 to PND 8. Six kits per litter were kept with the dam in a light, temperature 
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and humidity controlled animal care facility. The dams were given ad libitum access to 

food and water. Kits in the ethanol-exposed group received 3.5g/Kg i.p. ethanol every other 

day from PND 10 to PND 20. A prior study shows that this model leads to blood alcohol 

levels of approximately 250 mg/dl (Medina et al., 2003). Control kits received either an 

equivalent volume of saline during the same ages or no treatment.  

III-B. MR Imaging Methods 

All imaging experiments were performed on a BrukerBioSpec 70/30USR Avance 

III 7 Tesla 30 cm horizontal bore MR scanner (BrukerBiospin MRI GmbH, Germany) 

equipped with a BGA12S gradient system and interfaced to a Bruker Paravision 5.1 or 

Paravision 6.0 console. An MR compatible small-animal monitoring and gating system 

(SA Instruments, Inc., New York, USA) was used to monitor the animal respiration rate 

and body temperature which was maintained within a physiological range using a warm 

water bath circulation. 

III-B1. Rat 

Animals were placed in the MR scanner interfaced to a Bruker Paravision 5.1 

console. A Bruker 72 mm linear-volume coil was used as the transmitter and a Bruker 1H 

4-channel surface coil array was used as the receiver. Anesthesia was induced with 2% 

isoflurane followed by intramuscular bolus administration of the α2-agonist 

dexmedetomidine (0.03 mg/kg). Light anesthesia was maintained using 0.25-0.5% 

isoflurane in oxygen-enriched air with continuous infusion of dexmedetomidine (0.015 

mg/kg/h) during data acquisition. Body temperature was maintained at 35–37°C using a 

warm water bath circulation. Ear pins and bite bars were used to minimize head motion. 
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A three-slice (axial, mid-sagittal, and coronal) scout image using rapid acquisition 

with fast low angle shot (FLASH) (Frahm et al., 1986, Haase et al., 1986) was used to 

localize the rat brain. A fast shimming procedure (FASTMAP) was used to improve the B0 

homogeneity covering the brain (Gruetter, 1993). Both proton density (PD) and T2-

weighted images were obtained for anatomic reference using a two-dimensional rapid 

acquisition with relaxation enhancement (RARE) sequence covering the entire brain 

(Hennig et al., 1986). Imaging was performed over a 3.5 cm field of view (FOV) in the 

coronal plane with an in-plane resolution of 137 µm using 22 slices at 1 mm thickness and 

2 averages, at an effective echo-time (TE) of 18.94 ms for the proton density weighted 

images and an effective echo-time of 56.82 ms for the T2-weighted images. The repeat time 

(TR) was 3500 ms. 

rsfMRI data were acquired by matching the anatomic images using a single shot, 

gradient-echo-planar imaging sequence (TR/TE = 1000/14.7 ms) with a 3.5 cm FOV and 

an in-plane resolution of 547 µm2 using 22 slices at 1 mm thickness. Six hundred temporal 

frames (volumes) covering the entire brain were obtained resulting in a total scanning time 

of around 10 min for each rsfMRI run. Three such rsfMRI runs were acquired on each 

animal per imaging session. During the rsfMRI experiment, the respiratory rate of the 

animal was monitored and maintained between 30 and 35 breaths/min. 

III-B2. Ferret 

Animals were placed in the MR scanner interfaced to a Bruker Paravision 5.1 or 

6.0 console. A Bruker 72 mm linear-volume coil or 86 mm circular polarized-volume coil 

was used as the transmitter and a Bruker 1H surface coil was used as the receiver. Light 

anesthesia was achieved with two-dose of intraperitoneal injection of dexmedetomidine 
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(0.1 mg/kg) half an hour and just before the start of the imaging and ~0.3% isoflurane 

during the imaging session. The animal body temperature was maintained at 37 to 38.5°C 

using a warm water bath circulation. 

Scout images in all 3 orthogonal planes (axial, mid-sagittal, and coronal) were 

obtained using rapid acquisition with FLASH to localize the ferret brain. A FASTMAP or 

field map-based shimming procedure was used to improve the B0 homogeneity covering 

the brain. PD and T2-weighted image (for details regarding acquisition parameters see 

Chapter V, Specific Methods) were obtained using a 2- dimensional RARE sequence 

covering the entire brain.  

rsfMRI was acquired matching the anatomical images using a single shot, gradient-

echo echo-planar imaging sequence (for details regarding acquisition parameters see 

Chapter V, Specific Methods). Three separate rsfMRI sessions were acquired on each 

animal within the same imaging experiment. During the rsfMRI experiment, the respiratory 

rate of the animal was monitored and maintained between 30 and 40 breaths/min. 

III-C. rsfMRI Preprocessing 

All rsfMRI image preprocessing was performed using SPM12 

(http://www.fil.ion.ucl.ac.uk/spm/) and AFNI (http://afni.nimh.nih.gov/afni).  

III-C1. Rat 

T2-weighted images were manually reoriented in SPM12 and origin was reset to 

bregma 0 mm to keep all the animals in the similar position as a rat stereotaxic template 

(Valdes-Hernandez et al., 2011) (Figure 3.1). rsfMRI images were reoriented using the 

reorientation matrix from the T2-weighted image of the specific animal.  
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Figure 3.1. Demonstration of the anatomical image after reorientation.  

Left: brain template; right: T2-weighted image from a representative animal; red arrow: 

bregma 0 mm. 

 

For rsfMRI images, the first 10 volumes were discarded from each rsfMRI 

acquisition to avoid any transients associated with the MR signal reaching a steady state. 

Slice timing correction was performed in SPM12 to compensate for slice acquisition delays 

and realignment was performed with the 11th slice being the reference slice to overcome 

the problem introduced by head motion. The six motion-derived parameters were saved for 

later use. Next, rsfMRI images of each animal were coregistered to the rat brain template 

with the T2-weighted image as the reference. After that, rsfMRI images were down-

sampled back to their original resolution and underwent the following signal corrections 
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using the 3dBandpass function. Detrending was performed to correct the signal intensity 

drift caused by scanner noise. Outlier volumes with signal intensity far from other volumes 

were removed by spike censoring. The six motion-derived parameters and signals from 

cerebrospinal fluid were regressed out as noise. Band-pass filtering (0.008-0.15Hz) was 

then performed to remove noise with low-frequency oscillation such as slow physiological 

changes (e.g., basal metabolism) and high-frequency noise such as noised induced by 

breathing and heart beating. At last, smoothing (FWHM = 0.8 mm) was performed to 

increase the signal to noise ratio. 

III-C2. Ferret 

The first 10 volumes were discarded from each rsfMRI run to avoid any transients 

associated with the MR signal reaching a steady state. Slice timing correction was 

performed in SPM12 to compensate for slice acquisition delays and realignment was 

performed with the middle slice being the reference slice to overcome the problem 

introduced by head motion. The six motion-derived parameters were saved for later use. 

The coregistration of ferret anatomical images to a representative ferret brain 

anatomical image resulted in large deviation of the anatomical images for some animals. 

Therefore, the alignment of ferret anatomical images was performed in AFNI with the 

3dTagalign program which aligns images based on manually defined tags. Specifically, the 

T2-weighted image of a representative animal was selected as the study-specific template. 

The T2-weighted images of all other animals were manually reoriented to the orientation 

of this study-specific template using the 3drotate function which translates the dataset 

following user-defined degrees. Following reorientation, 24 tags were placed on each 

anatomical image including the study-specific template as shown in Figure 3.2. The 
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anatomical images of all other animals were aligned to the study specific template with the 

24 tags as the reference using the 3dTagalign function. 3dWarp function was then used to 

transform rsfMRI images of each animal using the same transformation matrix as its 

corresponding anatomical image. The rsfMRI images were kept in the original resolution 

during the transformation. Therefore, no following down-sampling step was performed. 

 

 

Figure 3.2. Demonstration of tags for 3dTagalign transformation. 

 

Next, rsfMRI images underwent detrending of signal intensity drift, spike censoring 

to remove outlier volumes, orthogonalization of six motion-derived parameters, band-pass 

filtering (0.01-0.1Hz) and smoothing (FWHM = 1.5 mm) with the 3dTproject function, a 

function for “time series cleanup” recently recommended over 3dBandpass. Instead of 

using 3dBandpass to automatically detect and remove outliers, we set a threshold to 

identify outlier volumes. Specifically, outlier voxels of each volume were detected using 
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3dToutcount function in AFNI. Voxels within the brain with intensities that were out of 

the 0.1% of voxels from all volumes at the same coordinate were considered as outlier 

voxels. Volumes with more than 5% outlier voxels were considered as an outlier volume 

and were censored in 3dTproject function. Censored values were replaced by interpolated 

neighboring non-censored values. 

III-D. Functional Connectivity 

Averaged time courses from each of the ROIs were extracted. The temporal 

correlation between two ROIs was calculated through Pearson’s correlation analysis 

between the time courses of the two ROIs. The Pearson’s correlation coefficient was 

transformed to z score by Fisher’s transformation. This z score was used as the functional 

connectivity value between the two ROIs. 

III-E. Graph Theoretical Analysis 

Graph theoretical analysis was performed using graph-analysis toolbox (GAT) 

(https://www.nitrc.org/projects/gat/)	 (Hosseini et al., 2012). The pipeline of performing 

graph theoretical analysis with rsfMRI data is shown in Figure 3.3. Large-scale brain 

networks were constructed from the functional connectivity matrix of regions across the 

whole brain (see details in Chapter VI and VII). The network was transformed to a binary 

network with 0 representing “not connected” and 1 representing “connected” using study-

specific density thresholds. Twenty null networks (or random networks) were constructed 

by randomization that created random networks with the same number of nodes, number 

of edges, and degree distribution as the input networks. Five global measures were 

calculated for each animal, i.e., global efficiency (GEff), mean local efficiency (MLocEff), 

normalized clustering coefficient (C/Crand), normalized characteristic path length (L/Lrand), 
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small-worldness (SW). The mathematical equation for each measure is demonstrated in 

Table 3.1 (Rubinov and Sporns, 2010). 

 

 

Figure 3.3. Pipeline of graph theoretical analysis. 
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Table 3.1. Mathematical equations for global measures. 

 

III-F. Statistical Analysis 

All statistical analysis was performed using SAS software, University Edition (SAS 

Institute Inc., Cary, NC, USA). Detailed methods are provided in corresponding chapters. 
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Chapter IV 

FUNCTIONAL CONNECTIVITY WITHIN A FRONTO-STRIATAL AND A 

VISUAL-TACTILE CIRCUITS FOLLOWING EARLY FETAL STAGE 

ALCOHOL EXPOSURE1 

 

IV-A. Introduction 

People with FASD often present deficits associated with executive function and 

multisensory integrative process (Kodituwakku et al., 2001b, Kodituwakku et al., 2001a, 

Carr et al., 2010, Coles et al., 2002). Alterations in regions within brain circuits that are 

critical for these two functions (e.g.., fronto-striatal circuit for cognitive flexibility, 

somatosensory barrel field-visual cortex circuit for visual-tactile integration) were 

observed in FASD subjects as well as animal models of FASD. However, it remains 

unclear whether the regional connections within these brain circuits were disrupted by 

alcohol exposure. Using the now well established rsfMRI technique, one can assess the 

alteration in brain intrinsic regional interactions which is a reflection of regional connection 

changes in animals that were subject to developmental alcohol exposure. 

The brain development is a dynamic process with various developmental events 

occurring in a specific order throughout pregnancy (Figure 1.5). It is well accepted that 

there is no safe period for alcohol consumption during pregnancy that will not raise a risk 

for affecting fetal brain development. The timing of alcohol exposure and the ongoing 

                                                
1 This work was done in collaboration with the lab of Dr. Sandra M. Mooney at University 
of Maryland School of Medicine, Baltimore, MD, which generated the animal model and 
provided valuable advice on the result interpretation. 
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neural developmental events can be associated with the expression and severity of the 

phenotype in brain morphology and the function that they serve. Therefore, understanding 

the outcome of prenatal alcohol exposure from the perspective of the time of that exposure 

can help our fundamental understanding of the pathophysiological changes that lead 

developmental deficits and subsequently develop strategies for therapeutic intervention.  

Alcohol consumption at the end of the first trimester has been shown to have the 

strongest effect on craniofacial development (Feldman et al., 2012, Muggli et al., 2017). 

Moderate and heavy consumption during the first trimester is reported to increase the odds 

of internalizing behavior problems (O'Leary et al., 2010).  For alcohol consumption during 

the second trimester, researchers observed attenuated fetal cerebral blood flow response to 

hypoxia which contributes to further brain injury if hypoxic insult occurs (Mayock et al., 

2007).   

In this chapter, we used a rat FASD model to mimic alcohol exposure during early 

pregnancy (first and second trimesters) in humans with respect to brain development. We 

used rsfMRI technique to determine whether fetal alcohol exposure during this time frame, 

(a) alters resting-state functional connectivity within fronto-striatal circuit; (2) alters 

resting-state functional connectivity between somatosensory barrel field and primary 

visual cortex; (3) and whether the males and females are differentially affected from such 

exposure. 

IV-B. Specific Methods 

IV-B1. Animals 

Timed pregnant Long Evans rats (Harlan, now Envigo, Frederick MD) were housed, 

grouped and treated as mentioned in General Methods chapter. Offspring from ethanol-
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exposed dams (Eth) and control dams (Ctr) were cross-fostered to control dams and the 

litters were culled to 10 - 12 pups within 24 hours of birth. In this study, we included 25 

Ctr animals (14 males and 12 females) and 18 Eth animals (12 males and 6 females). Adult 

offspring underwent a single imaging session between PND 66 and PND 101. 

IV-B2. Image Analysis 

Imaging experiment and preprocessing were performed as described in General 

Methods chapter. The following image analysis steps were performed in AFNI. For 

evaluation of fronto-striatal circuit, ROIs were manually located on mPFC, OFC and 

striatum (Str) based on Paxinos & Watson, 6th Edition (Figure 4.1 A). Str covered mainly 

the caudate nucleus area. The regionally-averaged BOLD time courses for each rsfMRI 

run of individual animals were extracted from each ROI. Functional connectivity was 

calculated by correlating the time courses between mPFC or OFC and Str. The Pearson’s 

correlation coefficients were then transformed to z-scores with Fisher’s transformation. Z-

scores of connections from the three rsfMRI runs for each animal were averaged 

(Hutchison et al., 2015) and subjected to a two-way analysis of variance (ANOVA) 

analysis with ethanol and sex as the factors (SAS: PROC GLM function). A partitioned 

analysis was performed if significant ethanol x sex interaction was detected. The 

partitioned analysis assessed the simple effects of ethanol and sex, i.e., the effect of ethanol 

in males and females, the effect of sex in control and ethanol-exposed animals. 

For evaluation of visual-tactile interaction, we focused on the interaction between 

the barrel field of primary somatosensory cortex and primary visual cortex. The ROIs were 

manually located on the barrel field of primary somatosensory cortex (S1BF) and primary 

visual cortex (V1) based on Paxinos & Watson, 6th Edition (Figure 4.1 B). The regionally-
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averaged BOLD time courses were extracted from these two ROIs. The correlation 

coefficient between the BOLD time course of these two ROIs was z-score transformed and 

averaged across the three rsfMRI runs of each animal. Two-way ANOVA analysis was 

performed in the same way as above to assess the main effect of ethanol, sex and the effect 

of ethanol x sex interaction. A partitioned analysis was performed if significant ethanol x 

sex interaction was detected. The partitioned analysis assessed the simple effects of ethanol 

and sex, i.e., the effect of ethanol in males and females, the effect of sex in control and 

ethanol-exposed animals. 

 

Figure 4.1. Demonstration of ROIs.  

(A) ROIs of fronto-striatal circuit; (B) ROIs of visual-tactile circuit. 

 

Functional connectivity difference maps of mPFC, OFC and S1BF were also 

generated to visualized the alterations in fronto-striatal and visual-tactile interactions. To 

accomplish this, the regionally-averaged BOLD time course of mPFC, OFC and S1BF for 

each rsfMRI acquisition on each individual animal was correlated with all the voxels across 
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the whole brain. The correlation map was transformed to a z-score connectivity map with 

Fisher’s transformation. Because the sample size was not balanced, a two-sample t-test was 

performed in males and females. Connectivity maps from each of the three rsfMRI runs of 

each animal were averaged and subjected to the two-sample t-test between control and 

ethanol group separately for male and female animals. Because the large voxel numbers in 

the brain, correction for multiple comparisons is needed to control the false positive rate. 

Here, we used the cluster-wise family-wise error correction to estimate the minimum voxel 

number in a cluster that will lead to an ideal false positive rate (usually < 0.05). Specifically, 

3dFWHMx was used to calculate the spatial smoothness variance of the connectivity 

difference map which was then used to estimate the required minimum cluster size to 

maintain a 5% type 1 error rate using 3dClustSim (Bennett et al., 2009).  

IV-C. Results 

IV-C1. Fronto-striatal Functional Connectivity 

Two-way ANOVA was performed on mPFC-Str and OFC-Str connectivity to assess 

the main effects and interaction effect of ethanol and sex (Figure 4.2). For mPFC-Str 

functional connectivity, a significant ethanol x sex interaction was detected (F [1, 40] = 

4.55, p = 0.039) while no main effect of ethanol (F [1, 40] = 2.71, p = 0.107) or sex (F [1, 

40] = 1.26, p = 0.268) was observed (Figure 4.2 A). For OFC-Str functional connectivity, 

significant effects of ethanol (F [1, 40] = 6.91, p = 0.012) and ethanol x sex interaction (F 

[1, 40] = 4.44 p = 0.041) were detected. A trend of sex effect was observed at F [1, 40] = 

3.01, p = 0.090 (Figure 4.2 B). A partitioned analysis was performed to analyze the effect 

of ethanol exposure in males and females respectively, and the effect of sex in control and 

ethanol-exposed animals. A significant reduction of mPFC-Str connectivity was observed 
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only in ethanol-exposed males (p = 0.004) but not in females (p = 0.759) when compared 

to their control counterparts (Figure 4.2 A). mPFC-Str connectivity difference between 

males and females was only detected in control animals (p = 0.012) but not in ethanol-

exposed animals (p = 0.525). Similarly, significantly reduced OFC-Str connectivity was 

only observed in ethanol-exposed males (p < 0.001) but not in females (p = 0.742) 

comparing to control animals. Sex difference of OFC-Str connectivity was only detected 

in control animals (p = 0.004) but not in ethanol-exposed animals (p = 0.814) (Figure 4.2 

B). The functional connectivity alterations were demonstrated in connectivity difference 

maps with mPFC and OFC as the seed ROIs respectively (Figure 4.3). 

 

Figure 4.2. Functional connectivity between mPFC or OFC and Str.  
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mPFC-Str connectivity (A) and OFC-Str connectivity (B) are significantly reduced in Eth 

males comparing to Ctr males. Values are mean + SEM. #p<0.05, effect of ethanol; 

$p<0.05, ethanol x sex interaction in two-way ANOVA. *p<0.05, **p<0.01, ***p<0.001, 

between group difference. 

 

Figure 4.3. Functional connectivity difference map in males.  

(A) Functional connectivity of mPFC; (B) functional connectivity of OFC. Color bar: t-

score from two-sample t-test; warm color – higher connectivity in Eth animals; cool color 

– lower connectivity in Eth animals. 

 

IV-C2. Visual-tactile Functional Connectivity 

To assess differences in visual-tactile interaction, two-way ANOVA was performed 

on S1BF-V1 connectivity to assess the main effects and interaction effect of ethanol and 

sex (Figure 4.4). A significant main effect of ethanol on S1BF-V1 connectivity was 

detected (F [1, 40] = 6.34, p = 0.016) that S1BF-V1 connectivity significantly reduced in 

ethanol-exposed animals. The effect of sex (F [1, 40] = 0.10, p = 0.753) and ethanol x sex 
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interaction (F [1, 40] = 0.03, p = 0.869) was not significant. The functional connectivity 

alterations were demonstrated in connectivity difference map with S1BF as the seed ROI 

(Figure 4.5). 

 

Figure 4.4. Functional connectivity between S1BF and V1. 

Ethanol exposure had a significant effect on S1BF-V1 functional connectivity. S1BF-V1 

connectivity significantly reduced in Eth males comparing to Ctr males. Values are mean 

+ SEM. #p<0.01, main effect of ethanol in two-way ANOVA.  

 

 

Figure 4.5. Functional connectivity difference map of S1BF in combined males and 

females.  
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Color bar: t-score from two-sample t-test; warm color – higher connectivity in Eth 

animals; cool color – lower connectivity in Eth animals. 

 

IV-D. Discussion 

Our findings suggest that the effects of prenatal alcohol exposure during early fetal 

stage on brain resting-state functional connectivity are sex-dependent. Specifically, 

although both males and females presented reduced functional connectivity between the 

barrel field of primary somatosensory cortex and the primary visual cortex following 

alcohol exposure, only male rats exposed to alcohol showed a significant reduction in the 

functional connectivity between medial prefrontal cortex/orbitofrontal cortex and striatum. 

Although no study has investigated alcohol-induced brain activation changes during tasks 

of cognitive flexibility, alcohol-induced alterations in fronto-striatal circuit have been 

shown to occur in humans during other executive function tasks such as response inhibition 

(Fryer et al., 2007) and working memory (Roussotte et al., 2012). Increased prefrontal 

cortical activation and reduced caudate activation was observed in FASD youth during 

response inhibition (Fryer et al., 2007). Increased functional connectivity between frontal 

cortices and putamen while decreased functional connectivity between frontal cortices and 

caudate was observed in alcohol-exposed subjects during a working memory task 

(Roussotte et al., 2012). Altered neural oscillation, such as reduced gamma and increased 

beta oscillation, was reported in children with FASD during multisensory processing 

(Bolanos et al., 2017). Here for the first time, we show in an animal model that alterations 

in brain regional interaction related to cognitive flexibility and multisensory processing 

exist even at rest among rats that were exposed to alcohol when they were in their early 

fetal stage. This indicated reduced connections within these brain circuits following alcohol 
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exposure. 

IV-D1. Sex-dependent Effect of Alcohol Exposure on a Fronto-striatal Circuit 

In this study, reduced functional connectivity was detected between medial 

prefrontal cortex/orbitofrontal cortex and striatum which is consistent with previous reports 

that alcohol-exposed rats have lower immediate early gene expression, suggestive of lower 

metabolic activity in prefrontal cortex and the caudate nucleus (Nagahara and Handa, 

1995). The effect of prenatal alcohol exposure on brain functional connectivity within 

fronto-striatal circuit is sex-dependent, consistent with findings in rat behavior associated 

with cognitive flexibility and other aspects of executive function (Zimmerberg et al., 1991, 

Waddell and Mooney, 2017). Both male and female rats prenatally exposed to alcohol 

exhibit cognitive flexibility and spatial working memory deficits (e.g., (Nagahara and 

Handa, 1995, Waddell and Mooney, 2017). However, alcohol-exposed males were more 

profoundly impaired in set shifting and reversal learning than females (Waddell and 

Mooney, 2017). Another study demonstrated deficits of reference memory in both alcohol-

exposed male and female rats while working memory problem was only observed in males 

(Zimmerberg et al., 1991). Sex-dependent changes in social behavior were also observed 

in alcohol-exposed male and female rats (Wellmann and Mooney, 2015) and social 

interaction is known to engage fronto-cortical and striatal brain regions (e.g., 

(Vanderschuren et al., 2016). Similar sex-dependent effect of prenatal alcohol exposure on 

fronto-striatal circuit was also observed in monkeys. A study on adult rhesus monkeys with 

prenatal alcohol exposure throughout gestation detected significantly increased dopamine 

D1 receptor binding in prefrontal cortices and marginal increase in the striatum in male 

monkeys but not in female monkeys (Converse et al., 2014). The D1 receptor is critical for 
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cognitive flexibility (Ragozzino, 2002, Puig and Miller, 2012), however, an increase in the 

availability of this receptor in the prefrontal cortex was shown to be related to the total 

error in Wisconsin Card Sorting Test (Takahashi et al., 2008). Taken together with the sex 

differences in resting state functional connectivity alterations observed in this study, 

alcohol exposure during early fetal stage may affect cognitive flexibility differently 

between the males and females. 

IV-D2. Sex-dependent Effect of Alcohol Exposure on a Visual-tactile Circuit 

The visual-tactile integrative process of rats is reported to occur within the primary 

somatosensory cortex (Sieben et al., 2013; Bieler et al., 2017). Reciprocal projections were 

observed between the barrel field and the primary visual cortex in mouse, suggesting the 

existence of multisensory processing involving this pathway (reviewed in Massé et al., 

2016). The multisensory response was observed in the rat barrel field where an 

augmentation effect on somatosensory-evoked response was detected when visual 

stimulation was presented together with tactile stimulation (Sieben et al., 2013), suggesting 

that, in contrast with traditional concepts, multisensory processing occurs not only in 

higher-level association cortex but also in low-level and even primary sensory cortices.  

Therefore, in this study we focused on functional connectivity between the barrel field of 

primary somatosensory cortex and primary visual cortex. We observed a reduction of 

functional connectivity between these two regions which can be associated with alterations 

in spine morphology. Long-lasting reduction of spine density but increasing of average 

spine length of pyramidal neurons was observed in primary visual cortex in mice exposed 

to alcohol during gestation (Cui et al., 2010). A transient reduction of spine density and 

increased spine length was also observed in the somatosensory cortex of rats with alcohol 
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exposure through gestation (Galofre et al., 1987). This alteration of spine morphology 

indicates a delayed spine development and insufficiency of synapses which may lead to the 

reduced functional connectivity between barrel field and primary visual cortex as observed 

in this study (Li et al., 2010).  

This is the first study that ever assessed the functional connectivity between these 

two regions in rats. The results of this study further support the previous finding and extend 

our knowledge regarding the development of this circuitry in that the functional 

connections between the barrel field and primary visual cortex can be detected at rest. This 

improves our knowledge of the visual-tactile functional interaction at the fundamental level. 

Furthermore, this is the first time that visual-tactile functional connectivity was 

investigated in the rat FASD model and the first time that a sex-dependent effect of prenatal 

alcohol exposure on the visual-tactile circuit was observed. Whether the sex-dependent 

visual-tactile circuit alterations manifest into behavioral and cognitive development 

alteration remains unknown at the present time. Future animal studies with well-designed 

behavioral tests focusing on this multisensory processing (e.g., tests modified from novel 

object recognition test) and its relationship to the disrupted visual-tactile circuitry will 

benefit not only the FASD field but also the general understanding of the multisensory 

processing. 

IV-D3. Alcohol Exposure in Early Fetal Stage and Neuronal Migration 

The abnormal functional connectivity within fronto-striatal circuit and visual-

tactile circuit can also be associated with the result of disrupted neuronal migration. The 

timing of alcohol exposure in this study was similar to the early fetal stage in human 

(mostly first and second trimester). This is the period peak period for neurogenesis and 



 53 

neuronal migration, and the start of neuronal branching and synaptogenesis. During 

prenatal brain development, newborn neurons migrate to their final destinations, followed 

by the maturation stage and eventually the generation of neural circuitry. The normal 

process of neuronal migration is critical for appropriate positioning of neurons and of the 

adaptation of correct neuronal identity (Marin and Rubenstein, 2001). Prenatal exposure of 

alcohol is known to affect the process of neuronal migration. Incorrectly located neurons 

were detected in the white matter of children with prenatal alcohol exposure, suggesting 

errors in neuronal migration (Clarren et al., 1978). Alcohol exposure during the period of 

interneuron migration peak resulted in increased GABAergic interneurons and shifted 

inhibitory/excitatory balance in medial prefrontal cortex in mice which were associated 

with impaired reversal learning (Skorput et al., 2015). The time and rate of neuronal 

migration were altered in rats with alcohol exposure during a similar period as in our study 

(Miller, 1993). Alcohol exposure during early fetal stage in that study has disrupted 

neuronal migration, leading to the desynchronized brain development and delayed or 

disrupted later developmental processes, which may eventually result in the deficits such 

as altered neuron number, dendritic spine morphology and synaptic connection in brain 

circuitry. 

IV-D4. Limitations of this Study 

Several points need to be kept in mind with the findings in this study. First, the dose 

of alcohol exposure in this study is considered moderate exposure (Youngentob et al., 2007, 

Miller, 1992a). It is possible that exposure with a lower or higher dose may lead to different 

outcomes. For example, a study on mice with mild in utero alcohol exposure observed a 

transient increasing of D1 receptor binding in striatum (Boggan et al., 1996) while a study 
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on rats with higher alcohol exposure shown a transient decreasing of D1 receptor binding 

in frontal cortex and striatum (Druse et al., 1990). Therefore, the findings in this study 

should be viewed in the context of moderate alcohol exposure during early fetal stage.  

Second, this study did not assess the vascular development in the brain which may 

change after prenatal alcohol exposure (e.g., (Jegou et al., 2012). Although we cannot 

exclude the possibility that changes in vasculature development may drive perfusion 

differences between the alcohol-exposed and control rats in this study, study on rats with 

slightly lower dose and similar period of alcohol exposure reported no significant alteration 

in average blood perfusion in the frontal cortex of prenatal alcohol-exposed rats during 

resting state (Rodriguez et al., 2016).  

IV-E. Conclusion 

To our knowledge, this is the first study that assessed the functional connectivity 

within a fronto-striatal circuit and a visual-tactile circuit in rats after prenatal alcohol 

exposure. We observed that prenatal alcohol exposure during early fetal stage has sex-

dependent effects on fronto-striatal connectivity, with reduced functional connectivity in 

alcohol-exposed male rats but not female rats. The effect of prenatal alcohol exposure on 

the visual-tactile circuit was similar between males and females. These sex-dependent 

effects underscore the necessity for considering sex as a variable when studying outcomes 

and deciphering underlying mechanisms of problems in cognitive flexibility after prenatal 

alcohol exposure. 
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Chapter V 

FUNCTIONAL CONNECTIVITY WITHIN FRONTO-STRIATAL AND VISUAL-

TACTILE CIRCUIT FOLLOWING LATE FETAL STAGE ALCOHOL 

EXPOSURE 

 

V-A Effects of Alcohol Exposure During Late Fetal Stage on Functional Organization 

and Microstructure of a Visual-tactile Integrative Circuit1  

 

V-A1. Introduction 

Fetal alcohol spectrum disorders (FASD) are one of the most common causes of 

mental disability in the world. Despite efforts to increase public awareness about the risks 

of drinking during pregnancy, epidemiological studies do not indicate a decrease in FASD 

cases(May et al., 2014). Children with FASD often have deficits associated with 

multisensory processing. These include aversion to multiple sensory stimuli presented at 

the same time, attention deficits, poor visual-motor integration, delayed auditory 

processing and hypersensitivity to tactile stimulation (Carr et al., 2010, Coles et al., 2002). 

Multisensory processing, involving pooling and integration of various sensory inputs from 

different modalities is critical for perception, cognitive processing, and taking appropriate 

                                                
1 Chapter V-A is reprinted with publisher’s permission from Tang, S., Xu, S., Gullapalli, 
R. P. & Medina, A. E. 2018. Effects of Early Alcohol Exposure on Functional Organization 
and Microstructure of a Visual-Tactile Integrative Circuit. Alcohol Clin Exp Res, 42, 727-
734. License Number: 4444480914976. Small modifications to figures were included to 
match with the format in this thesis. 
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corrective actions. There is growing evidence that deficits in multisensory processing may 

contribute to abnormalities observed in FASD, including autistic-like behavior (Stevens et 

al., 2013, Franklin et al., 2008). For instance, FASD subjects often suffer from sensory 

stimulus overload and can be easily overwhelmed by sensory input from the presence of 

large groups, noise, touching from others, and visual distractions (Administration, 2014). 

The inability to process multimodal sensory stimuli may be the result of disrupted cortical 

circuitry and microstructural organization in multisensory areas. Alcohol is known to 

severely affect activity-dependent neuronal plasticity in the cortex, a process that is related 

to the refinement of synaptic connections and neuronal organization that occurs during the 

third trimester of human gestation. For instance, developmental alcohol exposure can 

permanently disrupt ocular dominance and barrel cortex plasticity in the visual and 

somatosensory cortices respectively(Rema and Ebner, 1999, Medina et al., 2003). Because 

multisensory processing relies on the correct microstructural organization of sensory areas 

and the accuracy of convergence of individual sensory systems on multisensory processing 

areas, disrupted neuronal plasticity from early alcohol exposure can lead to disrupted 

microstructural organization resulting in impaired multisensory processing that manifests 

as changes in functional connectivity.  

Studies on children with FASD have demonstrated altered microstructural integrity 

within brain white matter, such as the body of the corpus callosum and white matter 

innervating bilateral medial frontal and occipital lobes (Fryer et al., 2009), and abnormal 

functional connectivity and global functional network organization (Fan et al., 2017, 

Wozniak et al., 2013). The altered functional connectivity was indicated to be associated 

with altered white matter microstructural alterations (Fan et al., 2017). However, to our 
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knowledge, there are no reports that have focused on the microstructure and functional 

connectivity alterations related to sensory processing areas. Our group has developed a 

ferret model of FASD that shows disrupted cortical plasticity as well as aberrant functional 

architecture in the visual cortex (Medina et al., 2003, Medina et al., 2005). Ferrets are 

particularly important for studying cortical processes due to their gyrencephalic brains - 

whose cerebral cortex is highly folded and convoluted with gyri and sulci. A multisensory 

area has been recently described in the ferret. The ferret rostral posterior parietal cortex 

(PPr) is a multisensory area that contains neurons activated by both visual and 

somatosensory stimulation (Foxworthy et al., 2013). It receives its main afferents from the 

caudal posterior parietal cortex (PPc, a visual associative area) and the tertiary 

somatosensory cortex (S3, a tactile associative area). PPr exhibits a pattern of connectivity 

similar to the human intraparietal sulcus (Foxworthy et al., 2013, Grefkes and Fink, 2005). 

Because alcohol exposure can affect cortical neuronal plasticity and disrupt the functional 

organization of the visual cortex (Medina et al., 2003, Medina et al., 2005), we hypothesize 

that the ferret PPr will exhibit aberrant functional connectivity and microstructural features 

after early alcohol exposure.  

Brain functional and microstructural features can be assessed with in vivo 

neuroimaging techniques. One of the neuroimaging methods used to investigate brain 

functional networks is functional magnetic resonance imaging (fMRI) where the neural 

activity associated with a given task is measured by observing the changes in the blood 

oxygen level dependent (BOLD) signal(Friston, 1994). In recent years, there has been a 

growing interest in understanding regional brain interactions when a subject is not 

performing an explicit task using resting state fMRI (rsfMRI). rsfMRI signals are thought 
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to arise from spontaneous low-frequency fluctuations in BOLD signal, the coherence of 

which determines tightly coupled brain regions in brain baseline functional systems (Deco 

et al., 2013, Fox and Raichle, 2007). Functional connectivity revealed by rsfMRI displays 

the basic brain functional organization that reflects the repeated history of co-activation 

patterns and therefore, indicates the process of plasticity (Guerra-Carrillo et al., 2014). 

Similarly, information on microstructural features can be obtained using diffusion tensor 

imaging (DTI) and diffusion kurtosis imaging (DKI), which provides deep insights into the 

microstructure of the brain tissue.  Both techniques rely on the diffusion of water protons 

in the tissue. Parameters frequently assessed include mean diffusivity (MD), which 

measures the average water diffusion within the brain tissue, fractional anisotropy (FA), 

which provides information on the degree of diffusion anisotropy existing within a given 

voxel and kurtosis in different directions (MK - mean kurtosis, AK - axial kurtosis, RK - 

radial kurtosis), which indicate the degree of diffusional heterogeneity and microstructural 

complexity (Alexander et al., 2007, Steven et al., 2014). Alterations in these parameters 

are associated with pathological or developmental process such as cytotoxic edema, axon 

degradation and myelination (Alexander et al., 2007, Steven et al., 2014, Cheung et al., 

2009). 

In the present study, we investigated brain functional and microstructural 

alterations with rsfMRI and ex vivo DKI on a ferret model of FASD. Specifically, we 

focused on functional connectivity alterations of PPr (with S3 and PPc) and the water 

diffusion feature alterations within all of these regions. 
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V-A2. Methods 

V-A2.1. Animals  

Ferret kits were ordered from Marshall Farms (North Rose, New York) and were 

given 3.5g/Kg i.p. ethanol, which leads to blood alcohol levels of approximately 250 mg/dl 

(Medina et al., 2003), or saline every other day between PND 10 to PND 30. Regarding 

cortical development, the timing of this exposure is similar to the third trimester of human 

gestation. We performed two sets of imaging experiments. The first experiment involved 

in vivo MR imaging of 8 control animals (4 males, 4 females) and 8 ethanol exposed 

animals (5 males, 3 females) on whom rsfMRI data was obtained. We also performed 

diffusion kurtosis imaging ex vivo on a second set of animals.  This set consisted of 6 

control animals (3 males, 3 females) and 6 ethanol animals (2 males, 4 females). All animal 

procedures conformed to NIH guidelines and were approved by the University of Maryland, 

Baltimore, Institutional Animal Care and Use Committee. 

V-A2.2. MR Image Acquisition 

V-A2.2.1. In vivo Imaging 

All in vivo MR experiments were performed between PND 40-50 on a Bruker 

Biospec 7T 30-cm horizontal bore scanner (Bruker Biospin MRI GmbH, Germany) 

equipped with a BGA12S gradient system and interfaced to a Bruker Paravision 5.1 

console. A Bruker 72-mm linear-volume coil was the transmitter and a Bruker 1H four-

element surface coil array served as the receiver. Light anesthesia was achieved with 

intraperitoneal injection of dexmedetomidine (0.03mg/kg) just before start of the imaging 

and 0.3% isoflurane during the imaging session. A MR compatible small-animal 
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monitoring and gating system (SA Instruments, Inc., New York, USA) was used to monitor 

animal respiration rate and body temperature. The animal body temperature was 

maintained at 37-38.5°C using a warm water bath circulation.  

Scout images in all three orthogonal planes (axial, mid-sagittal, and coronal) were 

obtained using rapid acquisition with fast low angle shot (FLASH) to localize the ferret 

brain. A fast shimming procedure (FASTMAP) was used to improve the B0 homogeneity 

covering the brain. Anatomic images (repetition time/effective echo time (TR/TEeff) = 

4500/23.22ms) were obtained using a two-dimensional rapid acquisition with relaxation 

enhancement (RARE) sequence covering the entire brain. Imaging was performed over a 

4.5 cm field of view (FOV) in the coronal plane with an in-plane resolution of 150µm using 

26 slices at 1 mm thickness.  

Resting state fMRI was acquired matching the anatomic images using a single shot, 

gradient-echo echo-planar imaging sequence (TR/TE = 1140/21.46ms) with a 4.5 cm field 

of view (FOV) and an in-plane resolution of 549 µm2using 26 slices at 1 mm thickness. 

Three separate rsfMRI sessions were acquired on each animal within the same imaging 

experiment. A total of 530 temporal volumes were obtained, resulting in a total scanning 

time of around 10 min for each dataset. During the rsfMRI experiment, the respiratory rate 

of the animal was monitored and maintained between 30-35 breaths/min.  

V-A2.2.2. Ex vivo Imaging 

For the diffusion kurtosis experiments, adult animals were transcardially perfused 

with saline followed by 4% paraformaldehyde. One half of the brain was used for ongoing 

electrophysiology studies. Ex vivo DKI data were acquired on the other half of the fixed 

brain using a single shot, spin-echo echo-planar imaging sequence. An encoding scheme 



 61 

of 64 gradient directions was used with the duration of each of the diffusion gradients being 

4 ms with a temporal spacing of 20 ms between the two diffusion gradients. Two b-values 

(2000 s/mm2and 4000 s/mm2) were used for each direction following the acquisition of 

five images acquired at b = 0 s/mm2. The DKI images were obtained using a single average 

at isotropic resolution of 250 µm at a TR/TE of 500/31ms respectively. 

V-A2.3. Volume Analysis 

To obtain brain volumes, the anatomical images using the RARE sequence were 

first skull-stripped manually. Since the cerebellum and brain stem were not fully covered 

during the acquisition of the anatomical images, they were excluded from the volume 

analysis. To make sure brains were positioned in the same orientation for slice-by-slice 

comparison, skull-stripped brains were aligned with a representative male or female brain 

using 6 degree of freedom linear rigid-body transformation. Brain volume was then 

measured using MIPAV (Medical Image Processing, Analysis, and Visualization, 

https://mipav.cit.nih.gov/). Brain ventricles were manually extracted and excluded from 

global brain volume. Ventricle volumes of male and female ethanol treated animals were 

compared with male and female control groups respectively. No significant difference in 

the ventricle volume was observed between the two groups (data not shown). Brain volume 

was measured on a slice-by-slice basis on the 21 slices that were consistently acquired 

across animals as demonstrated in Fig 5.1 A and between group comparisons were 

performed on each slice. P-values were corrected with false discovery rate (FDR) 

correction to maintain a false discovery rate of 0.05 (Benjamini and Hochberg, 1995). To 

assess the brain shape alterations in our animal model, the whole brain was divided into 

four sections – slice1-4 (occipital areas), slice5-9 (posterior parieto-temporal), slice10-15 
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(anterior parieto-temporal), slice16-21 (frontal areas), and volume ratio to the whole brain 

volume was calculated for each section. Both the male and female section volume ratio 

data were combined, prior to making between group comparisons. 

V-A2.4. Functional Connectivity Analysis 

All rsfMRI image preprocessing and processing were conducted using SPM12 

(http://www.fil.ion.ucl.ac.uk/spm/) and AFNI (http://afni.nimh.nih.gov/afni). The 

processing pipeline included slice timing correction, motion correction, alignment to the 

brain anatomical image of a representative control animal, orthogonalization of motion-

derived parameters, spike censoring, band-pass filtering and smoothing. Specifically, the 

first 10 volumes were discarded from each dataset to avoid any transients associated with 

the MR signal reaching a steady-state. Slice timing correction and motion correction were 

performed in SPM12 with the 13th slice being the reference slice. rsfMRI images of each 

animal were aligned to the brain anatomical image of a representative animal based on tag 

marks put on representative areas (3dTagalignin AFNI). Next, the data underwent 

detrending of signal intensity drift, spike censoring, orthogonalization of six motion-

derived parameters, band-pass filtering (0.01-0.1Hz) and smoothing (FWHM = 2 mm) with 

3dTproject function in AFNI. 

Functional connectivity between PPr and PPc, PPr and S3 were estimated and 

compared between groups using the following steps. Regions of interest (ROIs) were 

manually placed on the left and right side of PPr, PPc, and S3. Each ROI contained at least 

50 voxels. Correlation coefficients between the time course of each pairs of regions were 

transformed to connectivity z score using Fisher’s transformation. Since no difference was 

observed between connectivity of left and right side, connectivity z scores from left and 
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right side were combined prior to performing between group comparisons using a two-

sample t-test. 

V-A2.5. Ex vivo Diffusion Kurtosis Imaging Analysis 

DKI reconstruction of the diffusion data was performed on each voxel using in-

house MATLAB program (Mathworks, Natick, MA) as described by Zhuo et al., 2015 

(Zhuo et al., 2015) to generate MD, FA, MK, AK, and RK maps. Diffusion parameters 

were extracted from ROIs with the size of at least 100 voxels placed on the PPc, PPr, and 

S3 as shown in Fig 5.3 A-C. Between groups comparisons were made using a two-sample 

t-test. 

V-A3. Results 

V-A3.1. Brain Volume Alterations 

We observed a whole brain volume reduction in both male (p = 0.003, Cohen’s d = 

3.11) and female (p = 0.001, Cohen’s d = 4.97) ethanol exposed animals (slice by slice 

volumes demonstrated in Fig 5.1 B). To further investigate the effects of alcohol on brain 

volume we divided the brain in four sections: occipital (slice 1-4), posterior parieto-

temporal (5-9), anterior parieto-temporal (10-15) and frontal (16-21). Group comparison 

between the control and ethanol exposed animals using the combined (both male and 

female) volume ratio revealed an 8% decrease in the occipital area volume ratio (p = 0.024) 

and a 3% increase in the frontal area volume ratio (p = 0.015) in the ethanol exposed group 

(Fig 5.1 C), suggesting that volume alterations vary across different regions of the brain. 

These findings are in line with some human studies where whole brain volume reduction 
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and disproportionate regional brain volume alterations were observed in alcohol exposed 

subjects (Wisniewski et al., 1983, Sowell et al., 2002, Li et al., 2008). 

 

Figure 5.1 Brain slices location and brain volume. 

 (A) Demonstration of slices; (B) slice volume; (C) relative regional volume of 4 brain 

sections: slices 1 to 4 (occipital areas), slices 5 to 9 (posterior parieto-temporal), slices 10 

to 15 (anterior parieto-temporal), slices 16 to 21 (frontal areas). Brain volume decreased in 

both male and female Eth ferrets. The relative volume of frontal areas increased and 

occipital areas decreased in Eth ferrets. Values are mean ± SEM in Fig. 5.1B and mean + 

SEM in Fig. 5.1C. *p < 0.05, **p < 0.01 between-group difference (FDR corrected). 
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V-A3.2. Functional Connectivity Alterations 

Anatomical studies showed that PPc and S3 provide the major cortical inputs to PPr 

in the ferret (Foxworthy et al., 2013).  Figure 5.2 A shows the location of the ROIs in a 

coronal view and Figure 5.2 B shows the position of these regions on a sagittal view of the 

ferret brain. As expected, we observed a strong functional connectivity between PPr-PPc 

and PPr-S3 in controls. Interestingly, ethanol exposed animals presented increased 

functional connectivity between PPr and PPc (p = 0.045) but not between PPr and S3 (p = 

0.726) (Fig 5.2 C), indicating that the visual portion of the visual-somatosensory system 

may be particularly sensitive to early ethanol exposure and may be the result of reduced 

synaptic pruning (Medina and Krahe, 2008, McCool, 2011), as previously suggested.  
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Figure 5.2 Functional connectivity between PPr and PPc, and between PPr and S3. 

 (A) Demonstration of ROI locations: a coronal view of the MRI images. (B) Sagittal view 

of the ferret brain with localization of cortical regions and slices (I, II, III) used for rsfMRI 

studies; (C) functional connectivity between PPr-PPc and between PPr-S3. Functional 

connectivity significantly increased between PPr and PPc in Eth ferrets. Values are mean 

+ SEM. *p < 0.05; V1: primary visual cortex; A1: auditory cortex; S1: primary 

somatosensory cortex. 

 

V-A3.3. Diffusion Feature Alterations 

No differences were observed with MD in all ROIs. Significantly increased FA was 

found only in PPc (p = 0.022) of ethanol-exposed animals compared to control animals 

(Fig 5.3 A). All kurtosis parameters, MK, AK, RK, decreased significantly in PPr, PPc and 

S3 in the ethanol group (Fig 5.3). The widespread reduction in diffusion kurtosis 

parameters indicates less tissue complexity which occurs in conditions such as less cell 

packing and less maturation (Cheung et al., 2009).  
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Figure 5.3. Diffusion properties of PPr, PPc and S3. 

Diffusion parameters in PPc (A), PPr (B), and S3 (C). Fractional anisotropy significantly 

increased in PPc (p = 0.022), while most kurtosis parameters significantly decreased in PPr 

(MK, p = 0.011, AK, p = 0.024, RK, p = 0.012), PPc (MK, p = 0.010, AK, p = 0.011, RK, 

p = 0.013), S3 (MK, p = 0.007, AK, p = 0.015, RK, p = 0.005). Values are mean + SEM. 

*p < 0.05, **p < 0.01 between-group difference.  
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V-A4. Discussion 

Our study reveals several features of altered brain development in alcohol-exposed 

animals. We found that overall brain volume decreased in both male and female alcohol-

exposed animals. However, when looking into regional differences, we found that the 

relative volume of occipital area decreased and that of the frontal areas increased. 

Furthermore, we observed increased functional connectivity between PPr and PPc but not 

between PPr and S3. DKI results revealed increased FA in PPc while a widespread decrease 

in diffusion kurtosis was found in all regions. Overall the study provides evidence of 

disrupted cortical organization caused by developmental alcohol exposure resulting in both 

structural and functional deficiencies. 

Brain volume reduction has been reported in various developmental brain disorders, 

e.g., attention deficit/hyperactivity disorder, Williams syndrome, and in Turner syndrome 

(Carmona et al., 2005, Chiang et al., 2007, Brown et al., 2002). Volume reductions were 

shown to be associated with behavioral impairments(Stevens and Haney-Caron, 2012, 

Chiang et al., 2007). As was observed in the present animal study, reduction of overall 

brain size of prenatal alcohol exposed subjects has been repeatedly reported in postmortem 

studies as well as in neuroimaging studies(Wisniewski et al., 1983, Archibald et al., 2001, 

Birch et al., 2016). In addition to the reduction of overall brain size, the absolute volumes 

of various brain cortical and subcortical areas were consistently reduced in humans with 

prenatal exposure to alcohol(Chen et al., 2012, Rajaprakash et al., 2014, Archibald et al., 

2001). Despite of a whole brain volume reduction, each region can be differently affected. 

When regional volumes were normalized to whole brain volumes, it has been shown that 

some regions of the brain atrophy, while others increase in size or remain unchanged 
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(Rajaprakash et al., 2014, Chen et al., 2012, Archibald et al., 2001, Sowell et al., 2002). 

We observed a relative decrease in the volume of occipital areas, consistent with previous 

studies where it was demonstrated that both absolute and relative occipital lobe volumes 

decreased in both prenatal alcohol exposed humans and early alcohol exposed animal 

models (Rajaprakash et al., 2014, Li et al., 2008, Mooney and Napper, 2005). A study with 

early alcohol exposed rats showed reduced neurons in the occipital cortex (Mooney and 

Napper, 2005), suggesting neuronal death as a possible cause for reduction of relative 

volume of occipital areas. The underlying mechanism for the disproportionate volume 

increase in our study is unclear. Pruning is an important process during normal neural 

development that eliminates unnecessary connections and strengthens important ones. The 

increased relative frontal volume may be a result of less pruning or excessive synapses 

(Sowell et al., 2004, Toga et al., 2006). Taken together with our findings, this suggests 

early alcohol exposure results in total brain volume loss, and that such loss may be 

disproportionately spread across the whole brain.  

rsfMRI is increasingly used for studying the development of basic brain functional 

organization. It has been demonstrated that brain networks that are involved in cognitive 

tasks can also be reliably identified while the brain is at ‘rest’ (Smith et al., 2009, Fox and 

Raichle, 2007). The spontaneous co-activation detected at resting-state is thought to reflect 

the existence of mono- or multi-synaptic connections between co-activated regions and 

therefore, can be considered an indicator of the existence of anatomical networks (Guerra-

Carrillo et al., 2014). In the present study, we observed significantly increased functional 

connectivity between PPr and PPc in the alcohol-exposed group. This hyper-connectivity 

can be a result of deficits in neocortical plasticity. The functional connectivity between PPr 
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and S3 was not altered in our study. This may be due to the fact that the somatosensory 

cortex develops before the visual cortex and the timing of alcohol exposure used here might 

affect more the latter then the former. 

To the best of our knowledge, this is the first DKI study investigating grey matter 

microstructures in animals exposed to alcohol. Recently published studies focus mostly on 

white matter using FA and MD from DTI. Alterations in MD reflect developmental or 

pathological changes in the brain tissue caused by changes in the diffusion characteristics 

of the intra- and extracellular water compartments, including restricted diffusion (e.g., 

cytotoxic edema, increased cell packing) and water exchange across permeable boundaries. 

Changes in the FA, on the other hand, are indicative of the structural integrity of the 

tissue(Yoshida et al., 2013). Reduced FA and increased MD were frequently observed in 

most white matter regions of subjects exposed to alcohol prenatally (Ma et al., 2005, Fryer 

et al., 2009), suggesting decreased white matter integrity and increased axonal degradation. 

In contrast, we observed significantly increased FA in PPc and A1. Although FA is usually 

indicative of microstructural integrity, higher FA does not necessarily suggest better brain 

function. Instead, increased FA in white matter has been thought to predict poor cognitive 

function in some developmental brain disorders such as Williams Syndrome (Hoeft et al., 

2007). In accordance with our findings, a study on cortical gray matter microstructure after 

fetal alcohol exposure in rats also revealed higher FA at early postnatal ages (Leigland et 

al., 2013). This increased FA in the cortex may indicate lower morphological complexity 

of dendritic processes early after alcohol exposure, which has been observed in previous 

studies (Cui et al., 2010). As mentioned earlier, most imaging studies have focused on 

white matter changes and very little exists regarding changes in the gray matter following 
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alcohol exposure. DKI is an innovative diffusion MRI technique that can provide more 

sensitive and comprehensive measures of both gray matter and white matter 

microstructural changes (Cheung et al., 2009, Falangola et al., 2008). The novel finding 

from the present DKI study is the widespread decrease in diffusion kurtosis in all of the 

tested regions. Traditional DTI is different from DKI in that the DTI parameters are derived 

based on the assumption that the diffusion of water follows a Gaussian distribution. 

However, given the complex nature of the brain’s tissue, the water diffusion more likely 

follows a non-Gaussian distribution. Based on this assumption, diffusion kurtosis has been 

suggested as a possible imaging technique that more appropriately captures brain 

microstructural complexity (Shaw, 2010, Falangola et al., 2008). Moreover, in previous 

studies, diffusion kurtosis parameters have been shown sensitive to increasing tissue 

complexity in developing gray matter (Paydar et al., 2014, Shi et al., 2016, Cheung et al., 

2009). In the developmental period of both humans and rodents, age-related increases in 

white and gray matter diffusion kurtosis have been observed even at ages after myelination 

and axonal packing have peaked (Paydar et al., 2014, Cheung et al., 2009). The prolonged 

increase in diffusion kurtosis indicates an increased microstructural complexity resulting 

from axonal pruning and reorganization of myelin and synaptic refinement, cell packing 

and the addition of basal dendrites in gray matter which occurs even in late developmental 

stages – beyond 4 years old in human and from infancy to young adulthood in rats (Paydar 

et al., 2014, Cheung et al., 2009). Therefore, the widespread reduction of diffusion kurtosis 

in alcohol-exposed animals may be a result of less synaptic refinement or decreased cell 

packing. Although this is the first study showing altered brain diffusion kurtosis after early 

alcohol exposure, lower MK has been reported in preterm infants and adolescents with 
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attention-deficit hyperactivity disorder (Shi et al., 2016, Helpern et al., 2011) which is 

sometimes associated with prenatal alcohol exposure, and their neural alterations share 

some similarities (Bailey and Sokol, 2011, Burd, 2016). 

The dose and treatment pattern in this study mimics multiple episodes of moderate 

to high levels of alcohol exposure in a fetus during the third trimester of gestation. 

Previously we have shown that the same paradigm of alcohol exposure leads to a disruption 

of the orientation tuning in individual neurons as well as a disorganization of the orientation 

selective columns in the ferret visual cortex (Medina et al., 2005). Moreover, we 

demonstrated that the exposure to alcohol during the period of brain growth spurt in mice 

affects contrast sensitivity but not spatial frequency acuity in visual evoked potentials and 

leads to a reduction in a and b- waves in electrocorticograms (Lantz et al., 2014). 

Additionally, alcohol-exposed mice presented alterations in cortical retinotopic maps. In 

non-human primates, moderate exposure to alcohol during late gestation (modeling third 

trimester exposure) reduced the soma size on magnocellular (M) but not parvocellular (P) 

neurons in the lateral geniculate nucleus (LGN) (Papia et al., 2010). Interestingly, the M-

pathway is related to motion and spatial position, and an effect of alcohol in this stream 

may contribute to the visuo-spatial and visuomotor integration deficits seen in children 

with FASD (Doney et al., 2016, Gautam et al., 2015).  In the current study, we observed 

altered functional connectivity between the PPc and PPr, one visual, and one visual-tactile 

integrative area. These findings suggest that the visual system abnormalities in FASD are 

not restricted to the primary visual cortex and the LGN, and can be observed even in visual 

associative areas.  
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The present study is the first MRI study on a ferret FASD model which should be 

viewed in the context of certain limitations.  First, the amount and pattern of alcohol 

exposure used in this model may not represent all of the drinking situation in human. To 

get a comprehensive alteration profile within the visual-tactile integrative circuit after 

prenatal alcohol exposure, other exposure regimen such as daily mild exposure should be 

tested in future studies. Second, our study was unable to distinguish whether the brain loss 

was within the gray matter or white matter since the contrast between these two regions 

was suboptimal in the data for segmenting these two tissue types. Third, while the 

interpretations of the findings confirm previous reports, it should be noted that both rsfMRI 

and DKI are only indirect methods to assess brain axonal and dendritic properties. Direct 

evidence from neural morphology studies is needed to confirm these findings.  

Since neural development is a dynamic process future studies should build upon 

the findings presented here and look into the effects of developmental alcohol exposure on 

the developmental trajectory of brain structural and functional connectivity.  

V-A5. Conclusion 

In this study, we observed alterations in cortical function and microstructure 

integrity in cortical areas involved in multisensory process with rsfMRI and DKI on a ferret 

FASD model. The findings indicate altered neuronal plasticity and neural maturation 

processes following early alcohol exposure that may lead to disruption in multisensory 

regions. 
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V-B. Sex-dependent and Long-term Effects of Alcohol Exposure from Late Fetal 

Stage on Fronto-striatal and Visual-tactile Functional Connectivity 

V-B1. Introduction 

In Chapter IV, we assessed the functional connectivity within a fronto-striatal and 

a visual-tactile circuit after alcohol exposure during early fetal stage using a rat model. The 

results provided evidence of reduced functional connectivity within the fronto-striatal 

circuit and within the visual-tactile circuit after alcohol exposure during a period similar to 

the early fetal stage in humans. The alteration in the fronto-striatal circuit was more 

pronounced in alcohol-exposed male rats, indicating a sex-dependent effect. In this chapter, 

we focused on the effect of alcohol exposure during late fetal stage in a ferret model. 

Chapter V-A (published article) assessed functional connectivity alteration within the PPr-

PPc/S3 circuit in juvenile ferrets. In addition, an ex vivo diffusion kurtosis imaging study 

revealed reduced microstructural complexity within the circuit in adulthood, indicating a 

delayed development. Since functional connectivity was only assessed in juvenile, it is not 

known if the microstructural alterations in adulthood can be reflected by functional 

connectivity. Here, we examined the animals in both juvenile and young adulthood and 

combined with animals from Chapter V-A to assess the sex-dependent and long-term 

effects of alcohol exposure on fronto-striatal and visual-tactile circuits. Specifically, using 

the rsfMRI technique we examined whether exposure to alcohol in the late fetal stage leads 

to: (1) altered fronto-striatal functional connectivity; (2) altered visual-tactile functional 

connectivity; (3) whether such alterations are short-term or persist over longer periods of 

time, and (4) whether the alteration differs between males and females. 
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V-B2. Specific Methods 

V-B2.1. Animals 

Three group of ferrets were included in this study: naive group, saline-treated group 

and ethanol-exposed group. Ferret kits were randomly assigned to saline-treated group (Sal) 

and ethanol-exposed group (Eth) and treated as described in General methods (Chapter III). 

Ferrets in the naive group received neither saline nor ethanol (Nai). A total of 10 Nai 

animals (5 males and 5 females), 13 Sal animals (6 males and 7 females) and 21 Eth animals 

(10 males and 11 females) were included in this study. Among these animals, 4 Nai (2 

males, 2 females), 4 Sal (2 males, 2 females) and 8 Eth (5 males, 3 females), underwent 

imaging experiment at a juvenile equivalent age (PND 45 to PND 50). Other animals, 6 

Nai (3 males, 3 females), 9 Sal (4 males and 5 females) and 13 Eth (5 males and 8 females), 

underwent imaging experiment at both the juvenile age (PND 45 to PND 50) and young 

adulthood age (PND 75 to PND 80). One ethanol-exposed female in the second batch was 

not scanned in young adulthood because of low body weight.  

V-B2.2. Imaging Acquisition 

Besides the process described in General Method (Chapter III), imaging acquisition 

was performed on the two batches of animals with slightly different parameters. For the 

first batch of animals, 4 Nai (2 males, 2 females), 4 Sal (2 males, 2 females) and 8 Eth (5 

males, 3 females), imaging experiment was performed at the age of juveniles (PND 45 to 

PND 50). Animals were placed in the MR scanner interfaced to a Bruker Paravision 5.1 

console. A Bruker 72 mm linear-volume coil was used as the transmitter and a Bruker 1H 

surface array coil was used as the receiver. Scout images in all 3 orthogonal planes (axial, 

mid-sagittal, and coronal) were obtained using rapid acquisition with FLASH to localize 
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the ferret brain. FASTMAP was used to improve the B0 homogeneity covering the brain. 

PD image (TR/ TE = 4,500/23.22 ms) were obtained using a 2- dimensional RARE 

sequence covering the entire brain. Imaging was performed over a 4.5 cm FOV in the 

coronal plane with an in-plane resolution of 150 µm2 using 26 slices at 1 mm thickness. 

rsfMRI was acquired matching the anatomical images using a single shot, gradient-echo 

echo-planar imaging sequence (TR/ TE = 1,140 ms / 21.46 ms) with a 4.5 cm FOV and an 

in-plane resolution of 549 µm2 using 26 slices at 1 mm thickness. A total of 530 temporal 

volumes were obtained, resulting in a total scanning time of around 10 minutes for each 

data set. For the second batch of animals, 6 Nai (3 males, 3 females), 9 Sal (4 males and 5 

females) and 13 Eth (5 males and 8 females), imaging experiment was performed at both 

the juvenile age (PND 45 to PND 50) and young adulthood age (PND 75 to PND 80). 

Animals were placed in the MR scanner interfaced to a Bruker Paravision 6.0 console. A 

Bruker 86 mm circular polarized-volume coil was used as the transmitter and a Bruker 1H 

surface loop 30 mm coil was used as the receiver. A field map-based shimming procedure 

was used to improve the B0 homogeneity covering the brain. PD and T2-weighted image 

(TR/ TE = 3260 ms /25.48 ms and 76.43 ms) were obtained using a 2- dimensional RARE 

sequence covering the entire brain. Imaging was performed over a 5.5 cm FOV in the 

coronal plane with an in-plane resolution of 150 µm2 using 18 slices at 1.5 mm thickness. 

rsfMRI was acquired matching the anatomical images using a single shot, gradient-echo 

echo-planar imaging sequence (TR/ TE = 1500 ms /16 ms) with a 5.5 cm FOV and an in-

plane resolution of 430 µm2 using 18 slices at 1.5 mm thickness. A total of 600 temporal 

volumes were obtained, resulting in a total scanning time of around 15 minutes for each 

data set. 
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V-B2.3. Image Analysis 

Imaging preprocessing were performed as described in General Methods (Chapter 

III). The following image analysis steps were performed in AFNI. For evaluation of fronto-

striatal circuit, ROIs were manually located on dorsal PFC (dPFC), orbital gyrus (Orb) and 

striatum (Str, mainly caudate nucleus) based on a ferret brain atlas shown in Zhou et al., 

2016 (Zhou et al., 2016) (Figure 5.4 A). The functional connectivity between dPFC or Orb 

and Str for each animal was calculated in the same way as in General Methods Chapter III 

and Chapter IV. For evaluation of visual-tactile circuit, ROIs were manually located on 

PPr and its tactile and visual inputs – S3 and PPc (Figure 5.4 B). The functional 

connectivity between PPr and PPc, and between PPr and S3 were assessed. Two-way 

ANOVA (SAS: PROC GLM) was performed to assess the difference between naive group 

and saline-treated group with factors of group, age and the effect of group x age interaction 

in males and females respectively. No significant group effect or group x age interaction 

was detected among naive and saline-treated groups (Figure 5.5 and 5.6). To be noted, a 

trend of group x age interaction was detected on Orb-Str connectivity in females (F [1,15] 

= 4.49, p = 0.051). A partitioned analysis was performed in juvenile females and young 

adult females to assess the difference between naive and saline-treated groups. No 

significant between-group difference naive and saline-treated females in either juvenile (p 

= 0.368) or young adulthood (p = 0.066) was observed. Therefore, the naive group and 

saline-treated group were combined as the control group (Ctr) to increase the statistic 

power. Two-way ANOVA was then performed to assess the main effect of ethanol, age 

and ethanol x age interaction in males and females respectively. The effects of age and 

ethanol were further assessed with a partitioned analysis in sub-groups (i.e., the effect of 
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age in control males, control females, ethanol males and ethanol females; the effect of 

ethanol in juvenile males, juvenile females, young adult males and young adult females). 

To be noted, the PPr-PPc functional connectivity of one naive male juvenile, one control 

female juvenile, one ethanol-exposed female juvenile and one ethanol-exposed male 

juvenile was negative. In Chapter V-A, significant positive functional connectivity 

between PPr and PPc was observed. The observed negative connectivity is likely due to 

noise or artifact and therefore, data from these three scans were not included in data 

analysis. 

 

Figure 5.4. Demonstration of ROIs used on the ferret model.  

(A) ROIs of fronto-striatal circuit; (B) ROIs of visual-tactile circuit. 
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Figure 5.5. Functional connectivity between dPFC and Str, and between Orb and Str. 

No significant group difference was detected between Nai and Sal in either males (A) or 

females (B). Values are mean + SEM. 
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Figure 5.6. Functional connectivity between PPr and PPc, and between PPr and S3. 

No significant group difference was detected between Nai and Sal in either males (A) or 

females (B). Values are mean + SEM. ††p<0.01, effect of age; *p<0.05, between group 

difference. 
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(Figure 5.7 B). For dPFC-Str functional connectivity, no significant effect of ethanol, age 

and ethanol x age interaction was observed in either males (ethanol: F [1,27] = 0.50, p = 

0.486; age: F [1,27] = 2.18, p = 0.151; ethanol x age: F [1,27] = 0.10, p = 0.750) or in 

females (ethanol: F [1,32] = 0.23, p = 0.633; age: F [1,32] = 0.15, p = 0.702; ethanol x age: 

F [1,32] = 0.04, p = 0.851). An additional two-way ANOVA with sex, age and sex x age 

interaction was performed in control animals and ethanol-exposed animals respectively to 

assess the difference between males and females with age. No significant effect of sex was 

detected at juvenile or young adulthood in either control animals or ethanol-exposed 

animals. 

For Orb-Str functional connectivity, no significant effect of ethanol, age and ethanol 

x age interaction was observed in either males (ethanol: F [1,27] = 1.33, p = 0.259; age: F 

[1,27] = 0.69, p = 0.415; ethanol x age: F [1,27] = 0.60, p = 0.447) or in females (ethanol: 

F [1,32] = 1.10, p = 0.303; age: F [1,32] = 0.62, p = 0.438; ethanol x age: F [1,32] = 0.01, 

p = 0.907). An additional two-way ANOVA with sex, age and sex x age interaction was 

performed in control animals and ethanol-exposed animals respectively to assess the 

difference between males and females with age. No significant effect of sex was detected 

at juvenile or young adulthood in either control animals or ethanol-exposed animals. 



 82 

 

Figure 5.7. Functional connectivity between dPFC and Str, and between Orb and Str.  

The connectivity between dPFC and Str or between Orb and Str was not altered in Eth 

males and females at either juvenile or young adulthood. The connectivity was not changed 

with age. Values are mean + SEM.  
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ethanol x age interaction was observed on PPr-PPc connectivity (ethanol: F [1,27] = 0.50, 

p = 0.485; age: F [1,27] = 4.63, p = 0.041; ethanol x age: F [1,27] = 5.39, p = 0.028). No 

significant effect of age, ethanol or ethanol x age interaction was detected on PPr-S3 

connectivity (ethanol: F [1,27] = 0.12, p = 0.735; age: F [1,27] = 1.37, p = 0.251; ethanol 

x age: F [1,27] = 0.14, p = 0.709). The partitioned analysis on the effect of ethanol revealed 

a significant higher PPr-PPc connectivity in ethanol-exposed male juveniles compared to 

control male juveniles (p = 0.021). This effect of ethanol was not detected in male young 

adults (p = 0.314). Analysis of the age effect in each group showed that PPr-PPc 

connectivity increased with age only in control males (p = 0.002) but not in ethanol-

exposed males (p = 0.911). This ethanol or age effect was not observed on PPr-S3 

connectivity. In females, no significant effect of ethanol, age or ethanol x age interaction 

was detected on either PPr-PPc (ethanol: F [1,32] = 0.03, p = 0.862; age: F [1,32] = 0.40, 

p = 0.532; ethanol x age: F [1,32] = 0.13, p = 0.720) or PPr-S3 connectivity (ethanol: F 

[1,32] = 1.39, p = 0.247; age: F [1,32] = 0.23, p = 0.638; ethanol x age: F [1,32] = 0.56, p 

= 0.461). An additional two-way ANOVA with sex, age and sex x age interaction was 

performed in control animals and ethanol-exposed animals respectively to assess the 

difference between males and females with age. No significant effect of sex was detected 

at juvenile or young adulthood in either control animals or ethanol-exposed animals.  
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Figure 5.8. Functional connectivity between PPr and PPc, and between PPr and S3.  

PPr-PPc connectivity was significantly increased in Eth males compared to Ctr males in 

juvenile. PPr-PPc connectivity increased with age in Ctr males but not in Eth males. Values 

are mean + SEM. †p<0.05, effect of age; $p<0.05, ethanol x age interaction; *p<0.05, 

**p<0.01, between group difference. 
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V-B4. Discussion 

In the previous chapter, we reported sex-dependent effects of prenatal alcohol 

exposure during early fetal stage on brain functional connectivity in young adult rats. Here, 

we assessed the effects of prenatal alcohol exposure during the late fetal stage on juvenile 

and young adult ferrets with males and females analyzed separately. A significantly 

increased functional connectivity within the visual portion (PPr-PPc) of the visual-tactile 

circuit was observed in juvenile male ferrets but not young adult male ferrets or female 

ferrets. No significant alteration was detected within the fronto-striatal circuit.  

V-B4.1. Effect of Alcohol Exposure on a Fronto-striatal Circuit 

Impairments within the fronto-striatal circuit were observed in some animal studies 

with alcohol exposure during the third trimester-equivalent period. Alterations in dendritic 

morphology, such as reduced dendrite complexity, less plastic spine phenotype and 

decreased spine density were detected within medial prefrontal cortex in animals with 

alcohol exposure during the third trimester-equivalent period (Whitcher and Klintsova, 

2008, Hamilton et al., 2010, Hamilton et al., 2015, Granato and Van Pelt, 2003). This 

indicated impaired communication between medial prefrontal cortex and subcortical areas. 

A study with young adult rats exposed to alcohol from PND 2 to PND 6 revealed a 

shrinkage of the dendritic tree of striatal parvalbumin interneurons, while the spatial 

distribution of parvalbumin interneurons was similar to control animals (De Giorgio et al., 

2012). Since the striatal parvalbumin interneurons receive direct input from the cortex 

(Bennett and Bolam, 1994), alteration in the dendritic tree can result in altered cortico-

striatal interaction which can eventually lead to deficits in executive function including 

cognitive flexibility. In contrast, a study reported a transient deficit in reversal learning in 
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juvenile male rats but not in young adult rats after alcohol exposure from PND 4 to PND 9 

(O'Leary-Moore et al., 2006), indicating alcohol exposure during this early postnatal stage 

may not lead to long-lasting behavioral manifestation in behavioral tasks of cognitive 

flexibility. In the present study, the functional connectivity within the fronto-striatal circuit 

as assessed by rsfMRI was not changed. It is possible that the alteration is mild or transient 

and is not captured with rsfMRI, or alterations in prefrontal cortex and striatum may not 

directly affect the spontaneous synchronization within the fronto-striatal circuit. Whether 

the regional interaction within the fronto-striatal circuit is altered during demanding tasks 

that require flexible thinking needs to be investigated in future studies. 

V-B4.2. Sex-dependent Effect of Alcohol Exposure on a Visual-tactile Circuit 

Similar to findings in the previous chapter, the effect of the late fetal stage alcohol 

exposure on functional connectivity within the visual-tactile circuit is also sex-dependent 

- males being more profoundly affected than females. However, instead of a reduction of 

functional connectivity, the functional connectivity of the visual portion (PPr-PPc) of the 

visual-tactile circuit increased after alcohol exposure. The tactile portion (PPr-S3) 

remained unchanged. This is, to some extent, supportive to the previous finding that early 

postnatal alcohol exposure (PND 4 to PND 9) reduced the size but didn’t disrupt the 

organization pattern of the barrel field of rat primary somatosensory cortex (Oladehin et 

al., 2007). The alteration of the intrinsic regional functional interaction in the visual portion 

but not tactile portion may result in alterations in the weights assigned to each modality 

during visual-tactile integration (Beauchamp et al., 2010). The effect of alcohol exposure 

on functional connectivity was detected transiently at juvenile age and diminished by the 

age of young adulthood. But the diminished effect doesn’t necessarily mean the visual-
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tactile integrative function is recovered by young adulthood. As shown in Chapter V-A, 

reduced microstructural complexity was observed in all of the three regions in the visual-

tactile circuit of adult animals. This is an evidence of long-lasting deficits within the visual-

tactile circuit following alcohol exposure.  

The sensory system has the ability to adjust its neuronal interaction patterns based 

on the sensory experience. This dynamic process lasts beyond adulthood. According to the 

results, functional connectivity of the visual portion increased with age in control animals 

while the connectivity remained unchanged in alcohol-exposed animals. Although the 

connectivity level was similar to control animals, the connectivity alteration pattern 

revealed an abnormal developmental trajectory of alcohol-exposed animals.  

V-B4.3. Alcohol Exposure in Late Fetal Stage and Synaptic Organization and 

Plasticity  

In the present study, animals were exposed to alcohol during the third trimester-

equivalent period when neurogenesis and neuronal migration are largely completed in most 

areas of the brain. Therefore, it is unlikely that alcohol exposure during this stage can result 

in broad neuron misallocation or abnormal numbers of neurons (except neuroapoptosis). 

As reported in a study on young adult rats, the spatial distribution of striatal parvalbumin 

interneurons remained unchanged after alcohol exposure during the first postnatal week. 

Instead, a shrinkage of the dendritic tree of striatal parvalbumin interneurons was detected 

(De Giorgio et al., 2012). Similar findings were observed on parvalbumin interneurons in 

the cortex that the distribution and number were not altered in rats after early postnatal 

alcohol exposure (Granato, 2006). 
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The late fetal stage is the early part of the brain growth spurt which involves 

developmental events such as axonal arborization, synaptogenesis and pruning. 

Synaptogenesis, together with dendritic and axonal growth, occurs from late gestation 

through first several postnatal years, earliest in sensory areas while later in the prefrontal 

cortex (Huttenlocher and Dabholkar, et al., 1997). As observed in primary visual cortex, 

about 40% to 50% more synapses are overproduced within the first postnatal year 

compared to adult levels. The number of synapses per neuron then reduces between 

postnatal 1 to 5 years (Huttenlocher et al., 1982; Bourgeois and Rakic; 1993). These 

processes occur later and last longer in the prefrontal cortex that the synaptic density 

reaches the maximum level at the second postnatal year and the number of synapses 

declines to adult levels at adolescence (Huttenlocher and Dabholkar, 1997). This 

elimination process of excessive synapses is pruning which begins in late gestation and 

occurs early in sensory areas and later in areas for higher cognitive functions. Besides 

pruning, existing synapses can be enhanced with postnatal life experience, which together 

with synaptic pruning are referred to as activity- or experience- dependent synaptic 

plasticity. Synaptic plasticity contributes significantly to the regulation and reorganization 

of brain regional interactions which lasts through adulthood (Citri and Malenka, 2008). 

The brain functional connectivity within individual circuits and overall functional 

organization are shaped by the above developmental processes.  

The alcohol exposure in this study may interfere with these developmental 

processes and lead to inaccurate regional interactions. A study with the same paradigm of 

alcohol exposure reported a disruption of the orientation tuning in individual neurons as 

well as a disorganization of the orientation selective columns in the ferret visual cortex 
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while the visual response was preserved (Medina et al., 2005). The results, together with 

another study using the same ferret model, revealed an alcohol-induced disruption of visual 

cortical plasticity that was not caused by depression of visually driven activity (Medina et 

al., 2003). In the present study, an increased functional connectivity of the visual portion 

of the visual-tactile circuit was observed in alcohol-exposed animals at the juvenile age. 

This unexpected increased in functional connectivity could be a result of reduced pruning 

which led to excessive neuronal connections. As mentioned above, the process of 

overproduction and elimination of redundant connections in prefrontal cortex occurs later 

and lasts longer (mainly during the postnatal period) than sensory systems. This 

developmental timing difference may contribute to our different findings between fronto-

striatal and visual-tactile circuits following alcohol exposure during late fetal stage.  

The functional connectivity within the visual-tactile circuit increased from juvenile 

to young adulthood in control animals but not alcohol-exposed animals. It is known that 

during development, although redundant connections are eliminated by the pruning process, 

the complexity and overall strength of the remaining connections increase by activity-

dependent plasticity. The unchanged functional connectivity of alcohol-exposed animals 

between juvenile and young adulthood may due to the combined effect of reduced early 

synaptic pruning together with deficits in later activity-dependent connection enhancement. 

Whereas, it may also be a consequence that the activity-dependent connection 

enhancement happened earlier in alcohol-exposed animals as a compensation effect. 

Whether the functional connectivity alteration reflects the sensory processing deficits or 

just the compensation effect needs to be investigated with future behavioral studies that 

involve animals with younger age.  
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V-B4.4. Limitations of this Study 

There are several limitations of this study that need to be kept in mind. First, the 

dose and pattern of alcohol administration in this study modeled the binge-like exposure 

which will result in a peak blood alcohol concentration. The effects of the exposure in this 

study may be different compared to the methods that lead to lower blood alcohol 

concentration or stable concentration that lasts for a longer time. Given the feasibility of 

alcohol exposure during the postnatal period in animal models, few studies on the exposure 

that is not binge-like have been reported. Therefore, it is difficult to conclude if the findings 

in this study are specific to the binge-like exposure. A study comparing the effects of 

distributed or condensed alcohol exposure (same daily dose) on sensorimotor functions 

reported more deficits after condensed alcohol exposure (Kelly et al., 1987). It is possible 

that alcohol exposure that leads to lower blood alcohol concentration will result in less 

impairment than that were observed in this study. 

Second, no behavioral test has been performed with the animal model in this study. 

Alteration of fronto-striatal functional connectivity was not detected in this study. Whether 

or not the cognitive flexibility was intact in this model needs to be confirmed by behavioral 

tests. In addition, no significant difference was observed in visual-tactile connectivity at 

young adulthood while the developmental trajectory was different between controls and 

alcohol-exposed animals. Behavioral tests on visual-tactile integration can improve our 

understanding of whether our findings represent a recovery process or impaired 

experience-dependent plasticity. 
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V-B5. Conclusion 

This study assessed the functional connectivity within the fronto-striatal circuit and 

visual-tactile circuit in a ferret model of prenatal alcohol exposure. We observed that 

alcohol exposure during the third trimester-equivalent stage has sex-dependent effects on 

the visual portion of the visual-tactile circuit. Functional connectivity of the visual portion 

increased in alcohol-exposed male but not female ferrets at the juvenile age but not young 

adulthood. Meanwhile, the functional connectivity increased with age in control ferrets but 

not in alcohol-exposed ferrets. These findings indicate altered neuronal plasticity in the 

visual-tactile integrative circuit which can be varied by sex and age. 
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Chapter VI 

ALTERATIONS IN LARGE-SCALE BRAIN NETWORK ORGANIZATION 

AFTER ALCOHOL EXPOSURE DURING EARLY FETAL STAGE 

 

VI-A. Introduction 

In Chapter IV, we assessed the regional interaction within fronto-striatal and visual-

tactile circuits after alcohol exposure during early fetal stage using a rat model. The results 

revealed reduced resting-state functional connectivity within these two circuits in a sex-

dependent manner that males were more profoundly affected. In this chapter, we examined 

whether alcohol affects large-scale brain network following early fetal stage exposure. 

Recent reports have provided a substantial evidence suggesting, disparate brain 

areas work together as a complex network rather than a specific brain region being specific 

for a given cognitive function (Bressler, 1995, McIntosh, 2000). With the application of 

analysis tools such as graph theoretical analysis and multivariate analysis techniques, a 

series of properties of the brain network were revealed which speak towards efficient 

sharing of information (“segregation”) between regions involved in the same function and 

generation of coherent brain states (“integration”) across regions of different functions to 

facilitate cognitive processes (Sporns et al., 2004). The emergence of network theory has 

been instrumental in providing new insights into brain development and disorders. For 

example, brain network integrative abnormalities were detected in disorders such as 

Alzheimer’s disease (He et al., 2009) and multiple sclerosis (Kocevar et al., 2016). These 

studies provide new evidence supporting the “disconnection syndrome” concept which 
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describes the potential mechanism of observed cognitive dysfunctions in Alzheimer’s 

disease and multiple sclerosis (Palesi et al., 2016, Dineen et al., 2009). A study on FASD 

children observed reduced integration (i.e., reduced global efficiency and increased 

characteristic path length) of brain functional networks and was associated with the 

capacity for immediate verbal memory (Wozniak et al., 2013). In contrast, a study on 

FASD children and adolescents detected increased integration and segregation (i.e., 

increased global efficiency, local efficiency, clustering coefficient, etc.) in selected default 

mode and sensorimotor regions but the global network alteration was absent (Long et al., 

2018). While the findings do suggest that changes to the characteristics of the networks 

between the two populations likely resulted from functional and structural reorganization, 

the contradictory nature of the findings may be due to the complex nature of FASD which 

may be modulated depending on alcohol exposure pattern and timing, sex, age, and 

postnatal experience. 

To understand the possible disruption to the whole brain network after alcohol 

exposure during early fetal stage, we used the same whole brain data obtained from the rat 

model where the animals were exposed to alcohol during periods equivalent to the early 

stage of pregnancy in human. We specifically examined the integration and segregation 

features of the large-scale brain network in these animals to determine: (1) whether alcohol 

exposure during early fetal stage alters brain network functional organization; (2) whether 

the effects of alcohol differ in males and females. 
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VI-B. Specific Methods 

VI-B1. Network Construction 

In order to generate the large-scale brain network, we used a 52 ROI rat cortical 

and sub-cortical brain region atlas which was modified by combining several small regions 

in the atlas in (Liang et al., 2017) to increase the signal to noise ratio (Figure 6.1 and Table 

6.1). A 52 by 52 connectivity matrix was created by correlating the time series of each ROI 

pair followed by the Fisher’s z score transformation. This connectivity matrix of each 

animal was then used for graph theoretical analysis using the GAT toolbox. 

 

 

Figure 6.1. Demonstration of rat brain ROIs for network analysis.  

The region names for each of the ROI’s in the figure are provided in Table 6.1.  
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Table 6.1.  List of rat brain ROIs for network analysis. 

 

  

ROI # Anatomy ROI # Anatomy 

1 Orbitofrontal cortex, left 27 Preoptic area, left 

2 Orbitofrontal cortex, right 28 Preoptic area, right 

3 Frontal association cortex, left 29 Globus pallidus, left 

4 Frontal association cortex, right 30 Globus pallidus, right 

5 Prelimbic cortex, left 31 Amygdala, left 

6 Prelimbic cortex, right 32 Amygdala, right 

7 Insular cortex, left 33 Hypothalamus, left 

8 Insular cortex, right 34 Hypothalamus, right 

9 Cingulate cortex 1, left 35 Retrosplenial granular cortex, left 

10 Cingulate cortex 1, right 36 Retrosplenial granular cortex, right 

11 Primary motor cortex, left 37 Retrosplenial dysgranular cortex, left 

12 Primary motor cortex, right 38 Retrosplenial dysgranular cortex, right 

13 Secondary motor cortex, left 39 Parietal association area, left 

14 Secondary motor cortex, right 40 Parietal association area, right 

15 Primary somatosensory cortex, left 41 Primary auditory cortex, left 

16 Primary somatosensory cortex, right 42 Primary auditory cortex, right 

17 Nucleus accumbens, left 43 Hippocampus, left 

18 Nucleus accumbens, right 44 Hippocampus, right 

19 Primary olfactory areas, left 45 Thalamus, left 

20 Primary olfactory areas, right 46 Thalamus, right 

21 Cingulate cortex 2, left 47 Primary visual cortex, left 

22 Cingulate cortex 2, right 48 Primary visual cortex, right 

23 Secondary somatosensory cortex, left 49 Secondary visual cortex, left 

24 Secondary somatosensory cortex, right 50 Secondary visual cortex, right 

25 Striatum, left 51 Posterior parietal cortex, left 

26 Striatum, right 52 Posterior parietal cortex, right 
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VI-B2. Graph Theoretical Analysis and Statistical Analysis 

The 52 by 52 connectivity matrix of each animal was converted to a series of binary 

networks (as described in General Methods, Chapter III) with a density from 0.1 to 0.7 and 

an interval of 0.01. For example, a network with a density equal to 0.2 was converted from 

the original connectivity matrix by reserving the top 20% connections (i.e., the top 20% 

with values equal to “1” and the other equal to “0”). To avoid the bias induced by selecting 

a single density, a target density range was determined using the density when 90% nodes 

having at least one connection as the lower bound and the density when the averaged small-

worldness index was just above 1.1 as the higher bound. For the data of the FASD rat, the 

final target density range based on this standard was from 0.26 to 0.38. A group of global 

measures (i.e., global efficiency (GEff), mean local efficiency (MLocEff), normalized 

clustering coefficient (C/Crand), normalized path length (L/Lrand), small-worldness index 

(SW)) were calculated in each density as described in the General Method (Chapter III). 

An area under the curve (AUC) was created for each measure over the target density range 

(an example of MLocEff AUC is shown in Figure 6.2). Two-way ANOVA was performed 

on the AUC of each measure to assess the effect of ethanol, sex and ethanol x sex 

interaction. A partitioned analysis was performed if ethanol x sex interaction was detected. 

The partitioned analysis assessed the simple effects of ethanol and sex, i.e., the effect of 

ethanol in males and females, the effect of sex in control and ethanol-exposed animals. 
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Figure 6.2. AUC of mean local efficiency in the target density range (0.26 - 0.38).  

 

VI-C. Results 

Graph analysis revealed significant ethanol-induced alteration in small-worldness 

index but not in other measures, suggesting a disruption of segregation/integration balance 

in the brain network. A significant effect of ethanol and a trend of ethanol x sex interaction 

was detected on small-worldness index (ethanol: F [1, 40] = 4.93, p = 0.032; sex: F [1, 40] 

= 2.83, p = 0.100; ethanol x sex: F [1, 40] = 3.07, p = 0.087) (Figure 6.3). When assessing 

the alterations in males and females respectively, the effect of ethanol in female was 

significant (p = 0.016) with reduced small-worldness index in ethanol-exposed females, 

indicating reduced segregation or integration or both. Small-worldness index of the 

ethanol-exposed males was similar to control males (p = 0.707). The effect of sex was only 

Mean Local Efficiency

Density

M
L

oc
E

ff

0.26 0.38

AUC



 98 

detected in ethanol-exposed animals (p = 0.035) but not in control animals (p = 0.955). 

Effects of ethanol, sex or ethanol x sex interaction on other global measures were 

demonstrated in Table 6.2. 
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Table 6.2. Main effects of ethanol, sex and the effect of ethanol x sex interaction on 

the tested global measures. 

 
*p<0.05, significant effect from two-way ANOVA.  
†p<0.1, trend of effect from two-way ANOVA 
  

 Effect df 1 df 2 F Value Pr > F 

GEff 
Ethanol 1 40 2.33 0.135 

Sex 1 40 0.57 0.453 
Ethanol x Sex 1 40 0.27 0.606 

MLocEff 
Ethanol 1 40 0.13 0.716 

Sex 1 40 0.41 0.525 
Ethanol x Sex 1 40 0.32 0.575 

C/Crand 
Ethanol 1 40 1.29 0.264 

Sex 1 40 0.07 0.793 
Ethanol x Sex 1 40 0.76 0.389 

L/Lrand 
Ethanol 1 40 2.45 0.125 

Sex† 1 40 3.09 0.086 
Ethanol x Sex 1 40 1.40 0.244 

SW 
Ethanol* 1 40 4.93 0.032 

Sex 1 40 2.83 0.100 
Ethanol x Sex† 1 40 3.07 0.087 
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Figure 6.3. Global measures AUC.  

Small-worldness index was significantly reduced in Eth females. Values are mean + SEM. 

#p<0.05, effect of ethanol; ^p<0.1, ethanol x sex interaction; *p<0.05, between group 

difference. 

 

VI-D. Discussion 

In Chapter IV, we assessed the functional connectivity alterations within fronto-

striatal and visual-tactile circuits after alcohol exposure during early fetal stage. Here, we 

further investigated the effect of alcohol exposure during early fetal stage on the 

organization of large-scale brain network. The results revealed a sex-dependent disruption 

of brain network segregation/integration balance after alcohol exposure. 

VI-D1. The Normal Brain Network Organization 

As mentioned previously, the brain is organized as a complex network which can 

effectively segregate information by local clustering of nodes and integrate information 
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processing by containing relatively few long-range connections (Bassett and Bullmore, 

2006). Brain network analysis provides insights into several network properties that are 

important for maintaining a segregation/integration balance and fulfilling normal functions. 

One of the most well-accepted properties of the normal human brain network is the small-

world organization, which is generally descript as having both high clustering coefficient 

and short path length (Bassett and Bullmore, 2006). This is also reflected by the commonly 

observed high local and global efficiency of the brain network. It is known that the high 

clustering property of the brain network is due to the formation of modules by regions that 

have similar connections. This facilitates the information sharing among regions contribute 

to the same cognitive responses as well as prevents unnecessary activation of other regions 

in the whole network. The short path length or high global efficiency is achieved by the 

presence of hub regions which are highly connected to regions within its own module, and 

at the same time, diversely connected to regions of other modules. These hub regions play 

an important role in integrating the information transmission across modules (reviewed in 

Sporns, 2013). 

Large-scale brain network organization, with similar properties as human brain 

network (e.g., small-world organization, modular organization, hubs), has been 

characterized in sedated or lightly anesthetized rats (D'Souza et al., 2014, Liang et al., 2018, 

van den Heuvel et al., 2015) and was assessed in various studies of brain disorders such as 

traumatic brain injury and Alzheimer's disease (Harris et al., 2016, Munoz-Moreno et al., 

2018). Similar to previous studies, the brain network of rats (both control and alcohol-

exposed rats) in the present study also presented small-world organization with high 

clustering and short path length. 
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VI-D2. Brain Network Organization after Alcohol Exposure during Early Fetal Stage 

In the present study on young adult rats with alcohol exposure during time period 

similar to the human early fetal stage, a reduction of small-worldness index was observed 

in female but not male alcohol-exposed rats. In the previous study (Chapter IV) on 

functional connectivity alterations in fronto-striatal and visual-tactile circuits, only alcohol-

exposed male rats presented significantly reduced functional connectivity compared to 

control male rats. This contradictory indicates alterations in individual brain circuits may 

not disrupt the large-scale brain network organization. In addition, network analysis may 

be sensitive to alterations that are undetectable in individual brain circuits but can build up 

and alter cognitive functions. The present study, for the first time, provides insights into 

the sex-dependent effect of alcohol exposure during early fetal stage from the aspect of 

brain network organization. Small-worldness index is used to describe the small-world 

properties that regions in the brain network are highly clustered and simultaneously 

integrated (Bassett and Bullmore, 2006). Therefore, alterations in the small-worldness 

index can result from alterations in network clustering, network integration or both. In the 

present study, although the normalized clustering coefficient and normalized path length 

were not significantly different in alcohol-exposed females, a trend in reduction of 

normalized clustering coefficient and increased normalized path length was observed. This 

indicates that the large-scale brain network of alcohol-exposed female rats may be less 

segregated as well as less integrated, which can be resulted from a generally reduced 

connection within and between modules. A study on brain network organization of FASD 

children observed increased characteristic path length and decreased global efficiency 

compared to controls, suggesting reduced brain network integration (Wozniak et al., 2013). 
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The global efficiency and characteristic path length were found to be associated with the 

capacity of immediate verbal memory of FASD children (Wozniak et al., 2013). However, 

whether this effect of alcohol was more profound in males or females was not assessed.  

VI-D3. Limitation of this Study 

The whole brain connectome results, while providing some insights into 

developmental differences following prenatal alcohol exposure should be viewed in the 

context of the limitations of this study. First, network analysis relies on the selection of 

included brain regions. In the present study, we included 52 cortical and subcortical brain 

regions. To increase the signal to noise ratio, we combined small regions such as various 

fields of primary somatosensory cortex into a single region. The observation using the 52 

regions may not be the same as including smaller regions. For example, higher local 

clustering may be observed with the involvement of smaller regions because they are 

expected to connect strongly with each other. In addition, the present study was not focused 

on the cerebellum and therefore, the large-scale brain network didn’t include cerebellar 

regions. The cerebellum is known particularly vulnerable to prenatal alcohol exposure 

(O'Neil, 2010). Alterations in shape, reduced size and disrupted white matter integration 

were observed in cerebellum after fetal alcohol exposure (Garzon et al., 2017, 

Spottiswoode et al., 2011), indicating possible alterations, particularly reduced network 

integration, in cerebellar network organization. Therefore, a study on brain network with 

both cerebral and cerebellar regions included may reveal different changes such as 

significantly increased path length and reduced global efficiency.   

Second, in the present study, the network organization of young adult male rats was 

not significantly affected by alcohol exposure. Previous brain network studies on human 
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with mixed males and females observed altered brain network organization in children and 

adolescents (Wozniak et al., 2013, Long et al., 2018). It is possible that these alterations 

are driven by females or caused by alcohol exposure mainly during later fetal stage. 

However, there is also a possibility that network alterations in male children is transient 

and becomes undetectable in adulthood. To assess whether there was a transient effect of 

alcohol on brain network measures during development, future study should also 

investigate on rats at younger ages.  

VI-E. Conclusion 

This study assessed the brain network organization after alcohol exposure during 

early fetal stage using a rat model. Alcohol exposure during early fetal stage led to a 

reduction of small-worldness in females but not males. This connectome study 

demonstrated altered segregation/integration balance similar to what was observed in 

human children. It also revealed different manifestation of alcohol-induced impairment 

compared to connectivity study within individual brain circuit. Taken together, it improved 

our understanding of the effects of alcohol exposure during fetal stage in the aspect of brain 

network organization and provided insights into the directions for future studies on FASD 

using animal models.  
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Chapter VII 

ALTERATIONS IN LARGE-SCALE BRAIN NETWORK ORGANIZATION 

AFTER ALCOHOL EXPOSURE DURING LATE FETAL STAGE 

 

VII-A. Introduction 

In Chapter V, we assessed the effects of alcohol exposure during late fetal stage on 

the functional connectivity within fronto-striatal and visual-tactile circuits. We observed 

increased functional connectivity in the visual portion of the visual-tactile circuits in male 

juveniles but not in female juveniles or young adults. In addition, the developmental 

trajectory was altered in alcohol-exposed male ferrets that alcohol-exposed males showed 

no changes between juvenile and young adulthood while connectivity of control males 

increased with age. Here, we examined whether alcohol exposure during late fetal stage 

also alters the organization of large-scale brain network using the same animals from 

Chapter V. 

VII-B. Specific Methods 

VII-B1. Network Construction 

When constructing the large-scale brain network for the FASD ferret animal, a 60 

ROIs ferret brain atlas was made based the Nissl stain ferret brain atlas in Zhou et al., 2016 

(Zhou et al., 2016) and an atlas kindly provided by Dr. M. Alex Meredith from Department 

of Anatomy and Neurobiology, Virginia Commonwealth University (Figure 7.1 and Table 

7.1). A 60 by 60 connectivity matrix was created by correlating the time series of each ROI 
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pair among the 60 ROIs followed by the Fisher’s z score transformation. This connectivity 

matrix of each animal was then used for graph theoretical analysis using the GAT toolbox. 

 

 

Figure 7.1. Demonstration of ferret brain ROIs for network analysis.  

The region names for the numbered ROI’s are provided in Table 7.1. 
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Table 7.1. List of ferret brain ROIs for network analysis. 

 

 

 

 

 

 
 
  

ROI # Anatomy ROI # Anatomy 
1 Dorsal prefrontal cortex, left 31 Posterior cingulate cortex, left 
2 Dorsal prefrontal cortex, right 32 Posterior cingulate cortex, right 

3 Orbito prefrontal cortex, left 33 Anteriomedial lateral suprasylvian cortex, 
left 

4 Orbito prefrontal cortex, right 34 Anteriomedial lateral suprasylvian cortex, 
right 

5 Primary olfactory areas, left 35 Anteriolateral lateral suprasylvian cortex, 
left 

6 Primary olfactory areas, right 36 Anteriolateral lateral suprasylvian cortex, 
right 

7 Anterior cingulate cortex, left 37 Anterior auditory field, left 
8 Anterior cingulate cortex, right 38 Anterior auditory field, right 
9 Primary motor cortex, left 39 Primary auditory cortex, left 
10 Primary motor cortex, right 40 Primary auditory cortex, right 
11 Primary somatosensory cortex, left 41 Posterior suprasylvian field, left 
12 Primary somatosensory cortex, right 42 Posterior suprasylvian field, right 
13 Secondary somatosensory cortex, left 43 Caudal posterior parietal cortex, left 
14 Secondary somatosensory cortex, right 44 Caudal posterior parietal cortex, right 

15 Medial bank of the rostral suprasylvian 
sulcus, left 45 Posteromedial lateral suprasylvian area, 

left 

16 Medial bank of the rostral suprasylvian 
sulcus, right 46 Posteromedial lateral suprasylvian area, 

right 

17 Lateral bank of the rostral suprasylvian 
sulcus, left 47 Posterolateral lateral suprasylvian area, 

left 

18 Lateral bank of the rostral suprasylvian 
sulcus, right 48 Posterolateral lateral suprasylvian area, 

right 
19 Pseudosylvian sulcal cortex, left 49 Suprasylvian cortex, left 
20 Pseudosylvian sulcal cortex, right 50 Suprasylvian cortex, right 
21 Tertiary somatosensory cortex, left 51 Area 20b, left 
22 Tertiary somatosensory cortex, right 52 Area 20b, right 
23 Rostral posterior parietal cortex, left 53 Area 21, left 
24 Rostral posterior parietal cortex, right 54 Area 21, right 
25 Anterior dorsal/ventral field, left 55 Area 18, left 
26 Anterior dorsal/ventral field, right 56 Area 18, right 
27 Posterior pseudosylvian field, left 57 Area 19, left 
28 Posterior pseudosylvian field, right 58 Area 19, right 
29 Ventrolateral suprasylvian area, left 59 Area 17, left 
30 Ventrolateral suprasylvian area, right 60 Area 17, right 
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VII-B2. Graph Theoretical Analysis and Statistical Analysis 

Graph theoretical analysis was performed following similar steps as described for 

FASD rats (Chapter VI). The target density range was determined by the density when 95% 

nodes having at least one connection (lower bound) and the density when the small-

worldness index was just above 1.2 (higher bound). For the data of the FASD ferrets, the 

final target density range was from 0.21 to 0.35. The AUC was calculated for each global 

measure as described for FASD rats. Two-way ANOVA analysis was performed on each 

global measure as descript in Chapter V. No significant difference was observed between 

naive group and saline-treated group (Figure 7.2). Therefore, these two groups were 

combined as in Chapter V.  
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Figure 7.2. Global measures AUC.  

No significant difference was observed between Nai and Sal animals in males or females. 

Values are mean + SEM. †p<0.05, effect of age. 

 

VII-C. Results 

Two-way ANOVA was performed to estimate the effect of ethanol exposure, age 

and ethanol x age interaction on the assessed brain network properties. No significant effect 

of ethanol exposure or effect of ethanol x age interaction on the brain network properties 

was observed in males or females (Table 7.2, Figure 7.3). Brain network properties of both 
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control animals and ethanol-exposed animals significantly changed with age, particularly 

in male animals. In males, a significant effect of age was detected on local efficiency (F 

[1,27] = 7.83, p = 0.009), normalized clustering coefficient (F [1,27] = 7.01, p = 0.013) and 

normalized path length (F [1,27] = 7.98, p = 0.009). In females, a significant effect of age 

was observed in normalized path length (F [1,32] = 5.10, p = 0.031). All of the altered 

network measures were significantly reduced with age. An additional two-way ANOVA 

with sex, age and sex x age interaction was performed in control animals and ethanol-

exposed animals respectively to assess the difference between males and females with age. 

No significant effect of sex or sex x age interaction was detected at the juvenile or young 

adulthood in either control animals or ethanol-exposed animals. 
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Table 7.2. Main effects of age, ethanol and the effect of age x ethanol interaction on 

the tested global measures. 

 

*p<0.05, **p<0.01, significant effect from two-way ANOVA. 

†p<0.1, trend of effect from two-way ANOVA. 
 

  

  Effect df 1 df 2 F Value Pr > F 

Male 

GEff 
Ethanol 1 27 0.03 0.855 

Age 1 27 0.01 0.935 
Ethanol x Age 1 27 0.01 0.904 

MLocEff 
Ethanol 1 27 0.04 0.849 
Age** 1 27 7.83 0.009 

 Ethanol x Age 1 27 0.21 0.653 

C/Crand 
Ethanol 1 27 0.14 0.708 
Age* 1 27 7.01 0.013 

Ethanol x Age 1 27 0.04 0.849 

L/Lrand 
Ethanol 1 27 1.69 0.204 
Age** 1 27 7.98 0.009 

Ethanol x Age 1 27 0.27 0.605 

SW 
Ethanol 1 27 0.01 0.940 
Age† 1 27 3.93 0.058 

Ethanol x Age 1 27 0.21 0.651 

Female 

GEff 
Ethanol 1 32 0.05 0.831 

Age 1 32 0.42 0.522 
Ethanol x Age 1 32 0.02 0.892 

MLocEff 
Ethanol 1 32 0.10 0.751 

Age 1 32 0.89 0.352 
Ethanol x Age 1 32 0.13 0.724 

C/Crand 
Ethanol 1 32 0.00 0.996 

Age 1 32 1.91 0.177 
Ethanol x Age 1 32 2.35 0.136 

L/Lrand 
Ethanol 1 32 0.26 0.614 
Age* 1 32 5.10 0.031 

Ethanol x Age 1 32 0.76 0.389 

SW 
Ethanol 1 32 0.22 0.643 

Age 1 32 0.03 0.863 
Ethanol x Age 1 32 1.48 0.233 
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Figure 7.3. Global measures AUC.  

No significant ethanol effect was observed in either males (A) or females (B). Eth animals 

presented similar network organization changes from juvenile to young adulthood 

compared to Ctr animals. Values are mean + SEM. †p<0.05, ††p<0.01, effect of age. 

 

VII-D. Discussion 

In Chapter V, we assessed the functional connectivity alterations within fronto-

striatal and visual-tactile circuits after alcohol exposure during late fetal stage. Here, we 
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further investigated the effect of alcohol exposure on the organization of large-scale brain 

network. While no significant effect of alcohol was observed, the results indicated a 

developmental trajectory that was consistent with previously reported in human. 

VII-D1. Brain Network Organization during Normal Development 

As mentioned in Chapter VI, normal brain network has a group of properties such 

as dense local clustering, short path length, high local and global efficiency. These 

properties give the brain network a small-world organization and ensure the efficient 

information segregation and integration. Previous studies revealed that these organization 

properties exist as early as in pre-term and full-term neonates, suggesting that the early 

formation of the complex brain network is associated with prenatal developmental events 

(De Asis-Cruz et al., 2015, Cao et al., 2017). A study on pre-term infants revealed 

increasing of clustering coefficient, characteristic path length and normalized path length, 

and decreasing of participation coefficients and number of connectors from around 

postmenstrual age (PMA) 31 to 41 weeks (part of the third trimester), indicating increased 

brain network segregation and specialization during this developmental period (Cao et al., 

2017). small-world topology and modular property was revealed in the brain of pre-term 

(~ PMA 30 to 40 weeks) and healthy full-term neonates (De Asis-Cruz et al., 2015, van 

den Heuvel et al., 2015, Cao et al., 2017), indicating that clustering of regions contribute 

to the same task occurs before birth. A study on the postnatal development of full-term 

infants demonstrated increased local and global network efficiency from postnatal age 3 

weeks to 1 year and the level remained unchanged from 1 year to 2 years of age (Gao et 

al., 2011). Several studies on the later development showed that brain network at early ages 

(from infancy to adolescence) is less specialized (or segregated) and less efficient 
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compared to brain network at (young) adulthood (Wylie et al., 2014, Stevens et al., 2009, 

Jolles et al., 2011, Tomasi and Volkow, 2014) (Figure 7.4). Wylie et al., 2014 observed 

higher inter-network functional connectivity in infants compared to adults with higher 

temporal correlation between each pair of networks defined by independent component 

analysis (ICA) (Wylie et al., 2014). Stevens et al., 2009 reported reduced mutual influences 

among ICA defined brain networks of adults when compared with adolescents, indicating 

enhanced within-network communication and more efficient between-network interactions 

in adulthood (Stevens et al., 2009). On the other hand, decreased local clustering was also 

reported. Fair et al., 2007 & 2009 revealed decreased functional connections between 

regions close in anatomical space and increased connections between regions in long-

distance over age, suggesting that functional brain networks develop from a more 

segregated organization to a relatively more integrated organization in the space of 

anatomical distance (Fair et al., 2007, Fair et al., 2009). At the voxel level, Tomasi and 

Volkow, 2014 observed reduced clustering coefficient, path length and connection degree 

from childhood to adulthood in local networks of cortical voxels composed by neighbors 

that are functionally connected with the voxel (Tomasi and Volkow, 2014). This finding 

suggests reduced local clustering and increased local integration that possibly resulted from 

synaptic pruning which occurs from infancy and lasts into adulthood (Huttenlocher et al., 

1982, Huttenlocher and Dabholkar, 1997). In general, previous studies on brain network 

organization demonstrated that the formation and refinement of brain network organization 

occur as early as the third trimester of gestation and lasts through adolescence or even 

adulthood. Developmental processes such as synaptogenesis and pruning are likely to play 

an important role during network formation and refinement. Interference with these 
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developmental processes may contribute to the network reorganization observed in 

disorders such as schizophrenia (Varela et al., 2001) and autism spectrum disorders 

(Courchesne and Pierce, 2005, Just et al., 2007).  

 

 

Figure 7.4. A schematic diagram of developmental alterations of brain network 

organization.  

  

Specialization ↑
Integration ↑

Higher inter-network connectivity

Lower inter-network connectivity
Efficient inter-network connection
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VII-D2. Brain Network Organization following Alcohol Exposure during Late Fetal 

Stage 

Similar to primates and rodents, the functional brain network of ferret also exhibits 

a small-world property (Zhou et al., 2016), meaning that studies on ferret brain 

organization are translational to human application. In the present study, the network 

organization properties in control and alcohol-exposed ferrets were similar in both juvenile 

and young adulthood. We observed significant alterations of brain network properties from 

juvenile to young adulthood in both control and alcohol-exposed animals. In males, local 

efficiency, normalized clustering and path length decreased with age, indicating the 

transition from a more separated brain network to a more integrated brain network. This is 

consistent with the previous observation in human that local clustering decreased and long-

range integration increased during development. The only significant developmental 

change observed in females was the reduction of normalized path length while clustering 

remained unchanged, indicating brain network clustering of female ferrets may reach the 

adulthood level before juvenile age while the level of integration keeps increasing through 

young adulthood.  

VII-D3. Limitation of this Study 

Similar to the limitation mentioned in Chapter VI, the results of this study were 

based on the brain regions that were included in the network analysis. Because of the 

relatively less knowledge about the subcortical regions of ferrets, this study applied a ferret 

brain atlas with only cortical regions. Therefore, the large-scale brain network here was 

actually a cortical network. The interactions between cortical regions and subcortical 

regions were not assessable. To obtain a comprehensive understanding in the aspect of 
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cortical-subcortical interaction, a ferret brain atlas also includes subcortical regions should 

be used in the future study. 

VII-E. Conclusion 

In the present study, we assessed the brain network organization in juvenile and 

young adulthood following alcohol exposure during late fetal stage using a ferret model. 

No significant difference was detected between control and ethanol-exposed animals in 

either age, indicating that the effect of alcohol exposure during late fetal stage may not be 

detectable from the brain network organization in juvenile and young adulthood. Both 

control and ethanol-exposed animals showed altered network properties with age in the 

normal developmental direction. Future studies need to consider subcortical regions in the 

brain network and see if alcohol exposure during late fetal stage affects network 

organization through alterations in cortico-subcortical interaction. 
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Chapter VIII 

GENERAL DISCUSSION 

 

The central goal of this thesis was to attain insights into the brain functional 

interaction alterations associated with cognitive flexibility and sensory processing in FASD 

subjects, as well as to identify indicators of altered brain network organization after alcohol 

exposure during either early or late fetal stage. To accomplish this goal, we used two 

different animal species to examine the sequelae of alcohol exposure at two different stages 

of pregnancy – one equivalent to the human early fetal stage and the other at the late fetal 

stage. We focused on two representative brain circuits that are critical to cognitive 

flexibility and multisensory processing – fronto-striatal circuit for cognitive flexibility and 

visual-tactile circuit for multisensory processing. The intrinsic functional interaction within 

these two circuits was assessed using rsfMRI technique. We also assessed the properties of 

large-scale brain network organization by applying advanced brain network analysis 

methods. Here, we summarize the main findings of this exploration, in the context of the 

limitations and propose some ideas for future investigation. 

VIII-A. Cognitive Flexibility in FASD 

The deficit in cognitive flexibility is one of the most evident executive function 

problems observed in children and adolescents with FASD. For example, children with 

prenatal alcohol exposure achieved less categories and made more perseverative errors on 

Wisconsin Card Sorting Test (a test for cognitive flexibility), indicating strategy formation 

problems, lower ability to modify behavior based on feedbacks, and less response 
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inhibition (Kodituwakku et al., 1995, Coles et al., 1997, Vaurio et al., 2008, McGee et al., 

2008). Other developmental disorders such as autism spectrum disorders (Gilotty et al., 

2002) and ADHD (Brown, 2008, Khoury and Milligan, 2016) are shown to lead to similar 

executive function deficits as in FASD. These similarities make it challenging to 

distinguish FASD with these developmental disorders in diagnosis. A number of studies 

have attempted to investigate the relation between FASD and ADHD, as well as to reveal 

the different behavioral characteristics in cognitive processes. For example, in a study on 

children with prenatal alcohol exposure, children with ADHD without prenatal alcohol 

exposure and typical developing children, researchers observed more deficits in selective 

attention and maintaining attention in children with ADHD while more deficits in learning 

new information and switch attention/response to new information in children with FASD 

(Coles, 2001). Similar findings were reported in another study that children with FASD 

showed more problems in planning, set-shifting and working memory compared to 

children with ADHD (Kingdon et al., 2016). This indicates that level of cognitive 

flexibility and functions of the corresponding brain circuit (e.g., fronto-striatal circuit) can 

be a good biomarker for diagnosis of FASD, especially for distinguishing FASD from 

ADHD.  

Here, with the application of rsfMRI technique, we observed a reduction of 

functional connectivity between prefrontal cortices and dorsal striatum (mainly caudate) in 

young adult rats following alcohol exposure during early fetal stage. The result reflected 

altered spontaneous synchronization between these regions which indicated reduced mono- 

or multi-synaptic connection. Therefore, reduced connection within the fronto-striatal 

circuit may lead to a slower cortico-striatal signal transmission which consequently leads 
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to deficits in cognitive flexibility. For medial prefrontal cortex, connectivity alterations 

mainly located in dorsolateral striatum. However, for orbitofrontal cortex, both dorsolateral 

and dorsomedial striatum showed reduced connectivity. Previous studies revealed distinct 

functions of dorsolateral and dorsomedial striatum in tasks of cognitive flexibility. 

Dorsolateral striatum is shown to contribute mainly during the initial discrimination 

learning (Bergstrom et al., 2018, Palencia and Ragozzino, 2005) while dorsomedial 

striatum is critical to formation of attentional set as well as reversal learning (Lindgren et 

al., 2013, Bissonette and Roesch, 2015, Castane et al., 2010). Taken together with the 

distinct functions of medial prefrontal cortex and orbitofrontal cortex, i.e., medial 

prefrontal cortex contributes more to initial learning and set shifting while orbitofrontal 

cortex contributes more to reversal learning, alcohol exposure during early fetal stage 

affects the entire fronto-striatal system and each domain within the cognitive flexibility – 

from initial coding, error detecting to switching.  

However, a similar functional connectivity alteration was not observed in either 

juvenile or young adult ferrets with alcohol exposure during late fetal stage. A previous 

study on rats exposed to alcohol during late fetal stage observed a transient deficit in 

reversal learning in juvenile (O'Leary-Moore et al., 2006). This indicates that the effects of 

alcohol during late fetal stage may be too mild to be detected through resting-state fronto-

striatal connectivity, that is, the baseline fronto-striatal synchronization is not significantly 

altered. Another possible cause of this contradiction is that alterations in this fronto-striatal 

circuit is not long-lasting and may not be captured at the age investigated in our study. 

Therefore, our findings suggested that the functional connectivity between prefrontal 

cortices and striatum can be a helpful indicator of alcohol-induced deficits in cognitive 
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flexibility when the subject is exposed during early fetal stage. Deficits in subjects exposed 

to alcohol during late fetal stage may not be consistently reflected from fronto-striatal 

connectivity by rsfMRI and may require more detailed behavioral screening. 

To be noted, tasks that are commonly used to test cognitive flexibility also 

encompass other aspects of executive function. For example, the Wisconsin Card Sorting 

Test also requires normal working memory to encode the strategy as well as inhibitory 

control to stop incorrect response. Similarly, fronto-striatal circuit is also involved in these 

aspects of executive functions. Dorsolateral prefrontal cortex (medial prefrontal cortex in 

rodents) is believed to be widely involved in almost all aspects of executive function, 

including working memory, selective attention, set shifting and prospective coding (Curtis 

and D'Esposito, 2003, Mars and Grol, 2007, Owen et al., 1996, Oldrati et al., 2016). The 

ventromedial prefrontal cortex, sometimes referred as the medial orbitofrontal cortex, is 

suggested to be involved in encoding action outcomes into reward values for value-based 

decision-making and in conflict adaptation during response inhibition (Glascher et al., 2012, 

Bryden and Roesch, 2015, Mansouri et al., 2014). Caudate nucleus, a subdivision of dorsal 

striatum, is involved in working memory and set-shifting, particularly in the manipulation 

of information (Lewis et al., 2004) and active planning of the novel action (Monchi et al., 

2006). Putamen, the other subdivision of dorsal striatum, is involved in the execution of a 

self-initiated action during set-shifting (Monchi et al., 2006, Monchi et al., 2001, 

Cunnington et al., 2002). The ventral striatum, including nucleus accumbens, is thought to 

play a role in reward processing and together with dorsal striatum to contribute to decision-

making (Balleine et al., 2007, Pauli et al., 2016). Given that each region serves various 

cognitive functions and different functions are achieved through different interaction 
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pattern within various regions, efforts are needed to associate the alteration patterns of 

resting-state functional connectivity between prefrontal areas and striatal areas with 

various cognitive deficits. This will provide more precise “multivariate” biomarkers for 

prediction or assessment of these cognitive deficits in FASD. 

VIII-B. Multisensory Processing in FASD 

Sensory processing problems are commonly seen in FASD subjects. A study on 

sensory-processing and behavior profiles of prenatally alcohol-exposed children revealed 

a significant correlation between deficits in sensory processing and problem behaviors, 

particularly externalized behaviors, attention and social problems (Franklin et al., 2008). 

This suggests the potential application of sensory-based intervention in decreasing problem 

behaviors. Besides FASD, sensory processing problems are also seen in other in 

neurodevelopmental disorders, such as autism, ADHD and dyslexia. Previous studies on 

children with dyslexia observed altered activation pattern within an interrelated network of 

visual, auditory and multimodal brain areas which is critical to letter-speech sound 

integration (Dionne-Dostie et al., 2015, Blau et al., 2010). Dyslexic children showed less 

activation in areas responsive to speech sound, letter or both. Moreover, the integration 

effect (i.e., activation differences between speech sound-letter congruency and 

incongruency) was absent in integrative areas in dyslexic group (Blau et al., 2010). In a 

study on children with autism, passive auditory-somatosensory stimulation raised a 

delayed effect of integration in integrative brain areas compared to typically developing 

children, indicating a reduction of early automatic multisensory integration (Russo et al., 

2010). A study on children with sensory processing disorders revealed reduced white 

matter integrity in posterior white matter tracts which was correlated with atypical 
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unimodal and multisensory integration behaviors (Owen et al., 2013). These studies 

together revealed that disruption of information flow between unisensory and multisensory 

areas and altered responses in multisensory regions contribute to sensory processing 

problems observed in various developmental disorders.  

In the present study, we used rsfMRI technique to assess the baseline regional 

interaction within the visual-tactile circuit after alcohol exposure during early and late fetal 

stage. Interestingly, we observed a decreased functional connectivity in early fetal stage-

exposed animals while an increased functional connectivity in late fetal stage-exposed 

animals. This discrepancy suggested different underlying mechanisms of alcohol-induced 

impairment. In this study, the timing of early fetal stage exposure was similar to the most 

part of first and second trimesters of human gestation which is the period when 

neurogenesis and neuronal migration peak. These two developmental processes ensure the 

correct identity and distribution of neurons and set the foundation of the following 

development of synaptic connections. Whereas, animals with late fetal stage exposure were 

exposed during a third-trimester equivalent period. The brain growth spurt starts in this 

period when the brain network undergoes rapid “wiring” and “shaping” through processes 

such as axonal arborization, synaptogenesis and pruning. Both of these two groups of 

developmental processes are shown to be vulnerable to prenatal alcohol exposure   (Miller, 

1993, Clarren et al., 1978, Skorput et al., 2015, Kleiber et al., 2014, Lee et al., 2016). 

Therefore, the reduction of visual-tactile connectivity following alcohol exposure during 

early fetal stage may be a combined effect on both early and late developmental processes. 

Particularly, the disruption in neurogenesis and migration may lead to altered neuron 

density and position in sensory systems and consequently prevented the formation of 
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functional connections. The increased functional connectivity following 3rd trimester-

equivalent alcohol exposure may instead largely result from impaired late developmental 

“wiring” and “shaping” processes. During late prenatal and early postnatal development, 

the brain produces more synapses than it will ultimately maintain in adulthood. The 

excessive synapses are then eliminated by the pruning process. Synaptogenesis, synaptic 

enhancing and pruning contribute together in the formation of a precisely wired 

multisensory system during postnatal development. The increased functional connectivity 

in the visual portion of the visual-tactile circuit may due to an increased synaptic 

production or a reduced pruning, a result from disrupted microglia functions following 

prenatal alcohol exposure (Wilhelm and Guizzetti, 2015).  

Our findings on the visual-tactile circuit indicate the potential different 

manifestation of sensory problems between children exposed during early and late fetal 

stage. Children exposed during early fetal stage may have more problems in both cross-

modal facilitation and suppression given the reduced communication between sensory 

areas. That means, visual stimulus together with tactile stimulus may not enhance the 

perception of an object compared to only tactile stimulus presented, whereas, an 

informative visual stimulus may fail to suppress a non-informative tactile stimulus which 

leads to attention distraction. In contrast, children exposed during late fetal stage may have 

more problems in cross-model suppression because of abnormally increased information 

flow in the visual portion. For example, children may over-react in a crowded space, i.e., 

feeling and seeing too many people or objects surrounding. Given the possible 

manifestation difference, interventions for improving sensory processing may need to 

consider the exposure period of the subjects and apply subject-specific methods.  
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Another interesting finding of this study is the transient alteration in visual-tactile 

functional connectivity after alcohol exposure during late fetal stage. Increased functional 

connectivity was only detected in juveniles but not in young adulthood. The functional 

connectivity in the visual portion in control animals increased from juvenile to young 

adulthood but remained unchanged in alcohol-exposed animals. There are a number of 

possible explanations which involves primary and secondary effects of alcohol exposure. 

First, alcohol exposure during late fetal stage directly increased the prenatal and perinatal 

synaptic overproduction (primary effects), but didn’t affect postnatal synaptic 

enhancement and pruning (secondary effects). In this case, the connectivity should be 

higher in alcohol-exposed animal right after alcohol exposure period and may still be 

higher in juvenile. Later, the connectivity reached the control level through the combined 

action of postnatal pruning, which removed unnecessary connections, and synaptic 

enhancing, which enhanced the remained connections. Second, alcohol exposure during 

late fetal stage may not directly disrupt prenatal processes but mainly affects postnatal 

pruning as well as synaptic enhancing (secondary effect). Under this condition, animal 

prenatally exposed to alcohol may appear to be similar to control animals immediately after 

the alcohol exposure period. But because of reduced postnatal pruning, functional 

connectivity remains higher in postnatal ages compared to control animals. In addition, due 

to impaired activity-dependent plasticity (i.e., synaptic enhancement), the connectivity 

doesn’t increase from juvenile to young adulthood. To evaluate these two assumptions, 

investigation on alcohol-exposed animals during a much younger age (e.g., PND 32 before 

eye-opening) is necessary. 
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VIII-C. Brain Network Organization in FASD 

Instead of working in isolation, regions in our brain actually interacting 

cooperatively as in a well-organized network, referred to as the large-scale brain network. 

Brain regions respond to similar cognitive processes tend to interact more closely while 

regions involved in different cognitive processes communicate less to prevent unnecessary 

interference. This leads to the formation of clusters or modules. However, most of our 

behavior and cognitive tasks rely on the coordination of a variety of cognitive processes. 

Therefore, efficient information transmission between different modules is critical. This is 

achieved by the presence of hub regions, which have dense intra- as well as inter- modular 

connections. In other words, our brain network is functionally highly segregated and, at the 

same time, highly integrated. This organization pattern is called “small-world” 

organization. This organization can be evaluated by a group of network analysis measures 

– clustering coefficient and local efficiency (segregation), path length and global efficiency 

(integration) and small-worldness index (segregation and integration). As discussed in 

detail in Chapter VII, the organization property of brain network is observed in age as early 

as postmenstrual 30 to 40 weeks and in full-term neonates (De Asis-Cruz et al., 2015, van 

den Heuvel et al., 2015, Cao et al., 2017). This suggests the importance of prenatal 

developmental processes in the formation of the brain network. It is also revealed that brain 

network in early ages has a more locally segregated organization while it becomes more 

integrated with the formation of long-distance connections (Fair et al., 2007, Fair et al., 

2009, Tomasi and Volkow, 2014). This organization transition may depend on synaptic 

pruning and enhancement of inter-modular synaptic connections.  
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The organization of the brain network provides a comprehensive view of the overall 

brain functioning. It is recently shown that brain network is altered in a variety of brain 

disorders. In children with ADHD, reduced network integration but increased network 

segregation was observed, possibly due to selective disruption of long-range connections 

(Lin et al., 2014, Tao et al., 2017). In children with autism, reduced brain network 

integration, as well as segregation, was detected by EEG, indicating a broad reduction of 

connections (Zeng et al., 2017). Whereas, a fMRI study with a different selection of brain 

regions observed reduced brain network segregation but increased network integration in 

children and adolescents with autism, suggesting a shift to a more random organization 

(Rudie et al., 2012). The findings of network organization properties offer insights into the 

underlying pathological process and may serve as biomarkers of corresponding brain 

disorders. However, it should be used with caution by considering the subjects’ 

heterogeneity and technical difference, especially brain region selection, which may reflect 

different aspects of the disorder and therefore lead to different observation. 

Although related studies are rare, altered brain network organization was also 

reported in children with FASD. A study on FASD children detected reduced brain network 

integration, the level of which was associated with immediate verbal memory (Wozniak et 

al., 2013). Another study on children with prenatal alcohol exposure failed to detect 

between-group difference in network metrics, whereas they observed more atypical 

network measures in alcohol-exposed children compared to controls, indicating the high 

inter-subject variability in alcohol-exposed children (Wozniak et al., 2017). When 

investigating on the connection properties of individual regions, a study on FASD children 

and adolescents detected increased integration and segregation (i.e., increased global 
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efficiency, local efficiency, clustering coefficient, etc.) in selected default mode and 

sensorimotor regions (Long et al., 2018). This discrepancy may due to aspects difference 

(global network vs. individual regions) assessed in these studies. It may also result from 

the inter-subject variability caused by factors such as exposure time, dose and pattern. 

In this study, we assessed the brain network organization following alcohol 

exposure during early and late fetal stage. In animals with alcohol exposure during early 

fetal stage, we observed significantly reduced small-worldness but unchanged clustering 

and path length, indicating an accumulation of mild reduction of network integration and 

segregation. This may result from short-range as well as long-range disconnections. In 

contrast to observation in the functional connectivity of individual circuits that males were 

more profoundly affected by ethanol exposure, the small-worldness index reduction was 

only detected in ethanol-exposed females. This “mismatch” indicates that alterations in 

individual brain circuits do not necessarily result in brain network reorganization, whereas, 

brain network reorganization may occur in the absence of a significant alteration in specific 

individual brain circuits.  The former might speak to the resilience of the brain to overcome 

local disruptions in order to maintain a stable network at the whole brain level.  It is also 

possible that compensatory connections kick-in that restores the segregation/integration 

balance and information processing efficiency. The latter may indicate an accumulation of 

small changes within individual circuits which leads to altered brain network organization. 

Different from findings on animals exposed during early fetal stage, no significant 

difference was observed in animals exposed during late fetal stage compared to controls. 

Specifically, control and alcohol-exposed animals present a similar level of network 

measures both in juvenile and young adulthood. This indicates that the sensory system 
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probably is more vulnerable to alcohol-induced plasticity and pruning changes; the whole 

brain network is resilient and resistant to changes in a small fraction of the network. 

Another possible explanation of different outcomes of these two studies may be different 

brain regions involved in the network analysis. For the study with the rat FASD model, 

both cortical and subcortical regions were included. However, for the ferret FASD model, 

only cortical regions were included. The absence of an alteration in network organization 

may because the cortical network is more resistant to alcohol exposure and has a higher 

resilience to alterations. 

VIII-D. The Sex-specific Alterations in FASD 

The findings in our study indicated a sex-specific effect after alcohol exposure. 

Alterations in the fronto-striatal circuit were only detected in males, no matter exposed in 

the early or late fetal stage. For exposure during late fetal stage, alteration in the visual-

tactile circuit was only detected males. Alcohol-induced alteration in network organization 

was only observed in female following alcohol exposure during early fetal stage.  

Sex-dimorphism was observed in a group of studies on prenatal alcohol exposure 

with great variability. A study on prenatally alcohol-exposed rats revealed a reduced 

volume and cell size in the preoptic area of the hypothalamus of adult male rats while this 

alteration was not observed in females (Barron et al., 1988). Since this nucleus is normally 

larger in males than females, the finding indicated altered sexual differentiation in males. 

Another study on adolescents with prenatal alcohol exposure reported reduced pituitary 

volume only in females but not males, which is normally larger females than normal males 

(Moore et al., 2016). These studies suggested that prenatal alcohol exposure alters sexual 

differentiation in both males and females. A study on the eye-movement of children with 
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prenatal alcohol exposure observed different alteration patterns in males and females 

(Paolozza et al., 2015). Specifically, although poor eye-movement accuracy was observed 

in both male and female FASD children, accuracy reduced more in males. However, in the 

trials that subjects accurately looked at the targets, female FASD children showed slower 

eye movements while the males with FASD performed similarly to control subjects. Sex-

specific effects were also reported in animal studies. A study on adult monkey with prenatal 

alcohol exposure detected increased prefrontal dopamine D1 receptor binding in males but 

not in females (Converse et al., 2014), indicating a possible adaptation to reduced 

dopamine synthesis or release in the prefrontal cortex (Diaz et al., 2014). A study on 

prenatally alcohol-exposed rats observed reduced active social interactions in males but 

increased interactions in females (Kelly and Dillingham, 1994). However, there are also 

studies showing no sexually dimorphic effects of prenatal alcohol exposure. A study 

examined neuropsychological and behavioral functions in children with prenatal alcohol 

exposure and observed consistent alterations between alcohol-exposed males and females 

in a variety of cognitive domains such as executive functioning, attention, language ability 

and visual-spatial ability (Panczakiewicz et al., 2016). 

Although the observed sex-specific effects on males and females vary in previous 

studies, studies related with the fronto-striatal function are supportive of our findings that 

deficits are more significant in males than females. A study on adult rats with prenatal 

alcohol exposure observed deficits in spatial learning in both sexes while the working 

memory component was only impaired in males (Zimmerberg et al., 1991). Similarly, 

deficits in set-shifting and reversal tasks were seen in both males and females after prenatal 

alcohol exposure while males were more profoundly affected than females (Waddell and 
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Mooney, 2017). Interestingly, our study on rats exposed to alcohol during early fetal stage 

also observed reduced sexual differentiation in fronto-striatal circuit. For resting-state 

functional connectivity between medial prefrontal cortex/ orbitofrontal cortex and striatum, 

the difference between males and females was only observed in control animals but not 

alcohol-exposed animals. Taken together with the fact that connectivity reduction only 

happened in males, our findings indicated reduced masculinization of this brain circuit in 

alcohol-exposed male rats. 

No current study reported sex-specific effects of prenatal alcohol exposure on 

multisensory processing. Whereas, auditory processing was assessed in auditory cortex of 

adolescent with FASD. The onset time and latency of auditory-evoked wave N100m in left 

auditory cortex of alcohol-exposed males significantly decreased when compared to 

control males. This alteration was not observed in females (Tesche et al., 2015), indicating 

alcohol-exposed males but not females are likely to be over-responsive to auditory stimuli. 

A study on alcohol-exposed adolescent rats observed alcohol-induced deficits in social 

interaction and somatosensory performance. These deficits were exacerbated by sensory 

impoverishment through unilateral whisker clipping in both younger and older males but 

only in younger females (Wellmann and Mooney, 2015). These studies, together with our 

findings, indicated that the sensory processing function responds differently to prenatal 

alcohol exposure in males and females. Males may be more vulnerable to prenatal alcohol 

exposure compared to females. Therefore, interventions with sensory improvement 

approaches should consider different paradigms in male and female subjects. 

Understanding of the sex-specific effects of prenatal alcohol exposure is still 

limited because of the lack of sex-specific studies. In addition, the male and female 
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composition in some previous studies was not balanced which may result in observations 

that were driven by the dominant sex. Therefore, besides considering sex as a factor in 

future studies, some previous studies may need to re-visit their data and be more cautious 

in their results interpretation. 

VIII-E. Limitation of this Thesis 

Several limitations of the studies in this thesis were mentioned in previous Chapters. 

Here, we summarized the general limitations involved in study design and experimental 

condition.  

VIII-E1. Study Design 

The two animal models – alcohol exposure during early and late feta stage – were 

exposed in different patterns and in different species. The rat model for studying the effect 

of alcohol exposure during early fetal stage is a continuous moderate exposure model 

(stable-pattern) while the ferret model for studying the effect of alcohol exposure during 

late fetal stage mimics binge drinking with an interval (binge-pattern). In this study, fronto-

striatal connectivity alteration was only observed after alcohol exposure during the early 

fetal stage but not the late fetal stage. Although some researchers indicated that moderate 

binge exposure usually results in more impairment compared to mild stable exposure, we 

cannot rule out the possibility that different frontal-striatal outcomes in these two models 

actually resulted from the difference in exposure patterns but not from exposure period 

difference. Therefore, the findings from these two models need to be confirmed with future 

studies with the same exposure pattern. 
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Another limitation in study design was the lack of other experimental techniques. 

rsfMRI is an indirect technique to assess brain regional interactions which can reflect the 

anatomical connections to some extent. Moreover, the level of functional connectivity is 

also affected by other factors such as oxygen saturation and blood perfusion which can 

confound the conclusion. Other techniques such as electrophysiology (to assess the 

response of multisensory neurons to unisensory and multisensory stimuli) and fiber tracing 

(to investigate the structural connection changes in comparison to our functional 

connectivity changes) can help to detect the connection alteration within fronto-striatal and 

visual-tactile circuits from other perspectives.  

In addition, more work is needed to assist our interpretation of the functional 

connectivity results. The developmental processes mentioned in this thesis are 

representative processes that are potentially affected by alcohol exposure based on the 

exposure time frame and knowledge from previous publications. To confirm the relation 

between specific developmental processes and the observed functional connectivity 

alterations, studies on indicators of specific developmental process in the same animal 

model or studies on functional connectivity in animal models disrupted only in specific 

developmental process are needed. For example, microglia activity can be used as an 

indicator of the process of synaptic pruning. Studies on the association between alcohol-

induced microglia activity changes and resting-state functional connectivity will help to 

enhance our understanding of the underlying mechanism of the observed altered brain 

intrinsic interaction following alcohol exposure.  
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VIII-E2. Experimental Condition 

For experiment operation, a couple of issues need to be kept in mind. First, the 

animals were under sedation and light anesthesia with the combination of 

dexmedetomidine and isoflurane. Although this regime was shown to preserve brain 

functional connectivity pattern that is similar to awake animals and human (Bukhari et al., 

2017, Paasonen et al., 2018), it may result in a different response in functional connectivity 

between control and alcohol-exposed animals. Second, although body temperature and 

breath rate were monitored and controlled during the experiments, physiological conditions 

such as heart rate and blood oxygen saturation level were not monitored. As body 

temperature and breathing rate are two important factors on oxygen saturation level, 

controlling these two conditions can, to some extent, help to keep oxygen saturation in a 

consistent level. 

VIII-F. Future Directions 

Our work revealed sex-dependent alterations of functional connectivity in brain 

circuits related to cognitive flexibility and multisensory processing, and alterations in brain 

network organization after alcohol exposure during early or late fetal stage. It raised some 

further questions and provided directions for future studies. 

Our findings showed that neurodevelopmental outcomes following prenatal alcohol 

exposure changed with age. Current studies on FASD usually focus on a specific age 

(mostly childhood or adolescence) or combine subjects in a range of ages (e.g., from ~10 

to 18, referred as children and adolescents). In this case, researchers may miss the 

alterations that appear in other developmental stages (e.g., infancy) or in only one age 

subgroup in the sample. For example, in our study, we didn’t assess the animals in the very 
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early postnatal ages, therefore, what happens from the age equivalent to human full-term 

infants to juveniles remain unknown. Moreover, we cannot distinguish the primary and 

secondary effects of alcohol exposure – whether alcohol mainly directly disrupts prenatal 

alcohol development processes or it instead has long-lasting effects on postnatal 

development. This knowledge is extremely important for diagnosis as well as identification 

of intervention window and approaches for subjects in different ages. With this objective 

in mind, future studies may be carried out to first identify alcohol-induced alterations in 

infancy (as a baseline) which helps to identify the acute and long-term pathological 

mechanisms. 

Our findings also indicated altered developmental trajectory after alcohol exposure 

during late fetal stage. The altered developmental trajectory may be related to changes in 

activity-dependent synaptic plasticity. Given that activity-dependent synaptic plasticity 

lasts through the entire life, prenatal exposure to alcohol may also affect the aging 

trajectory beyond young adulthood. Therefore, in addition to evaluating younger subjects, 

future studies may also work with older subjects to obtain a comprehensive view of 

developmental/aging patterns after alcohol exposure during a specific prenatal time frame.  

As indicated in our recent study, resting-state functional connectivity reflects both 

mono-synaptic and multi-synaptic alterations. Future studies can use methods such as 

neuroanatomical tracers to assess alterations in anatomical connections underlying the 

observed functional connectivity changes in this study – whether the changes attribute to 

mono-synaptic or multi-synaptic disruptions and which projection direction is more 

profoundly affected. 
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In addition, future studies can use functional connectivity to evaluate the efficacy 

of interventions. Pharmacological interventions such as choline and vinpocetine were 

shown to be protective for alcohol-induced deficits in the rat and ferret models used in our 

study (Waddell and Mooney, 2017, Medina et al., 2006). Behavioral interventions such as 

working memory training were shown to improve the cognitive flexibility in alcohol-

exposed rats (Waddell and Mooney, 2017). In future studies, we can assess the outcomes 

of these interventions and see whether they can restore the functional connectivity in 

corresponding brain circuits. Some advanced non-invasive techniques for neuromodulation 

such as transcranial magnetic stimulation and transcranial focused ultrasound were 

reported to safely improve cognitive functions in human subjects (Bagherzadeh et al., 2016, 

Legon et al., 2014). Future studies can use rsfMRI to identify, more precisely, therapeutic 

targets and mechanisms of these techniques which will help the development of personal 

neuromodulation interventions for FASD subjects at different ages and with different 

timing of alcohol exposure. 

Last but not the least, because fMRI can provide numerous information in a short 

time period (e.g., data from the entire brain), future studies can take this advantage and 

look for other reliable biomarkers for diagnosis and guidance of intervention. For example, 

in the study regarding cognitive flexibility, we only assessed functional connectivity 

between prefrontal cortices and dorsal striatum which may be more sensitive to the shifting 

and reversal aspect of cognitive flexibility. Future studies may extract information of the 

dynamic mutual interactions with various circuits involving regions like ventral striatum, 

anterior cingulate cortex and motor cortex, and generate a comprehensive profile that 

represents different aspects of tasks for cognitive flexibility as well as other domain of 
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executive function (e.g., focus, encoding, switching, inhibition, sustain). Considering the 

large variability within FASD subjects, this comprehensive profile will provide valuable 

information for subject-specific intervention. 

VIII-G. Conclusion 

In conclusion, through the use of rsfMRI and advanced network analysis method, 

we were able to detect the brain circuit alterations that may relate with cognitive flexibility 

and multisensory processing as well as to characterize the brain network organization 

changes following alcohol exposure during early and late fetal stage. Alcohol exposure 

during different time frame resulted in different alterations which were varied with sex and 

age. Specifically, males were affected profoundly than females in individual brain circuits 

and more alterations were observed in younger age than older age. This series of studies 

put forward the necessity of considering exposure time frame, sex difference and the effect 

of age in future studies on the pathological mechanism, prevention window, preventative 

and therapeutic approaches. 
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