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ABSTRACT 
 
 

TERATOGENIC EFFECTS OF ETHANOL ON LAYER VI PYRAMIDAL NEURONS IN 

THE MEDIAL PREFRONTAL CORTEX 

 
Emma Louise Louth    Advisor: 

University of Guelph, 2017    Dr. Craig D.C. Bailey 

 

Chronic exposure to ethanol during development can induce a wide variety of teratogenic 

effects. These effects may include craniofacial abnormalities, growth deficiencies and 

neurocognitive deficits, which in humans all fall under the umbrella term of Fetal Alcohol 

Spectrum Disorders (FASD). Neurocognitive deficits rank among the most common 

components of FASD and are particularly exemplified by the onset of attention deficits. 

However, the underlying neural mechanisms of these attention deficits in FASD are not 

known. Pyramidal neurons in layer VI of the medial prefrontal cortex (mPFC) play an 

important role in normal attention and effects of developmental ethanol exposure on this 

neuronal population have not been characterized. It was hypothesized that chronic 

developmental ethanol exposure impairs attention by persistently disrupting the 

development and mature function of layer VI pyramidal neurons in the mPFC.  

 

The mouse was used as the laboratory animal model for mammalian brain development 

in this thesis. First, long-term effects of developmental ethanol exposure were 

characterized in adult male mice, which included decreased performance on an attention 

task. This outcome was accompanied by alterations to the physiology and morphology of 



	

mPFC layer VI neurons, which exhibited decreased intrinsic excitability, increased 

responses to stimulation of nicotinic acetycholine (nACh) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) receptors and decreased dendrite tree size. To 

better-understand the timing and mechanisms by which this adult phenotype emerges, 

near-term effects of developmental ethanol exposure on layer VI neurons were 

characterized in young postnatal mice. Here, developmental ethanol exposure did not 

affect neuron physiology in male mice and increased nACh receptor function in female 

mice. Developmental ethanol exposure decreased dendrite tree size in male mice to a 

lesser extent than that observed in adult male mice, and increased dendrite tree size in 

female mice. The emergence of more severe teratogenic effects in adulthood compared 

with young postnatal life suggests that developmental ethanol exposure alters the 

developmental trajectory of mPFC layer VI pyramidal neurons to alter their physiology 

and morphology in adulthood. This research provides novel insight into potential neural 

mechanisms that underlie attention deficits associated with FASD and opens the door to 

future research to develop therapeutic/intervention strategies. 
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General Introduction 
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1.1 Fetal Alcohol Spectrum Disorders 

Consuming alcohol during pregnancy can have permanent adverse consequences for a 

developing fetus. The teratogenic effects of ethanol were first characterized in the medical 

literature in 1968 by Lemoine et al. who described common abnormalities in children of 

alcoholic mothers. It was shortly thereafter that Jones and Smith (1973) coined the clinical 

term Fetal Alcohol Syndrome (FAS), which is now generally characterized by craniofacial 

abnormalities, growth deficiencies and neurocognitive deficits (Jones and Smith, 1975; 

Chudley et al., 2005). Since that time, clinical research in humans and preclinical research 

in laboratory animals has endeavoured to better understand the nature of this disorder 

and to identify therapeutic interventions. 

 

The diagnosis of FAS was originally based mainly on the hallmark craniofacial 

abnormalities, which include thin upper lip, flat philtrum and short palpebral fissures 

(Jones and Smith, 1975). However, it was soon recognized that the neurocognitive 

deficits associated with exposure to ethanol during development could occur without the 

presence of the craniofacial abnormalities and new diagnostic terms including alcohol 

related birth defects, alcohol related neurodevelopmental disorder, partial FAS and fetal 

alcohol effects, were created to reflect this (Clarke and Gibbard, 2003). More recently, 

researchers have moved towards the umbrella term fetal alcohol spectrum disorders 

(FASD) to encompass all malformations resulting from developmental ethanol exposure 

(Sokol et al., 2003) and in late 2016 Canada changed their clinical diagnostic guidelines 

to simply FASD with or without sentinel facial features (Cook et al., 2016).	This evolution 

in our understanding of the effects of prenatal ethanol exposure and therefore the 
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diagnostic criteria, has opened the door to research exploring some of the less obvious 

manifestations of ethanol teratogenesis (particularly neurocognitive deficits) in this 

population.		

 

Given the effort put into public awareness and educational campaigns addressing the 

risks of drinking during pregnancy, some may think that developed countries such as 

Canada would not have a high prevalence of FASD. Although warning labels on alcohol 

have been shown to increase awareness of the potential dangers of drinking during 

pregnancy, they have not been shown to alter the behaviour of heavy drinkers (Hankin et 

al., 1996). As well, rates of drinking during pregnancy are still high with over 16% of 

women in Canada reporting that they have consumed alcohol during pregnancy and 

although ethanol teratogenesis is completely preventable, FASD is still diagnosed in 

approximately 3% of all live births (Roozen et al., 2016). FASD continues to be a problem 

in developed countries (Roozen et al., 2016) and without effective treatment options for 

the neurocognitive deficits associated with FASD, this disorder will continue to greatly 

impact the lives of affected individual and their families. For example, over 60% of children 

with FASD will be suspended or expelled from school and 50% of people diagnosed with 

FASD will be arrested or confined to an institution at some point in their lives. This also 

impacts their families as over 80% of adults diagnosed with FASD are in dependent living 

situations and 80% of these people also have problem finding or keeping employment 

(Streissguth et al., 1996). Finally, FASD imparts significant costs to not only the affected 

individuals and their families, but also to society with an estimated economic burden of 

$1.8 billion dollars annually resulting from healthcare, education and judicial system costs 
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(Popova et al., 2016). More effective therapeutic options for neurocognitive deficits 

associated with FASD would better enable these individuals to succeed in school and 

work and allow them to lead more independent lives, overall improving quality of life and 

decreasing the burden on families and society.   

 

1.2 Attention Deficits Associated with Fetal Alcohol Spectrum Disorders 

1.2.1 Human Research 

The most commonly diagnosed co-morbidity with FASD is attention deficit hyperactivity 

disorder (ADHD), which is diagnosed in 41-95% of children with FASD (Streissguth et al., 

1996; Bhatara et al., 2006; Fryer et al., 2007a; Rasmussen et al., 2010). These individuals 

are often prescribed medications indicated for ADHD (such as methylphenidate) that have 

not been tested specifically in children with FASD. Clinical studies have shown that these 

common ADHD medications, which are 70% effective in treating attention deficits in 

children diagnosed with ADHD alone (Schachter et al., 2001), are only 22% effective in 

treating treat attention deficits in children diagnosed with FASD (O'Malley et al., 2000). 

These medications have also been associated with increased occurrence of adverse 

effects in children with FASD as these children are often diagnosed with multiple 

comorbidities and are therefore taking multiple medications that can interact (O’Malley 

and Storoz, 2003; Paley and O'Connor, 2009; Peadon and Elliott, 2010). Although these 

ADHD medications have been shown to improve parent and teacher ratings of behavior, 

they have not been shown to improve sustained attention in children affected by FASD 

(Snyder et al., 1997; Oesterheld et al., 1998; O'Malley and Nanson, 2002; Doig et al., 

2008). Many of these children may therefore still experience attention deficits even when 
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on medication to treat this cognitive impairment, which makes it more difficult for them to 

succeed in school and later in life in the workplace (Streissguth et al., 1996).   

 

Given the lack of effective therapeutic interventions to treat attention deficits in FASD, 

researchers have questioned whether the attention deficit profile of children diagnosed 

with FASD/ADHD is consistent with that of children diagnosed with ADHD alone. Studies 

comparing children diagnosed with FASD/ADHD and ADHD alone have shown qualitative 

differences in the attentional profiles between the two groups (Brown et al., 1991; Coles 

et al., 1997; Kooistra et al., 2010; Kooistra et al., 2011; Infante et al., 2015). In general, 

children diagnosed with FASD are found to have greater problems sustaining attention 

(Streissguth et al., 1984; Brown et al., 1991; Coles et al., 2002; Streissguth et al., 2009; 

Infante et al., 2015), but this finding has not always been replicated (Coles et al., 1997). 

In addition to differences in attentional profiles, researchers have also assessed general 

cognitive abilities in these children, with tests that include a component involving attention 

(Sarter et al., 2001). Researchers have consistently found worse performance on these 

tests in children with FASD compared to children with ADHD alone (Ware et al., 2012; 

Glass et al., 2013; Raldiris et al., 2014; Boseck et al., 2015).	 

 

Given the prevalence of ADHD in the population of people affected by FASD, researchers 

have investigated whether a diagnosis of ADHD is even necessary, or if attention deficits 

are simply a hallmark feature of FASD (O'Malley and Nanson, 2002; Infante et al., 2015). 

Herman et al. (2008) found no difference in attention performance between children 

diagnosed with FASD/ADHD and those diagnosed with FASD alone. A Canadian study 
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(Rasmussen et al., 2010) found that children diagnosed with FASD/ADHD performed 

worse on tests of attention than those diagnosed with FASD alone. However, 90% of their 

sample population was diagnosed with co-morbid ADHD and those children diagnosed 

with FASD alone still met the criteria for having attention deficits. Therefore, a diagnosis 

of ADHD may in fact, not be necessary and attention deficits may be a consistent 

neurocognitive deficit associated with FASD, further suggesting that such deficits may 

have a unique root cause associated with developmental ethanol exposure.  

 

Taken together, the qualitative differences in attention deficit profiles and cognitive 

function profiles, and the fact that the vast majority of those diagnosed with FASD have 

attention deficits, suggests that the attention deficits associated with FASD may be 

qualitatively different than those associated with ADHD. Furthermore, given that 

therapeutic interventions that are highly effective in children with ADHD alone are not 

effective in this population, the underlying neural mechanisms of these attention deficits 

may also differ. 

 

1.2.2 Animal Research 

The next logical step in understanding the attention deficits associated with FASD would 

be to study animal models of ethanol teratogenesis. Although there were no published 

animal studies specifically investigating the effects of developmental ethanol exposure on 

attention when our laboratory began studying this area in 2013, there are now three 

published animal studies on this topic including my own work presented in chapter three 

of this thesis. Comeau et al. (2014) studied the effects of a low dose of ethanol during the 
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equivalent of the human first and second trimesters only in rats and found no effect of 

developmental ethanol exposure on attention performance. However, Brys et al. (2014) 

using the same paradigm, demonstrated sustained attention deficits that were consistent 

with human literature in children with FASD. Therefore, results thus far are inconsistent 

on how developmental ethanol exposure affects attention in animal models. The 

implications of these two studies are discussed further in chapter three.    

 

Currently, the only available therapeutic options to treat attention deficits are based on 

the assumption that the underlying mechanism of the attention deficits is the same in 

children diagnosed with FASD as it is in those diagnosed with ADHD. It is believed that 

ADHD results from dysregulation of nigrostriatal, mesolimbic and mesocortical 

dopaminergic neurotransmitter systems and thus methylphenidate, the most prescribed 

ADHD medication, blocks catecholamine reuptake to ameliorate these deficits (Engert 

and Pruessner, 2008). Developmental ethanol exposure has been shown to affect 

dopaminergic neurons in this system in rodents; however, results are inconsistent (Druse 

et al., 1990; Shen and Chiodo, 1993; Gillespie et al., 1997; Shen et al., 1999; Sobrian et 

al., 2005). Work in non-human primates is also inconsistent where studies have observed 

an increase, decrease or no change in dopamine receptor expression in the striatum 

(Roberts et al., 2004; Schneider et al., 2005; Converse et al., 2014). Furthermore, 

recordings from dopaminergic neurons in the ventral tegmental area using in vivo 

extracellular single unit recordings found that the application of methylphenidate can 

normalize firing in these neurons in animals exposed to ethanol during development 

(Choong and Shen, 2004). However, behavioural testing in mice has shown that 
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methylphenidate does not decrease hyperactivity in mice exposed to ethanol during 

development (Ulug and Riley, 1983; Means et al., 1984). There have been no studies 

testing the efficacy of methylphenidate on attention in animals exposed to ethanol during 

development. 

 

Overall, it appears that developmental ethanol exposure can affect the dopaminergic 

neurons that are important for attention, and methylphenidate may have beneficial effects 

at the neuron level. However, this does not seem to translate into beneficial effects at the 

circuit or behaviour level in rodents or humans exposed to ethanol during development. 

Therefore, the attention deficits associated with FASD may be the result of more severe 

dysregulation in the dopaminergic systems, for which the medication is insufficient. 

Alternatively, this may not be the only neurotransmitter system on which we should be 

focussing as there could be another neurotransmitter system important for attention that 

is affected by developmental ethanol exposure (O'Malley and Nanson, 2002). This thesis 

will focus on the latter possibility.  

 

1.3 The Medial Prefrontal Cortex and Attention 

1.3.1 What is Attention? 

Attention is a basic requirement for many higher-order cognitive functions including 

learning and memory (Sarter et al., 2001). In 1984, Francis Crick described attention as 

a “searchlight” in the brain that is used to focus on important information (Crick, 1984). 

This description makes attention seem simple, however with advances in our 

understanding it has proven to be much more complex. The current literature divides 
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attention into three main typologies: orienting, executive and alerting (Petersen and 

Posner, 2012). Orienting, may be referred to as selection, and describes the ability to 

direct attention to a stimulus based on location or other modalities (Raz and Buhle, 2006; 

Petersen and Posner, 2012).	Executive attention was previously referred to as target 

detection (Posner and Petersen, 1990), as it is the attentional process that occurs after a 

signal is detected and the way in which this detection can slow down recognition of a 

subsequent signal. Executive attention is necessary for planning, decision making and 

error detection (Raz and Buhle, 2006). Alerting is also referred to as sustained attention 

or vigilance, and is the attentional process by which a subject remains alert and ready to 

respond to a stimulus (Raz and Buhle, 2006; Petersen and Posner, 2012). The research 

in this thesis focuses on alerting, or sustained attention as it is referred to in this work, as 

children diagnosed with FASD have been specifically identified as having problems with 

sustained attention (Brown et al., 1991).  

 

Identifying the neural networks behind attention performance and elucidating their 

intricacies continues to be a challenge for neuroscientists today. Given the different types 

of attention and the challenges of testing only one in a given task, elucidating the neural 

networks behind attention becomes particularly challenging and there may in fact be 

some overlap between the networks (Sarter et al., 2001).	It has been proposed that for 

sustained attention, the locus coeruleus provides noradrenergic input to the thalamus and 

basal forebrain. These noradrenergic connections are thought to be the arousal 

component of this network.  The prefrontal cortex (PFC) then receives cholinergic input 

from the basal forebrain and glutamatergic input from the thalamus. Then, the PFC 
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provides feedback for “top-down” control of processing (Sarter et al., 2001). Brain regions 

potentially involved in sustained attention are summarized in Figure 1. Although we do 

not have a complete understanding of the networks involved, we do know fragments of 

the network important for sustained attention. One piece that has been of particular 

interest and is the focus of this work is cholinergic signaling in the PFC (Sarter et al., 

2006).  
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Figure 1. Brain regions and neural connections proposed to be involved in sustained 

attention. Brain regions known to be important for attention are shown in green. The locus 

coeruleus (LC) has noradrenergic projections (blue arrows) to the basal forebrain (BF) 

and thalamus (Th). The basal forebrain then provides cholinergic input (black arrow) to 

the prefrontal cortex (PFC) and the thalamus provides glutamatergic input (red arrows) to 

the prefrontal cortex. The prefrontal cortex then provides feedback to the thalamus 

through glutamatergic projections. Adapted from the model proposed in Sarter et al. 

(2001).  
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1.3.2 The Medial Prefrontal Cortex 

The medial prefrontal cortex (mPFC) is known for its role in higher cognitive functions 

including learning (Tronel and Sara, 2003; Corcoran and Quirk, 2007), memory (Seamans 

et al., 1995; Euston et al., 2012) and attention (Dalley et al., 2004; Bailey et al., 2010; 

Guillem et al., 2011). The rodent mPFC is divided into three main areas, the prelimbic, 

infralimbic and anterior cingulate (Van Eden and Uylings, 1985). Some research will 

simply divide the mPFC into the dorsal and ventral mPFC, combining the prelimbic and 

infralimbic areas (Riga et al., 2014), as research has shown differential functions of the 

dorsal and ventral mPFC (Heidbreder and Groenewegen, 2003; Luchicchi et al., 2016). 

The mPFC is also divided into cortical layers I-VI as shown in Figure 2A, however it should 

be noted that unlike the primate brain, the rodent mPFC does not contain layer IV (Van 

Eden and Uylings, 1985). Overall 80-90% of neurons in the mPFC are glutamatergic 

pyramidal neurons found in layers II-VI and 10-20% of neurons are GABAergic 

interneurons (Riga et al., 2014). Pyramidal neurons generally consist of a large triangular 

cell body, with one long apical dendrite that usually projects towards the pial surface, 

however, some inverted pyramidal neurons have been observed in deeper cortical layers 

(van Brederode and Snyder, 1992; Mendizabal-Zubiaga et al., 2007). Interneurons have 

a markedly different morphology with smaller, rounder cell bodies with no apparent apical 

dendrite and are typically aspiny. The cortex contains interneurons that form axo-somatic 

synapses and neurons that form axo-axonic synapses (Jones, 1986).  

 

Pyramidal neuron morphology, afferent connections and efferent connections are distinct 

to each layer of the mPFC and examples are shown in Figure 2B. Layer I is sparsely 
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populated with interneurons and is mostly composed of the apical dendrites of neurons 

from deeper layers (Shipp, 2007). It is known to receive cholinergic input from the basal 

forebrain (Lysakowski et al., 1989; Henny and Jones, 2008). Layer II/III receives input 

from the mediodorsal thalamus (Rotaru et al., 2005) and mainly makes cortico-cortical 

connections, but also has efferent projections to the basolateral amygdala and striatum 

(Gabbott et al., 2005; Hoover and Vertes, 2007). The pyramidal neurons in this layer sit 

in a dense band and their apical dendrites project into layer I and have a complex dendritic 

tree structure (van Aerde and Feldmeyer, 2015). Layer V is the largest layer and also the 

main output layer of the mPFC and has efferent projections to a number of areas including 

the hypothalamus, striatum, basolateral amygdala, ventral tegmental area, 

mediodorsal/midline thalamus, septum and spinal cord (Vertes, 2002; Gabbott et al., 

2005). Layer V pyramidal neurons have a long apical dendrite that projects through layer 

II/III and into layer I and have large apical tufts (van Aerde and Feldmeyer, 2015). Both 

layers V and VI receive input from the midline thalamus, the hippocampus and the more 

superficial layers of the cortex (Jay and Witter, 1991; Vertes, 2006). Layer VI has efferent 

projections to the midline thalamus, thalamic reticular nuclei, lateral hypothalamus, 

striatum and basolateral amygdala (Vertes, 2002; Gabbott et al., 2005; Zikopoulos and 

Barbas, 2006). Layer VI pyramidal neurons have two general phenotypes: long and short. 

The long neurons project to layer I but are easily distinguishable from layer V pyramidal 

neurons, as their dendritic tree is much less complex with a much smaller apical tuft. Short 

pyramidal neurons typically terminate in layer V (Bailey et al., 2012; Bailey et al., 2014). 

It is hypothesized that these long and short neurons serve distinct functional purposes 

(van Aerde and Feldmeyer, 2015). 
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These layers all work in a delicate balance receiving input from other brain regions and 

working together in neuronal columns, a local signal between more superficial and deeper 

layers (Mountcastle, 1997). Any alterations to the cortical organization or neuronal 

morphology could impact signaling not only within the individual layer but also within the 

neuronal column. This could affect signaling from the mPFC to other brain regions and 

disrupt neural networks such as those important for attention.   
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Figure 2. Medial prefrontal cortex (mPFC) and pyramidal neuron morphology. (A) 

Coronal section of the mouse mPFC at Bregma 1.54 mm. The left hemisphere depicts a 

cresyl violet stained section with black lines A-E representing the approximate location 

of cortical layers I-VI. Layer I falls between lines A-B, layer II/III: B-C, layer V: C-D and 

layer VI: D-E. The right hemisphere shows the mPFC area shaded in grey, and the 

three regions, the anterior cingulate cortex (Cg1), the prelimbic cortex (PrL) and the 

infralimbic cortex (IL) of the mPFC labelled. This image has been modified from 

(Paxinos and Franklin, 2001). (B) Exemplar traces of adult mouse mPFC pyramidal 

neuron morphology. Lines A-E are labelled as above to differentiate the different cortical 

layers.    
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1.3.3 Medial Prefrontal Layer VI Pyramidal Neurons and Their Role in Attention 

The mPFC has been identified as being important for normal attention through the use of 

lesioning studies (Robbins, 2002; Dalley et al., 2004; Luchicchi et al., 2016). In early 

studies of cognitive deficits associated with FASD, the mPFC was suggested as 

potentially having a role in the attention deficits seen in individuals with FASD (Nagahara 

and Handa, 1995). Cholinergic signaling in this area has been of particular interest due 

to the observed increase in acetylcholine in the mPFC during attention tasks (Dias et al., 

1996; Himmelheber et al., 2000; Passetti et al., 2000; McGaughy et al., 2002; Kozak et 

al., 2006), which is proportional to the attentional demands of the task (Passetti et al., 

2000; Kozak et al., 2006; Parikh et al., 2007). Lesioning the cholinergic projections 

coming from the basal forebrain to the mPFC also results in decreased attention 

performance (Robbins et al., 1989; McGaughy et al., 2002).  

 

Layer VI pyramidal neurons are of particular interest as it is known that this layer has 

afferent projections to the thalamus, which is also important for attention (Chudasama 

and Muir, 2001). The output from layer VI modulates the gain of signal coming from the 

mPFC to the thalamus through connections via the thalamic reticular nuclei (Zikopoulos 

and Barbas, 2006). These pyramidal neurons are also activated by cholinergic inputs as 

they have cholinergic receptors. Nicotinic acetylcholine receptors (nAChRs) in particular 

have been implicated as mice lacking the β2 nAChR subunit exhibit decreased attention 

performance and re-expressing β2-containing nAChRs in mPFC layer VI pyramidal 

neurons specifically restores attention performance. (Guillem et al., 2011).  
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The endogenous neurotransmitter acetylcholine activates two subclasses of cholinergic 

receptors: muscarinic and nicotinic. The five distinct muscarinic receptors subtypes are 

G-protein-coupled receptors made from five single proteins denoted as M1 through M5. 

Receptors M1, M3 and M5 are excitatory and activate phospholipase C whereas M2 and 

M4 are inhibitory and function by inhibiting adenylyl cyclase activity (Hulme et al., 1990). 

Muscarinic receptors are found throughout the brain. M1 and M3 have been found in the 

cortical pyramidal neurons (Mrzljak et al., 1993; Levey et al., 1994) and M1 is known to 

be localized in pyramidal neurons in layers III, V and VI (Mrzljak et al., 1993). This work 

focuses on the nAChR subtype, which are pentameric ligand-gated ion channels 

composed of five subunits that can be α (α2- α10) or β (β2-β4) subunits. They can form 

homomeric receptors such as the α7 receptor found throughout the brain or heteromeric 

receptors such as the α4β2*, α3β4* and α6β2* receptors. These heteromeric receptors 

contain two of each of the named subunits (e.g. the α4β2* receptor is composed of two 

α4 and two β2 subunits), and a fifth accessory subunit (denoted by the *). These nAChRs 

are found throughout the brain and are known to play a role in higher-order cognitive 

functions such as learning, memory and attention (Dani and Bertrand, 2007; Gotti et al., 

2009). In the mPFC, each layer has a differential pattern of nAChR expression. Pyramidal 

neurons in layers II/III do not express nAChRs, whereas layer V expresses α7 receptors 

and layer VI expresses α4β2* receptors (Poorthuis et al., 2013). This work focuses on the 

layer VI pyramidal neurons and therefore the α4β2* nAChR. This receptor is made up of 

two α4 and two β2 subunits and a fifth accessory subunit, which can be another α4, a β2 

or an α5. Ligand binding sites are formed between the alpha and beta subunits 

(Albuquerque et al., 2009). Layer VI pyramidal neuron nAChRs are known to incorporate 
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the α5 subunit as their accessory subunit (Kassam et al., 2008; Bailey et al., 2010), and 

the receptors that incorporate the α5 subunit have higher calcium permeability and can 

be affected by the allosteric modulator galantamine (Kuryatov et al., 2008). These α4β2* 

nAChRs are of particular interest as both the β2 (Guillem et al., 2011) and α5 (Bailey et 

al., 2010) subunits of nicotinic receptors found in layer VI pyramidal neurons are 

necessary for normal attention performance.  

 

1.4 Mechanisms of Ethanol Teratogenesis 

In order to determine how to approach the treatment of developmental ethanol exposure 

the mechanisms by which ethanol damages the brain during development must first be 

discussed. Ethanol can have both direct and indirect effects on fetal development, 

creating the complex pattern of damage observed with FASD. Examples of direct effects 

include interactions with cell membranes, interactions with receptors and epigenetic 

effects. Indirect effects include effects of ethanol on the placenta, nutritional deficiencies, 

downstream effects of ethanol metabolites and consequences of ethanols interaction with 

neurotransmitter receptors.  

 

1.4.1 Ethanol Metabolism 

To understand many of the indirect effects of ethanol on the fetus, it is important to first 

discuss how ethanol is metabolized into acetaldehyde, which can induce toxicity and 

produce reactive oxygen species. Orally ingested ethanol easily crosses the placenta and 

within one to two hours ethanol levels in the fetal compartment reach their peak 

concentration (Idanpaan-Heikkila et al., 1972). Once ethanol enters the fetal compartment 
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it remains there long after maternal blood ethanol has been eliminated. It is estimated 

that the fetal elimination rate of ethanol is only three to four percent of that of the maternal 

elimination rate. This is due to the fact that fetal elimination occurs mainly by returning 

ethanol to the maternal circulation, which in later pregnancy can only happen through 

fetal swallowing and the intramembranous pathway, which limits the rate of circulation 

back to the maternal blood (Heller 2014). In addition, ethanol may decrease blood flow 

across the placenta (Kay et al., 2000; Acevedo et al., 2001) and umbilical cord (Savoy-

Moore et al., 1989), further reducing elimination and potentially inducing hypoxia. 

 

It is important to remember that animals may have different pharmacokinetics with respect 

to ethanol exposure. In humans, the blood ethanol concentration in the fetal compartment 

does not reach the same levels as maternal blood ethanol concentrations, it remains 

much lower (Brien et al., 1983) and the same finding has been made in ewes (Brien et 

al., 1987). In rats (Guerri and Sanchis, 1985; Hayashi et al., 1991) and guinea pigs (Clarke 

et al., 1986) however, ethanol levels in the fetal compartment have been found to reach 

the same level as the maternal blood approximately one hour after exposure. Therefore, 

the ethanol concentration that reaches the fetal compartment as a percentage of maternal 

blood ethanol concentration may differ between large and small animal models. Although 

ethanol diffuses across the placenta easily and ethanol elimination from the fetal 

compartment is slower than elimination from the maternal blood across all species, 

individual species’ pharmacokinetics should be taken into consideration when 

determining dosage for animal models of developmental ethanol exposure. 
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In adult humans, the majority of ethanol metabolism occurs through an oxidative pathway 

in the liver, which uses alcohol dehydrogenase (ADH) to convert ethanol to acetaldehyde, 

which is then converted to acetate by aldehyde dehydrogenase and is eventually 

converted to water and carbon dioxide to be eliminated (Cederbaum, 2012). An overview 

of these oxidative pathways is presented in Figure 3. However, a fetus will only begin to 

produce ADH at around two months of gestation and the metabolism occurs at a much 

slower rate than that of an adult (Cowan Jr et al., 1996). Therefore, much of the ethanol 

metabolism in the fetal compartment occurs via a second metabolic pathway mediated 

by the P450 enzyme CYP2E1. This pathway also converts ethanol into acetaldehyde but 

creates ROS in the process. CYP2E1 is present in the fetal brain where it will metabolize 

ethanol, which can result in oxidative stress that is thought to be one of the main 

contributors to the teratogenic effects of ethanol (Brzezinski et al., 1999). A third metabolic 

pathway uses the catalase enzyme in peroxisomes to convert ethanol into acetaldehyde 

by reducing hydrogen peroxide to water. This pathway however, is not considered to have 

a large contribution to ethanol metabolism (Handler and Thurman, 1990). In addition, 

acetaldehyde, a product of all three metabolic pathways, is also a highly reactive 

electrophilic compound that can interact and form adducts with proteins, amino acids and 

neurotransmitters (Quertemont and Didone, 2006). 
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Figure 3. Overview of oxidative pathways of ethanol metabolism. There are three 

oxidative pathways that convert ethanol into acetaldehyde. The first occurs in 

peroxisomes using the catalase enzyme and reduces hydrogen peroxide to water (top 

left). The second, and most common pathway, occurs in the cytosol and uses alcohol 

dehydrogenase (ADH) and reduces NAD+ to NADH (middle left). The third pathway 

occurs in microsomes uses the CYP2E1 enzyme and oxidizes NADPH to NADP+ (bottom 

left). After the production of acetaldehyde, aldehyde dehydrogenase 2 (ALDH2) in the 

mitochondria reduces NAD+ to NADH to convert acetaldehyde to acetate (right). 

Reproduced from Zakhari (2006). 

  

attributed predominantly to the stom-
ach (Lim et al. 1993; Baraona 2000), 
other previous studies (Lee et al. 2006) 
stress the role of the liver. Human 
ADH3, which is present in the liver 
and stomach, metabolizes alcohol 
poorly at physiological BACs (i.e., 0.23 
g% BAC [or <50 mM]) in the liver but 
may play an important role in FPM in 
the stomach, because gastric alcohol 
concentrations can reach molar range 
during alcohol consumption (Baraona et 
al. 2001; Lee et al. 2003). However, 
Crabb (1997) pointed out the insuffi-
ciency of gastric ADH to account for 
FPM, so this remains unresolved. 

Alcohol also is metabolized in nonliver 
(i.e., extrahepatic) tissues that do not 
contain ADH, such as the brain, by the 
enzymes cytochrome P450 and catalase 
(see below). In general, alcohol meta-
bolism is achieved by both oxidative 
pathways, which either add oxygen or 

remove hydrogen (through pathways 
involving ADH, cytochrome P450, and 
catalase enzymes), and nonoxidative 
pathways. 

Oxidative Pathways 

As shown in Figure 1, ADH, cytochrome 
P450 2E1 (CYP2E1), and catalase all 
contribute to oxidative metabolism of 
ethanol. 

ADH. The major pathway of oxidative 
metabolism of ethanol in the liver 
involves ADH (present in the fluid of 
the cell [i.e., cytosol]), an enzyme with 
many different variants (i.e., isozymes). 
Metabolism of ethanol with ADH pro-
duces acetaldehyde, a highly reactive 
and toxic byproduct that may con-
tribute to tissue damage and, possibly, 
the addictive process. As shown in 

Table 1, ADH constitutes a complex 
enzyme family, and, in humans, five 
classes have been categorized based on 
their kinetic and structural properties. 
At high concentrations, alcohol is elim-
inated at a high rate because of the 
presence of enzyme systems with high 
activity levels (Km),2 such as class II 
ADH, β3-ADH (encoded by ADH4 
and ADH1B genes, respectively) and 
CYP2E1 (Bosron et al. 1993). This 
oxidation process involves an interme-
diate carrier of electrons, nicotinamide 
adenine dinucleotide (NAD+), which is 
reduced by two electrons to form 
NADH. As a result, alcohol oxidation 
generates a highly reduced cytosolic 
environment in liver cells (i.e., hepato-
cytes). In other words, these reactions 

2Km is a measurement used to describe the activity of an 
enzyme. It describes the concentration of the substance 
upon which an enzyme acts that permits half the maxi-
mal rate of reaction. 
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Figure 1 Oxidative pathways of alcohol metabolism. The enzymes alcohol dehydrogenase (ADH), cytochrome P450 2E1 
(CYP2E1), and catalase all contribute to oxidative metabolism of alcohol. ADH, present in the fluid of the cell (i.e., 
cytosol), converts alcohol (i.e., ethanol) to acetaldehyde. This reaction involves an intermediate carrier of electrons, 

+nicotinamide adenine dinucleotide (NAD ), which is reduced by two electrons to form NADH. Catalase, located in cell 
bodies called peroxisomes, requires hydrogen peroxide (H2O2) to oxidize alcohol. CYP2E1, present predominantly in 
the cell’s microsomes, assumes an important role in metabolizing ethanol to acetaldehyde at elevated ethanol concen-
trations. Acetaldehyde is metabolized mainly by aldehyde dehydrogenase 2 (ALDH2) in the mitochondria to form acetate 
and NADH. ROS, reactive oxygen species. 
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1.4.2 Nutritional Deficiencies  

One of the predominant indirect effects of ethanol on fetal development occurs through 

nutritional deficiencies. Ethanol is known to disrupt the placental transporter for zinc and 

the metabolic pathways of vitamin A and choline (Ghishan et al., 1982; Duester, 1991; 

Miller et al., 1993). Zinc is an important co-factor for a number of enzymes and is 

necessary for the synthesis of antioxidant enzymes. Zinc deficiency during pregnancy is 

known to increase oxidative damage and can manifest as growth deficiencies and smaller 

brains, similar to what is seen in FASD (West et al., 1994; Uriu-Adams and Keen, 2010). 

Not only does ethanol decrease zinc plasma levels in pregnant women who drink (Flynn 

et al., 1981), but it also disrupts the placental zinc transporters, resulting in zinc deficiency 

in the fetus (Ghishan et al., 1982). Thus far, animal studies are inconclusive as to whether 

or not zinc supplementation could be beneficial to prevent some of the damage of alcohol-

related zinc deficiency (Chen et al., 2001; Summers et al., 2009). 

 

Vitamin A (retinoic acid) is a morphogen and important for the establishment of the 

anterior-posterior axis of the developing central nervous system (Durston et al., 1989) 

and for neurite outgrowth (Dmetrichuk et al., 2006). In the retinoic acid metabolic pathway, 

retinol is first converted into retinaldehyde via alcohol dehydrogenase and subsequently 

into retinoic acid. Ethanol competes for alcohol dehydrogenase, resulting in less retinoic 

acid available for the fetus, which could have negative effects on the developing brain 

(Duester, 1991). In fact, in zebrafish it has been shown that retinoic acid supplementation 

can prevent some of the deficits caused by developmental ethanol exposure (Marrs et 

al., 2010).  
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Ethanol has also been shown to disrupt the uptake of dietary choline and reduce 

phosphatidylcholine, the precursor to choline (Chu and Nguyen, 1993; Miller et al., 1993). 

Choline deficiency has been shown to result in neural tube defects in the developing fetus 

(Fisher et al., 2002). Acetylcholine signaling, which plays a role in neuron growth and 

synaptogenesis is also dependent on choline (Lauder and Schambra, 1999). There have 

been a number of studies from Jennifer Thomas’s laboratory assessing the effects of 

choline supplementation on the deficits associated with developmental ethanol exposure 

in rats. The group has determined that some of the working memory deficits associated 

with FASD can be prevented by administering choline prenatally (Thomas et al., 2010) 

and perinatally (postnatal day (P) 4-30) (Thomas et al., 2004). They have also found that 

choline can prevent increases in inhibitory muscarinic receptors in the hippocampus that 

result from developmental ethanol exposure (Monk et al., 2012). There is a window where 

this supplementation is most effective as rats given a choline supplementation at older 

ages do not demonstrate the same improvements as rats given a supplement at a 

younger age. For example, rats exposed to ethanol during development and given 

supplemental choline from postnatal day 21-30 will still exhibit learning deficits (Ryan et 

al., 2008) and supplementation during rat adolescence (P40-60) has very limited efficacy 

but does improve spatial working memory (Schneider and Thomas, 2016). In humans, 

choline supplementation has been shown to improve psychomotor deficits associated 

with developmental ethanol exposure but it does not impact cognitive function (Coles et 

al., 2015). Another study administered choline supplements to young children diagnosed 

with FASD and found that it had some beneficial effects on working memory, but only in 
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younger children (two to four years old), again suggesting an age-related therapeutic 

window to attenuate some of the working memory deficits associated with FASD 

(Wozniak et al., 2015).  

 

Although developmental ethanol exposure can induce nutritional deficiencies, which 

certainly contribute to the growth and cognitive deficiencies seen in FASD, not all deficits 

can be corrected by vitamin supplementation. There are also direct effects of ethanol 

exposure on the fetus to consider. 

 

1.4.3 Direct and Indirect Effects of Ethanol on Cells 

When ethanol first comes in contact with a cell it interacts directly with the membrane lipid 

bilayer. Ethanol increases fluidity of the membrane (Johnson et al., 1979), which leads to 

membrane disorder (Gurtovenko and Anwar, 2009). This can prevent vesicles fusing with 

the membrane thereby inhibiting neurotransmitter release in neurons (Paxman et al., 

2017). Neurons subjected to chronic ethanol exposure increase their cholesterol levels to 

defend against ethanol-induced damage (Chin et al., 1978).  

 

Ethanol is a small uncharged molecule that can cross a phospholipid membrane by 

passive diffusion (Lodish et al., 2000). Once inside the cell, ethanol can create further 

damage by either directly interacting with cellular components or indirectly, for example 

by the creation of reactive oxygen species.	As previously mentioned, ethanol metabolism 

can result in the formation of ROS. The 1-hydroxyethyl radical formed by ethanol can 

damage cells in a variety of ways, for example by lipid peroxidation (Rouach et al., 1997; 
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Sun et al., 1997) and creating strand breaks in DNA (Navasumrit et al., 2000). Many 

chemical compounds and metabolic pathways result in ROS production, but it is only 

when the cell can no longer metabolize ROS that a state of oxidative stress occurs.  

Ethanol not only creates ROS from its own metabolism but also decreases expression of 

antioxidants such as glutathione peroxidase, superoxide dismutase and catalase 

(Puntarulo et al., 1999). Furthermore, ethanol increases oxidase enzymes such as 

NADPH oxidase in the developing brain (Drever et al., 2012; Hill et al., 2014) creating 

more ROS while at the same time, making it more difficult for the cell to clear the ROS.  

 

Ethanol exposure has also been shown to have consequences for gene expression 

through epigenetic modifications. In a recent large-scale human study, differential 

patterns of DNA methylation were found in children diagnosed with FASD including genes 

for dopaminergic signaling and genes that have been implicated in autism and epilepsy 

(Portales-Casamar et al., 2016). Findings of altered gene expression have also been 

made in mouse models of developmental ethanol exposure (Hard et al., 2005; Zhou et 

al., 2011; Kleiber et al., 2013; Kleiber et al., 2014). These changes could be induced by 

a number of different mechanisms. Ethanol and its metabolite acetaldehyde are known 

to alter histone acetylation, methylation and phosphorylation (Shukla et al., 2008) and 

DNA methylation (Garro et al., 1991).	 Furthermore, the conversion of ethanol to 

acetaldehyde reduces NAD+ to NADH. An increased NADH:NAD+ ratio has a number of 

consequences, for example, this ratio is an important regulator of circadian clock genes 

(Um et al., 2011) and increases carboxyl-terminal-binding protein-mediated repression of 

transcription (Zhang et al., 2002) of genes important for development (Chinnadurai, 
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2003). In addition, ROS are frequently implicated as a cause of epigenetic modifications 

in cancer research (Ziech et al., 2011). More recently, microRNAs (miRNA) have been 

implicated in the teratogenic effects of ethanol. These non-coding RNAs regulate gene 

expression post-translationally (Bartel, 2004). For example miR-9, an miRNA that 

modulates splice variants of large-conductance potassium channels (Pietrzykowski et al., 

2008) and regulates neural stem cell differentiation and proliferation (Shibata et al., 2008) 

has been found to be suppressed in early gestation following ethanol exposure 

(Balaraman et al., 2012) and increased in later stages of gestation (Wang et al., 2009) 

and in adult neuron cultures (Pietrzykowski et al., 2008) following ethanol exposure. 

Differential patterns of miRNA expression have been found following developmental 

ethanol exposure for genes with a wide variety of functions including cell cycle regulation, 

cell death, cranial defects and locomotor activity, which are hypothesized to underlie 

some of the teratogenic effects of ethanol (Sathyan et al., 2007; Wang et al., 2009; 

Balaraman et al., 2013; Ignacio et al., 2014).  

 

1.4.4 Developmental Ethanol Exposure and Neurotransmitter Receptors 

Ethanol interacts directly with a number of neurotransmitter receptors including, N-methyl-

D-aspartate (NMDA), nACh, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid 

(AMPA), glycine and gamma aminobutyric acid (GABA) receptors (Mihic et al., 1997; 

Borghese et al., 2003; Moykkynen et al., 2003; Moykkynen and Korpi, 2012). It has been 

shown that developmental ethanol exposure can alter the expression and function of 

different receptors, for example, an increase in GABAA receptor expression has been 

demonstrated in the adult guinea pig cerebral cortex and hippocampus (Bailey et al., 
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2001; Iqbal et al., 2004) and an increase in GABA receptor function has been found in 

the rat frontal cortex (Janiri et al., 1994) following developmental ethanol exposure. 

Developmental ethanol exposure has also been shown to decrease NMDA receptor 

expression in fetal guinea pigs (Abdollah and Brien, 1995) and adolescent rats (Savage 

et al., 1991). This review will focus on two receptors: nACh and AMPA receptors. 

 

Ethanol can directly interact with nAChRs (Borghese et al., 2003) and acute exposure will 

increase signaling by stabilizing the open state of the nAChR (Nagata et al., 1996; Zuo et 

al., 2004). Ethanol also modulates nAChR desensitization. It is hypothesized that this 

occurs through direct ethanol-lipid membrane interactions (Dopico and Lovinger, 2009) 

and/or its effects on kinases (Huganir and Miles, 1989; Marszalec et al., 2005). Chronic 

ethanol exposure however has been shown to decrease nAChR availability in PET scans 

in non-human primates (Hillmer et al., 2014) and has been shown to decrease nAChR 

expression both in vitro (Dohrman and Reiter, 2003) and in vivo (Robles and Sabria, 

2008). In cell culture, it has also been shown that chronic ethanol exposure decreases α4 

subunit expression, but has no effect on β2 subunit expression. These decreases in 

nAChR expression also translate to a decrease in nAChR function (Majchrzak and 

Dilsaver, 1992). Therefore, acute ethanol exposure has been shown to enhance nAChR 

signaling, while chronic ethanol exposure decreases nAChR signaling. Although the 

acute and chronic effects of ethanol exposure have been well characterized, little is 

known about the effects of developmental ethanol exposure on nAChR signaling. In a 

study that assessed the effects of maternal drinking and smoking on [3H]nicotine binding 

in the cerebellum of children who died from sudden infant death syndrome, it was found 
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that increased maternal drinking was correlated with decreased [3H]nicotine binding and 

therefore suggested that developmental ethanol exposure decreased nAChR expression 

(Duncan et al., 2008). However, given the potential inaccuracies of maternal reports of 

drinking/smoking during pregnancy and the potential interaction effects between alcohol 

and nicotine during development, it is necessary to follow-up this work with animal 

models. To our knowledge, there has only been one animal study assessing the effects 

of developmental ethanol exposure on nAChR signaling. Nagahara and Handa (1999) 

found that following developmental ethanol exposure, nicotine would no longer improve 

performance on a the T-maze, a test of memory. Clearly, this is an area that requires 

more research as dysregulation of nAChR signaling during developmental can have 

downstream effects as this signaling is important for normal neuron maturation and 

cortical organization (Hohmann et al., 1988; Robertson et al., 1998). 

 

This research also studies the effects of developmental ethanol exposure on AMPARs, 

which are also ligand-gated ion channels and are part of the family of ionotropic glutamate 

receptors, which includes NMDA, AMPA and kainate receptors. They are tetramers made 

from subunits (GluR1-4) and each subunit contains a glutamate-binding site. Each 

AMPAR is a heteromer composed of two types of GluR subunits. (Mayer, 2006). These 

receptors are found on pyramidal neurons in the prefrontal cortex (Vickers et al., 1993) 

and most of these contain the GluR2 subunit making them impermeable to calcium 

(Kondo et al., 1997). They may also be important for attention, as disrupted AMPAR 

signaling in the PFC has been implicated in a mouse model of ADHD (Russell, 2001).  
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In general, acute ethanol exposure inhibits glutamatergic receptors (Dopico and Lovinger, 

2009). For AMPARs, this is due to ethanol stabilizing and maintaining the desensitized 

state of these receptors, which results in inhibition (Moykkynen et al., 2003). Similar to 

nAChRs, chronic ethanol exposure has the opposite effect of acute exposure. Chronic 

ethanol exposure has been shown to increase AMPAR signaling in the hippocampus 

(Molleman and Little, 1995). Conflicting results have been reported following 

developmental ethanol exposure with one study showing a decrease in AMPAR 

expression (Bellinger et al., 2002) and others showing no effect on AMPAR expression 

(Bird et al., 2015) or AMPAR mediated EPSCs in the hippocampus (Baculis and 

Valenzuela, 2015). Dysregulation of AMPAR signaling during development by 

developmental ethanol exposure can have downstream effects, for example, calcium 

permeable AMPARs which are expressed mainly early in development (Kumar et al., 

2002) have been shown to be important for hippocampal synaptic plasticity (Laezza et 

al., 1999).  

 

1.4.5 Ethanol Teratogenesis and the Medial Prefrontal Cortex 

Thus far, some of the individual mechanisms of ethanol teratogenesis have been 

discussed, however, the question remains, how does developmental ethanol exposure 

impact our area of interest, layer VI of the mPFC? It is known that developmental ethanol 

exposure can impact the gross morphology and neuronal populations within the mPFC. 

Microcephaly was one of the first symptoms associated with FAS (Jones and Smith, 

1973) and with more recent advances in brain imaging technology, specific areas of the 

brain can be analyzed. Functional magnetic resonance imaging (fMRI) has shown that 
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individuals diagnosed with FASD have smaller frontal lobes (Wass et al., 2001; Sowell, 

2002), an effect that persists into adolescence (Sowell, 2002). One study also found that 

during a test of executive function, activation levels in the prefrontal cortex differed 

between control subjects and subjects exposed to ethanol during development (Fryer et 

al., 2007b).  

 

Studies conducted in animals have found decreased neuron density in layers II and V of 

the mPFC (Mihalick et al., 2001) and increased parvalbumin-expressing interneurons in 

layer V (Skorput et al., 2015). Neuron morphology has only been assessed in layer II/III 

pyramidal neurons and results have been variable. One study found increased soma size, 

a slight decrease in dendritic branching and decreased spine density in young adolescent 

mice (Lawrence et al., 2012). Another study reported decreased dendrite length overall 

and less complex basal dendrite branching in adult rats (Granato et al., 2003). Another 

lab found less complex basal dendrite branching with no change in spine density 

(Whitcher and Klintsova, 2008) and no effect on the apical dendrite branching, but did 

find a decrease in the number of dendritic spines in the same young adolescent rats 

(Hamilton et al., 2010b). More-recent research from the same lab found less complex 

apical branching following developmental ethanol exposure, however, in this study they 

also saw a decrease in spine density (Hamilton et al., 2015). Therefore, results are 

inconsistent and should be verified for the animal model being studied. Furthermore, 

research needs to be performed to understand the effects of developmental ethanol 

exposure on the neuronal populations in other cortical layers.  
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These changes in neuronal populations can alter the excitatory/inhibitory balance within 

the mPFC. Indeed, the same study that found an increase in interneurons also found 

more GABA-mediated signaling in layer V pyramidal neurons, suggesting that the 

excitatory/inhibitory balance had shifted to favour inhibition (Skorput et al., 2015). These 

changes could affect how the mPFC communicates with other brain regions, ultimately 

affecting behavior.  

 

1.5 Considerations for animal models of developmental ethanol exposure 

Significant basic research continues to be performed in animal models of FASD, with the 

aim to determine mechanisms underlying cognitive dysfunction and to develop 

appropriate intervention strategies for affected individuals. To this end, a number of 

laboratory animal models have been developed that consider factors that best mimic 

human binge drinking during pregnancy such as the timing and route of ethanol exposure. 

These factors are balanced by practical advantages and limitations associated with each 

species and specific ethanol administration procedure. 

 

1.5.1 Species 

Laboratory animal models of FASD have been developed in a number of mammalian 

species. Large species such as sheep (Gleason and Hotchkiss, 1992; Reynolds et al., 

1995; Sawant et al., 2013), swine (Dexter et al., 1980; Kubotsu et al., 2003) and 

nonhuman primates (Clarren et al., 1990; Schneider et al., 2001; Roberts et al., 2004) 

comprise appropriate models for human brain development because of their long periods 

of gestation and similar organogenesis. Practical limitations to the use of these species 
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include the high cost for husbandry over long prenatal and postnatal development 

periods, and the low number of offspring produced in relation to rodents (Cudd, 2005). 

Rats (Abel, 1978; Riley et al., 1979; Goodlett et al., 1991; Sutherland et al., 1997; Redila 

et al., 2006), mice (Downing et al., 2009a; Cui et al., 2010; Akers et al., 2011; Kane et al., 

2011; Kleiber et al., 2012) and guinea pigs (Catlin et al., 1993; Bailey et al., 2001; Dettmer 

et al., 2003) are advantageous practically because of their relatively short gestation and 

high number of offspring (Schneider et al., 2011). Moreover, each of these species can 

be taught to perform behavioural tasks in order to determine the effects of ethanol 

exposure on the development of cognitive brain circuits (Kim et al., 1997; Iqbal et al., 

2004; Endres et al., 2005; Olmstead et al., 2009; Hamilton et al., 2014; Wagner et al., 

2014). The guinea pig experiences significant prenatal brain development (Dobbing and 

Sands, 1979) such that ethanol administration throughout gestation can be used to 

replicate ethanol maternal-fetal pharmacokinetics and fetal exposure throughout all 

human trimester equivalents. This differs from the later pattern of development in rat and 

mouse (Clancy et al., 2001), where the human third trimester-equivalent occurs during 

the first two weeks of postnatal life and thus requires ethanol to be administered directly 

to neonatal offspring during this time in order to model exposure throughout human 

prenatal development. These species do offer practical advantages compared with the 

guinea pig of a shorter gestation period (18-23 days versus 68 days), a greater number 

of offspring per litter and lower husbandry costs (Patten et al., 2014). Moreover, a 

significant body of baseline data has been generated to characterize normal brain 

development and cognitive behaviour in rat and mouse. While rats have been the most-

studied species for effects of ethanol on brain development, the generation of genetically-
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modified mouse lines offers additional opportunities to investigate mechanisms 

underlying ethanol teratogenesis in this species. 

 

1.5.2 Method of ethanol administration 

Sustained attention deficits in children exposed to ethanol during development have only 

been associated with higher levels of drinking (over 9 drinks per week) during pregnancy 

(Underbjerg et al., 2012). Studies have also shown that, in general, binge-pattern ethanol 

exposure results in more severe teratogenic outcomes than non-binge-pattern exposure 

in humans (Underbjerg et al., 2012; May et al., 2013) and in rats (Bonthius et al., 1988; 

West et al., 1989). In order to achieve the high blood ethanol concentration associated 

with binge drinking, rodent models of FASD have employed a number of methods for 

ethanol administration. Voluntary consumption through a liquid diet or drinking water is 

the least invasive method for oral administration, although this results in a gradual 

increase and relatively low peak in blood ethanol concentration which would not be 

sufficient to mimic human binge-drinking (Gil-Mohapel et al., 2010). Oral administration 

of ethanol to rat and mouse via gavage can best mimic human binge consumption. 

Ethanol is commonly administered via gavage in one or two doses per day resulting in 

high blood ethanol concentrations (over 150 mg/dL) that are associated with teratogenic 

outcomes in rodents similar to those that occur in human (Jiang et al., 2007; Kelly and 

Lawrence, 2008; Downing et al., 2009b; Thomas et al., 2010; Boehme et al., 2011). 

Inhalation exposure within a vapour chamber can administer ethanol directly to pregnant 

dams and offspring resulting in high blood ethanol concentrations (Rogers et al., 1979; 

Kang et al., 2004; Morton et al., 2014). However, it has previously been a time-consuming 
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process where only one litter could be placed in the vapour chamber at a time. Recently, 

a group published the instructions for building a vapour chamber that can hold six mouse 

cages at one time allowing for much faster and efficient dosing (Morton et al., 2014), 

making vapour chambers a practical option. This passive administration procedure limits 

handling stress and ethanol is absorbed directly to the bloodstream via the pulmonary 

circulation, although this does circumvent some pharmacokinetic aspects of human oral 

consumption such as initial hepatic metabolism of ethanol via the portal vein. This 

however, may not be a concern to most researchers who study the brain as they would 

only be concerned with alcohol that enters the bloodstream to eventually reach the fetus 

and the brain. 

 

1.5.3 Developmental timing of administration  

After having selected a species and route of administration, the last consideration for an 

animal model of developmental ethanol exposure is the timing of exposure during 

development. In both human and animal models the developmental timing of exposure 

has been shown to affect the teratogenic outcomes in offspring (May et al., 2013; Sadrian 

et al., 2014). In developmental brain research it is important to consider the brain region 

of interest, for example the focus of this work is on the cerebral cortex, one of the last 

areas of the brain to develop (Bayer et al., 1993). Therefore, it is desirable to ensure that 

the window of ethanol administration encompasses the developmental period for the brain 

region of interest. During the first trimester of human pregnancy the neural tube is formed 

and gastrulation occurs. During the second trimester, cellular proliferation and migration 

occur. Finally, during the third trimester, there is what is referred to as the brain growth 
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spurt, a time of rapid brain development. In mice however, cortical and pyramidal 

neurogenesis occurs from roughly gestational day 10-19 and this is therefore considered 

the equivalent of the human second trimester (Rodier, 1980). The brain growth spurt 

occurs mostly postnatally in mice during the first two weeks of postnatal life (Dobbing and 

Sands, 1979; Clancy et al., 2001). See Figure 4 for a comparison of brain growth rate 

across different species. Therefore, the human third trimester equivalent in rats and mice 

is likely an important time for the development of neural circuits important for behaviour 

including attention. Indeed, two studies have found that prenatal exposure alone does not 

produce behavioural changes often associated with mouse models of developmental 

ethanol exposure including hyperactivity (Downing et al., 2009a) and memory deficits 

(Sadrian et al., 2014). This is not to say that exposure during the first and second trimester 

would have no effect on the brain as studies have shown that prenatal exposure in rats 

and mice produces alterations in interneuron populations, alter signaling coherence within 

the hippocampus and neuronal apoptosis (Ikonomidou et al., 2000; Sadrian et al., 2014) 

and neurogenesis of cortical layers occurs in the rat equivalent of the human second 

trimester (Rodier, 1980; Bayer et al., 1993). Overall, it is important to consider when the 

region of interest develops in order to determine the best developmental timing of ethanol 

exposure for the model.  
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Figure 4. Brain growth spurts of different species. This graph represents the rate of 

brain growth as a percentage of adult weight for different species. The units of time 

along the x axis are as follows: man, months; pig, weeks; sheep, 5 days; rhesus 

monkey, 4 days; rabbit, 2 days; guinea pig and rat, days. Reproduced from Dobbing 

and Sands (1979).  
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Rationale 

 

Developmental ethanol exposure has been shown to produce sustained attention deficits 

in humans (Streissguth et al., 1984; Brown et al., 1991). With up to 90% of children 

diagnosed with FASD also diagnosed with co-morbid ADHD (Fryer et al., 2007a; 

Rasmussen et al., 2010), it is imperative to have effective treatment options available so 

that these individuals can be productive in their daily lives. However, currently available 

ADHD medications have proved to be less effective at treating attention deficits in 

individuals diagnosed with FASD (O'Malley et al., 2000) and the underlying neural 

mechanisms of these attention deficits in FASD are not well understood. The most 

common ADHD medication, methylphenidate, enhances dopaminergic signaling by 

limiting dopamine reuptake (Patrick et al., 1987), therefore, this medication may be 

ineffective as there are potentially more severe dysfunctions in the DA signaling system 

or there are other signaling systems affected by developmental ethanol exposure that are 

not being compensated for with this medication. My research explores the second 

possibility. It is known that cholinergic signaling in the medial prefrontal cortex is important 

for normal attention performance tasks (Robbins et al., 1989; Dias et al., 1996; 

Himmelheber et al., 2000; Passetti et al., 2000; McGaughy et al., 2002; Kozak et al., 

2006) and that disrupting nicotinic receptor signaling specifically on layer VI pyramidal 

neurons will result in decreased attention performance (Bailey et al., 2010; Guillem et al., 

2011). It is therefore postulated that developmental ethanol exposure-induced alterations 

to layer VI pyramidal neuron signaling contribute to the attention deficits seen in FASD.  
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Ethanol is known to interact directly with nicotinic receptors (Borghese et al., 2003) and 

although the effects of acute and chronic ethanol exposure have been studied, the effects 

of developmental ethanol exposure on these receptors remains unknown. Calcium 

permeable receptors such as nicotinic receptors have been shown to influence neuron 

morphology (Lipton et al., 1988; Pugh and Berg, 1994; Zheng et al., 1994), and any 

alterations to dendrite trees can impact both excitatory and inhibitory input to neurons, 

ultimately affecting their output signal to other areas of the brain (Sadrian et al., 2013).  

Developmental ethanol exposure has also been shown to alter neuron morphology in 

layer II/III of the mPFC (Whitcher and Klintsova, 2008; Hamilton et al., 2010b; Lawrence 

et al., 2012; Hamilton et al., 2015) but the effects on layer VI pyramidal neurons have not 

been assessed. Changes to the excitatory/inhibitory balance to layer VI pyramidal 

neurons could alter how these neurons interact with other areas of attention circuitry, for 

example through their modulatory signaling to the thalamus (Gabbott et al., 2005; 

Zikopoulos and Barbas, 2006; Olsen et al., 2012).  

 

Given the importance of mPFC layer VI pyramidal neurons for attention, the known effects 

of developmental ethanol exposure on human attention and neuron populations, and that 

ethanol can interact directly with receptors found on these neurons, we hypothesized that 

chronic developmental ethanol exposure impairs attention by persistently disrupting the 

development and mature function of layer VI pyramidal neurons in the medial prefrontal 

cortex. This hypothesis was tested by completing the following three objectives: 
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1. To determine whether developmental ethanol exposure impairs attention 

performance in adult mice. The identification of impaired attention performance 

will establish this mouse model of FASD. 

2. To determine whether developmental ethanol exposure alters the function 

and/or morphology of mPFC layer VI neurons in adult mice. These results will 

identify the long-term teratogenic outcomes of developmental ethanol exposure on 

these neurons.  

3. To determine whether developmental ethanol exposure alters the function 

and/or morphology of mPFC layer VI pyramidal neurons in young postnatal 

mice. These results will identify near-term teratogenic outcomes of developmental 

ethanol exposure on these neurons and will provide insight into the mechanism by 

which the long-term teratogenic outcomes arise.  
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Chapter 2 
 

Development and technical refinement of an oral gavage ethanol administration 
regimen to model developmental ethanol exposure in mouse 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the publication: Louth E.L., Morrison, A.L., Comello, M.E., Carson, V. and 
Bailey, C.D.C. Technical refinement of an ethanol oral administration regimen in the 
developing mouse. Manuscript in preparation.
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2.1 Abstract 
 
 
Chronic developmental exposure to ethanol can lead to a variety of teratogenic effects 

that are described collectively in humans as Fetal Alcohol Spectrum Disorders (FASD). 

A significant research effort continues to utilize laboratory animal models of FASD in order 

to determine mechanisms underlying ethanol teratogenesis and to develop appropriate 

treatment therapies. The objective of the current study was to develop and refine an 

ethanol oral administration regimen in mouse that exposes offspring during prenatal and 

postnatal equivalents to the human gestational trimesters. Timed-pregnant C57BL/6 

strain mice and their individual offspring were administered either ethanol, or isocaloric 

and isovolumetric sucrose by oral gavage. We report refinements that significantly 

reduced the incidence of morbidity and mortality in pregnant mice and offspring. The final 

refined protocol exposes mice to ethanol from G10 to G18 and from postnatal days (P) 4 

to P14, which are developmental periods approximately equivalent to the human second 

and third trimesters. Since treatment occurs during organogenesis, the described protocol 

provides an excellent mammalian model in which to determine mechanisms underlying 

ethanol teratogenesis. 

 
2.1 Introduction 

Chronic prenatal exposure to ethanol can lead to a number of teratogenic outcomes in 

humans that are referred to as Fetal Alcohol Spectrum Disorders (FASD) (Sokol et al., 

2003). The most severe form of FASD is diagnosed clinically as Fetal Alcohol Syndrome 

(FAS), which is characterized by growth deficiency, craniofacial abnormalities and 

persistent cognitive dysfunction including deficits in intelligence, learning and attention 
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(Jones and Smith, 1975). Significant basic research continues to be performed in rodent 

models of FASD that aim to determine mechanisms underlying cognitive dysfunction and 

to develop appropriate intervention strategies for affected children.  

 

Rodent models of FASD have employed a number of methods for ethanol administration 

but administration of ethanol via oral gavage can best mimic human binge consumption 

and allow for the most control over dosage. Ethanol is commonly administered via gavage 

in one or two doses per day resulting in high blood ethanol concentrations that are 

associated with teratogenic outcomes in rodents similar to those that occur in human 

(Jiang et al., 2007; Kelly and Lawrence, 2008; Downing et al., 2009b; Thomas et al., 2010; 

Boehme et al., 2011). While multiple studies have been performed in rat that employed 

oral gavage of ethanol during both prenatal and postnatal periods (Boehme et al., 2011; 

Lawrence et al., 2012; Perkins et al., 2013), research performed in mouse has 

administered ethanol exclusively during the prenatal (Gilliam and Kotch, 1996; Deng and 

Elberger, 2003; Jiang et al., 2007; Downing et al., 2009b; Cui et al., 2010) or postnatal 

(Dursun et al., 2011; Kane et al., 2011; Dursun et al., 2013) periods. 

 

The objective of this study was to develop and refine an oral gavage administration 

regimen that exposes mice to ethanol during prenatal and postnatal equivalents of the 

human trimesters. We report here the challenges encountered with our initial protocol and 

the full technical details of our refined protocol. This dosing regimen results in high blood 

ethanol concentrations along with a low rate of morbidity and mortality, and can be reliably 

employed to investigate effects of developmental ethanol exposure in mouse.  
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2.3 Materials and Methods 

2.3.1 Experimental Animals and study design  

C57BL/6 strain mice were purchased from Charles River Canada (Saint-Constant, QC, 

Canada) and housed in a secure vivarium with an ambient temperature of 21-24°C and 

a 12-h reverse light/dark cycle with lights on at 8:00 pm. Nulliparous female mice were 

placed into breeding pairs with adult male mice and inspected for vaginal copulatory plugs 

at the end of each dark cycle (8:00 pm). Females with a vaginal plug were separated on 

the following morning and housed individually in plastic cages measuring 29 cm X 19 cm 

X 13 cm with stainless steel lids having 7092 Teklad corn cob bedding (Harlan 

Laboratories, Mississauga, ON, Canada), Enviro-dri™ bedding material (Shepherd 

Specialty Papers, Richland, MI), nestlets (Ancare, Bellmore, NY) and mouse igloos (Bio-

Serv®, Flemington, NJ). The day of separation was considered to be gestational day (G) 

1 for that litter. Pregnant female mice were randomly assigned to receive either ethanol 

or sucrose treatment via intraesophageal or intragastric gavage administration, as 

described below. Mice in the ethanol group were provided with ad libitum access to food 

(18% Protein Rodent Diet, Harlan Laboratories, Mississauga, ON, Canada) and water. 

Mice in the sucrose group were provided with ad libitum access to water and pair-fed with 

a mouse in the ethanol group. Drug treatments were administered in two equally divided 

daily doses 2 h apart starting between 9:00 and 10:00 am. Mice were treated up to and 

including G18 and then left undisturbed through parturition until dosing of offspring began 

on postnatal day (P) 4. Mouse pups were administered either ethanol or sucrose (same 

treatment as that received in utero) from P4 to P14, as described below. Treatment was 

delivered via intraesophageal or intragastric gavage, administered in two equally divided 
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daily doses 2 h apart starting between 9:00 and 10:00 am. See figure 1 for exemplary 

photographs of restraint and gavage. Animals exhibiting intractable morbidity during 

treatment were euthanized via carbon dioxide asphyxiation or cervical dislocation. Mice 

were cared for according to the principles and guidelines of the Canadian Council on 

Animal Care and the experimental protocol was approved by the University of Guelph 

Animal Care Committee.  
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Figure 1. Administration of ethanol by oral gavage. (A) Photograph of a pregnant adult 

female mouse being restrained and administered an ethanol solution via intragastric 

gavage using a 1.5 inch curved stainless steel gavage needle. (B) Photograph of a young 

mouse aged postnatal day five being restrained and administered ethanol in a milk 

formula solution via intraesophageal gavage at the base of the pharynx using a flexible 

plastic gavage needle.  
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2.3.2 Treatment of pregnant female mice 

Pregnant female mice were administered ethanol or sucrose during gestation according 

to one of three treatment protocols. These protocols evolved from one to the next as we 

refined this oral gavage administration procedure. Treatments were delivered using 

curved stainless steel gavage needles and 500 µL Hamilton glass 700 Series Microliter 

Syringes (Hamilton Company, Reno, NV). For Prenatal Protocol 1, mice in the ethanol 

group were administered 4.5 g ethanol per kg body weight/day from G1 to G18. Ethanol 

solution was prepared to a concentration of 22.5% (w/v) and each of the two daily divided 

doses was administered in a volume of 10 µL/gram body weight via intraesophageal 

gavage using a 1-inch gavage needle. Mice in the sucrose group were administered 

sucrose prepared to a concentration of 40.0% (w/v) as described for ethanol treatment. 

For Prenatal Protocol 2, mice were first handled for 5 min on each of G8 and G9. Mice in 

the ethanol group were administered 2.0 g ethanol per kg body weight/day on G10 and 

G11, and 4.0 g ethanol per kg body weight/day from G12 to G18. Ethanol was prepared 

to a concentration of 13.8% (w/v) (G10 and G11) and 27.5% (w/v) (G12-G18), and each 

of the two daily divided doses was further divided into two sub-doses administered 10 min 

apart. Ethanol was delivered in a volume of 3.67 µL/g body weight via intraesophageal 

gavage using a 1-inch gavage needle. Mice were provided with 2 g of pellet food made 

into a mash with tap water and presented in a small dish on the floor of the cage daily 

from G10 to G15, in order to mitigate weight loss that occurred near the beginning of 

ethanol treatment. Mice in the sucrose group were administered sucrose prepared to a 

concentration of 24.4% (w/v) (G10 and G11) and 48.9% (w/v) (G12-G18) as described 

for ethanol treatment. The final Prenatal Protocol 3 was performed as described above 
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for Prenatal Protocol 2, except that ethanol and sucrose were administered via 

intragastric gavage using a 1.5-inch gavage needle, which allowed for administration of 

larger volumes, so each of the sub-doses was combined into single doses of 7.33 µL/g 

body weight, administered twice daily 2 hr apart. 

 

2.3.3 Treatment of young postnatal mice 

Gavage administration to mouse offspring was performed using 22 gauge and 25 mm 

long flexible polypropylene feeding tubes (part number FTP-22-25, Instech Laboratories, 

Plymouth Meeting, PA) and 250 µL Hamilton glass 700 Series Microliter Syringes. 

Offspring were removed from the home cage as a group and placed on a heating pad 

with a towel to conserve body heat. Offspring were returned to the home cage as a group 

upon completion of drug administration. New gloves were worn for each litter in order to 

prevent the transfer of odours between litters.  For Postnatal Protocol 1, one separate 

litter of naive pups was used to test the feasibility of administering 3.0 g ethanol per kg 

body weight/day in a solution prepared to a concentration of 30% (w/v) ethanol in 

Similac® milk-based infant formula (Abbott Laboratories, Saint-Laurent, QC, Canada), 

and administered in two daily doses having a volume of 5 µL/gram body weight. Ethanol 

was administered on P4 and P5 and this protocol was terminated for this first litter on P5 

because of the high mortality rate observed. Postnatal Protocol 2 was employed for all 

mice in this study that had been exposed to ethanol or sucrose during gestation as 

described above. Mice in the ethanol group were administered 1.5 g ethanol per kg body 

weight/day on P4 and P5, and 3.0 g ethanol per kg body weight/day from P6 to P14. 

Ethanol was prepared to a concentration of 7.5% (w/v) (P4 and P5) and 15% (w/v) (P6-
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P14), and each of the two daily divided doses was further divided into two sub-doses 

administered 10 min apart in a volume of 5 µL per kg body weight. Ethanol was prepared 

in Similac® formula that was made twice as concentrated as that recommended by the 

manufacturer for P4 and P5 (in order to mitigate potential reduction in nursing and nutrient 

intake associated with the introduction of ethanol treatment) and to the concentration 

recommended by the manufacturer for P6-P14. Mice in the sucrose group were 

administered sucrose prepared to a concentration of 13.3% (w/v) (P4 and P5) and 26.6% 

(w/v) (P6-P14) as described for ethanol treatment. 

 

2.3.4 Blood ethanol concentration 

On G15, at least 10 µL of blood was collected from the saphenous vein of all pregnant 

mice 1 h after the second divided dose using heparinized capillary tubes. Then, 10 µL of 

blood was immediately added to 200 µL of 0.53N perchloric acid, mixed and centrifuged 

at 14,000 g for 15 min at 4°C. 150 µL of supernatant was added to 150 µL of 0.53N 

potassium hydroxide, mixed and frozen at -80°C for later analysis. Three naïve litters 

were used for BEC analysis of young postnatal mice. Mice were killed 1 h after the second 

divided dose on P10 by decapitation under isoflurane anesthesia and 10 µL of trunk blood 

was collected and processed as described above. The BEC was determined using a 

microplate kit from Sigma Aldrich Canada (Oakville, ON, Canada; product number 

MAK076) according to the manufacturer’s recommendations. 
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2.3.5 Statistical Analysis 

All data are presented as mean ± SEM. Food intake and body weight were analyzed by 

two-way ANOVA followed by Bonferroni’s corrected post hoc tests. Postnatal food intake 

and offspring body weight were measured as litter totals and then normalized to the 

number of pups per litter. Runt offspring were identified by size and body weight (<30% 

compared with siblings) and were removed from analyses. The length of gestation and 

number of pups per litter were analyzed by one-way ANOVA. Frequencies for morbidity 

and mortality presented in Table 1 include events up to weaning on P28, in order to 

account for delayed effects of drug administration. Contingency analysis of mortality rates 

was performed using the Fisher’s exact test. All statistical analyses were performed using 

GraphPad Software Prism 6 and a p value less than 0.05 was required to indicate 

significant differences. 

 

2.4 Results 

2.4.1 Treatment of pregnant female mice 

Prenatal Protocol 1 was first employed to administer ethanol to five mice and sucrose to 

one mouse. Drug administration began on G1 and solutions were delivered in a volume 

of 10 µL/gram body weight to the lower esophagus using a one-inch gavage needle. 

Three of the five mice in the ethanol group exhibited a loss of mobility and shallow 

breathing shortly after individual gavage administrations each on G1, G3 and G9. This 

morbidity persisted for two of these mice and they were euthanized several hours later. 

Although the health of the third mouse appeared to improve, it was found dead four hours 

after its second daily dose.  
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Prenatal Protocol 2 was devised to address limitations observed in the initial protocol. 

Since the primary adverse outcome of Prenatal Protocol 1 was fluid entering the lungs 

following intraesophageal gavage, which can also occur in rat following intragastric 

gavage of large volumes (Damsch et al., 2011), we (i) decreased the total daily dose of 

ethanol and sucrose from 4.5 g ethanol/kg/day to 4.0 g ethanol/kg/day, (ii) increased the 

concentration of ethanol and sucrose from 22.5% (w/v) to 27.5% (w/v) of ethanol, and (iii) 

reduced the volume of each gavage administration from 10 µL to 3.67 µL by dividing each 

of the two daily doses into two sub-doses. There was no mortality associated with this 

dosing protocol, although morbidity was observed in two of three mice in the ethanol 

treatment group: There was blood found in the oral cavity of one mouse following dosing 

on G15 that was not observed on subsequent dosing days, and a second mouse exhibited 

reduced mobility along with a rattling sound while breathing after the last dose on G18 

that was consistent with a small amount of fluid entering the trachea.  

 

Final refinements were made in Prenatal Protocol 3 to address the morbidity described 

above. We first reduced the potential for physical oral and esophageal damage by 

combining the two sub-doses from Prenatal Protocol 2 back into single doses. To 

accommodate this larger dose volume and reduce the potential for aspiration of fluid, 

drugs were delivered directly into the stomach using a 1.5-inch gavage needle. One 

mouse was found dead before dosing on G18. 
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See Table 1 for a summary of morbidity and mortality for each of the prenatal treatment 

protocols employed. For animals in the ethanol treatment group, the frequency of 

mortality in the ethanol group was significantly lower in the final Prenatal Protocol 3 

compared with the initial Prenatal Protocol 1 (Fisher’s exact test, p = 0.046). The amount 

of food eaten and mouse body weight were measured for each day of gestation. Data 

were combined for mice treated according to Prenatal Protocol 2 and Prenatal Protocol 3 

and shown in Figure 2, along with data for untreated control mice (n=3 control mice for 

the amount of food eaten and n=6 for body weight). Maternal body weight is shown in 

Figure 2B. The length of gestation was not affected by treatment (one-way ANOVA, F(2,19) 

= 1.13, p = 0.3). There also was no effect of treatment on the number of offspring born 

per litter (one-way ANOVA, F(2,22) = 0.02, p = 1.0). However, prenatal ethanol exposure 

significantly increased the proportion of male offspring per litter (Figure 3) which was also 

seen in a similar study in rats (Liang et al., 2014).  
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Figure 2. Effects of drug treatment on pregnant female mouse food intake and body 

weight. (A) The amount of food eaten on each day of gestation is shown for pregnant 

female mice administered ethanol or sucrose solutions along with untreated controls. 

Two-way ANOVA demonstrates no main effects of gestational day (F(8,159) = 1.77, p = 

0.09) or treatment (F(2,159) = 2.51, p = 0.08) and no interaction between the two (F(16,159) = 

0.27, p = 1.0), although there was a noticeable non-significant reduction in food intake for 

mice in the ethanol and sucrose groups on the first day of treatment (as indicated by the 

arrow at G10). Maternal body weight on each day of gestation is shown in (B). Two-way 

ANOVA during treatment (G10-G18) demonstrates main effects of gestational day (F(8,191) 

= 31.22, p < 0.0001) and treatment (F(2,191) = 6.82, p = 0.001) with no interaction between 

the two (F(16,191) = 0.15, p = 1.0).. Body weight for mice treated with ethanol was lower 

than that of mice treated with sucrose (p < 0.05) or untreated controls (p < 0.05), with the 

latter two groups being not different from each other (Bonferroni’s post hoc test). All data 

are shown as mean ± SEM. 
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Figure 3. Prenatal ethanol treatment increased the proportion of male offspring. The 

number of male and female offspring per litter is shown for litters exposed to either ethanol 

or sucrose from gestational day 10 to 18. Two-way ANOVA demonstrates no main effect 

of treatment (p = 0.6) or sex (p = 0.08) and no interaction between the two (p = 0.08). 

Bonferroni’s post hoc test identified a significant difference between the number of male 

and female offspring in litters from the ethanol treatment group only (*p = 0.03). 
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2.4.2 Treatment of young postnatal mice 

We found in C57BL/6 mice that plastic gavage needles could be used to reliably deliver 

fluid to the base of the pharynx at the entrance to the esophagus from P4 to P12, and 

could then be used to reliably deliver fluid directly into the stomach from P13 onward. We 

first employed Postnatal Protocol 1 on a naive litter of four pups to test the feasibility of 

dosing 3.0 g ethanol per kg body weight daily from P4 to P14, administered via two daily 

divided doses of 30% (w/v) ethanol in a volume of 5 µL per kg body weight. One pup was 

found dead two hours after the second daily dose on P5 and the other three pups 

appeared normal at that time. Two of the remaining pups were found dead the following 

morning. The single remaining pup exhibited reduced mobility that had not improved by 

the following day (P7), so this mouse was euthanized. We hypothesized that the ethanol 

concentration of 30% (w/v) was too high for a single gavage administration in neonatal 

mice and created a refined Postnatal Protocol 2 by decreasing the ethanol concentration 

by half to 15% (w/v) and doubling the total daily dose volume. This increased total dose 

volume was administered by dividing each of the two daily doses into two equal sub-

doses administered ten minutes apart in a volume of 5 µL/kg body weight with half-doses 

given on the first two days of treatment. One mouse in the ethanol group was found dead 

on P17. Six mice from one litter in the sucrose group died during drug treatment. Three 

mice were found dead after the second dose on P13 and two mice were found dead the 

following morning. The sixth mouse was found dead on P23. A summary of morbidity and 

mortality for the postnatal treatment protocols is shown in Table 1. For animals in the 

ethanol treatment group, the frequency of mortality was significantly lower in the final 
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Postnatal Protocol 2 compared with the initial Postnatal Protocol 1 (Fisher’s exact test, p 

= 0.0002). 

 

The amount of food eaten per litter on each day of postnatal treatment was measured 

and normalized to the number of pups for ten litters in the ethanol group and eight litters 

in the sucrose group. Data is shown in Figure 4A. Offspring body weight was measured 

as litter averages during postnatal treatment for ten litters in the ethanol group and nine 

litters in the sucrose group and is shown in Figure 4B.  

 

2.4.3 Blood ethanol concentration 

The BEC in pregnant female mice sampled on G15 mice was 234.8 ± 34.2 mg/dL (n = 9). 

The BEC measured young mice sampled on P10, was 255.2 ± 43 mg/dL (n = 14). These 

BEC values are similar to those found in previous studies that administered similar 

amounts of ethanol by oral gavage in previous studies in which teratogenic effects of 

ethanol were observed (Cui et al., 2010; Boehme et al., 2011; Gil-Mohapel et al., 2011; 

Kane et al., 2011; Lawrence et al., 2012). 
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Figure 4. Effects of drug treatment on offspring food intake and body weight. (A) The 

amount of food eaten for each litter was normalized to the number of offspring in each 

litter and shown for litters administered ethanol or sucrose for each postnatal day. Two-

way ANOVA found a significant effect of postnatal day (F(10,176) = 2.10, p = 0.03) but no 

effect of treatment (F(1,176) = 3.06, p = 0.08) and no interaction between the two (F(10,176) 

= 0.76, p = 0.7). (B) Offspring body weight during postnatal treatment was significantly 

affected by age (two-way ANOVA, F(10,187) = 122.60, p < 0.0001) but not by treatment 

(F(1,187) = 0.64, p = 0.4) and there was no interaction between the two (F(10,187) = 0.4, p = 

0.9). All data are shown as mean per litter ± SEM.  
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2.5 Discussion 

We describe in this study the refinement of an oral gavage dosing regimen to reliably 

deliver ethanol to mice during both prenatal and postnatal development periods. A 

number of studies have employed similar regimens in rats (Boehme et al., 2011; 

Lawrence et al., 2012; Perkins et al., 2013) while ethanol has been administered by 

gavage to pregnant mice during the prenatal period only (Gilliam and Kotch, 1996; Deng 

and Elberger, 2003; Jiang et al., 2007; Downing et al., 2009b; Cui et al., 2010), or to 

neonatal mice during the postnatal period only (Dursun et al., 2011; Kane et al., 2011; 

Dursun et al., 2013). Moreover, to the best of our knowledge the treatment of mice during 

both prenatal and early postnatal development with ethanol has not been reported. 

   

2.5.1 Treatment of pregnant female mice 

Our original prenatal administration protocol was developed to model ethanol exposure 

during the rat/mouse equivalent of the first two human trimesters, which for these species 

occur approximately over the full gestational period (Dobbing and Sands, 1979; Clancy 

et al., 2001). We began with Prenatal Protocol 1 by treating presumed pregnant female 

mice with ethanol (or isocaloric sucrose control) beginning on G1 at a dose of 4.5 g/kg 

body weight/day, which is consistent with published reports in rat that also start ethanol 

administration on G1 (Granato et al., 1995; Tran et al., 2000; Chen and Nyomba, 2003; 

Livy et al., 2003b; Dembele et al., 2006; Boehme et al., 2011; Gil-Mohapel et al., 2011; 

Lawrence et al., 2012; Perkins et al., 2013; Liang et al., 2014). 
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The first challenge encountered was a substantial loss in mouse body weight during the 

first week of pregnancy, which is not found when treating rats beginning at G1 (Granato 

et al., 1995; Tran et al., 2000; Chen and Nyomba, 2003; Livy et al., 2003b; Dembele et 

al., 2006; Boehme et al., 2011; Gil-Mohapel et al., 2011; Lawrence et al., 2012; Perkins 

et al., 2013; Liang et al., 2014). This was addressed in Prenatal Protocol 2 by (i) reducing 

the ethanol dose to 4.0 g/kg body weight/day, (ii) providing half-doses on the first two 

days of treatment, (iii) delaying the start of drug treatment until G10, (iv) handling mice 

for two days prior to the start of drug treatment and (v) providing a set amount of food 

mash to mice for the first six days of treatment. This refined procedure resulted in a non-

significant reduction in food intake for mice in both groups on the first day of treatment 

only (Figure 2A) and no loss in body weight. Indeed, body weight gain during the 

treatment period (Figure 2B) was typical of developmental ethanol studies in rat, where 

animals treated with ethanol gain less weight than pair-fed and/or untreated controls 

(Thomas et al., 2010; Gil-Mohapel et al., 2011; Liang et al., 2014). It is interesting to note 

that studies employing gavage administration of ethanol to pregnant mice did not begin 

treatment before G5 (Gilliam and Kotch, 1996; Deng and Elberger, 2003; Jiang et al., 

2007; Downing et al., 2009b; Cui et al., 2010). This refined protocol also provides the 

advantage of confirming pregnancy by a >2 g body weight gain from G0 to G10 before 

commencing drug treatment (Onojafe, 2005). 

 

Another major refinement to our prenatal treatment protocol was using a longer gavage 

needle. The length of gavage needle is not typically reported for studies employing similar 

dosing protocols. We originally used a 1-inch needle for delivery of ethanol/sucrose to the 
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lower esophagus in order to avoid potential physical damage to the stomach. However, 

we believe that the delivered bolus of 10 μL/g body weight led to filling of the esophagus 

followed by fluid reaching the trachea and entering the lungs (Damsch et al., 2011). We 

first attempted to solve this problem by increasing the ethanol concentration and dividing 

each gavage administrations into two separate administrations of 3.67 μL/g body weight. 

While we observed no mortality with this procedure, doubling the number of gavage 

administrations increased the opportunity for physical damage to the oral-esopageal 

pathway, which is suspected to have occurred for at least one mouse. The aim of the final 

refinement in Prenatal Protocol 3 was to reduce the number of individual gavage 

administrations, therefore we went back to one dose of 7.33 μL/g body weight and used 

a 1.5-inch gavage needle to deliver this bolus directly into the stomach. As a result, we 

saw no evidence of fluid entering the lungs for mice in either of the ethanol or sucrose 

groups and a lower rate of mortality. 

 

2.5.2 Treatment of young postnatal mice 

Drug administration to neonatal offspring began at P4 so that pups would have four days 

to establish postnatal nursing behaviour and a normal developmental trajectory. This 

practice is similar to studies in rat/mouse, which commence postnatal treatment no earlier 

than P2 (Pierce et al., 1993; Light et al., 1998; Tran et al., 2000; Hsiao et al., 2001; 

Woolfrey et al., 2005; Whitcher and Klintsova, 2008; Boehme et al., 2011; Gil-Mohapel et 

al., 2011; Kane et al., 2011; Lawrence et al., 2012; Monk et al., 2012; Perkins et al., 2013). 

Since neonatal rodents metabolize ethanol at a slower rate than adults (Kelly et al., 1987), 

a total daily ethanol dose of 3.0 g/kg body weight/day was administered with the aim to 
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reach BEC levels similar to those seen with the treatment of pregnant female mice.  We 

employed the use of a modified gavage procedure as described in Butchbach et al.(2007) 

wherein the liquid dose is delivered at the level of the pharynx, and found that this protocol 

could be easily adapted for use with plastic neonatal gavage needles with smooth tips. 

Moreover, we found that at approximately P13 these needles could be safely passed into 

the stomach of C57BL/6 mice. The maximum individual dose volume for this protocol is 

5 μL/g body weight, so we first attempted to limit the number of daily gavage 

administrations to two by using a high ethanol concentration of 30% (w/v). This resulted 

in high mortality, therefore we decreased the concentration to 7.5 % (w/v) on P4-P5 and 

15% (w/v) on P6-P14, and delivered the total daily dose over twice as many gavage 

administrations to be more similar to previous reported doses for neonatal rodents (Pierce 

et al., 1993; Light et al., 1998; Hsiao et al., 2001; Woolfrey et al., 2005; Whitcher and 

Klintsova, 2008; Boehme et al., 2011; Gil-Mohapel et al., 2011; Perkins et al., 2013).  

 

Studies that employed postnatal gavage of ethanol to rats refer to the potential for acute 

ethanol-induced impairments to nursing behaviour leading to high rates of mortality of 

pups, which is mitigated by providing an additional third gavage administration of milk 

vehicle only (Granato et al., 1995; Chen and Nyomba, 2003; Dembele et al., 2006; 

Boehme et al., 2011; Gil-Mohapel et al., 2011; Perkins et al., 2013; Liang et al., 2014). 

We found that by consistently administering four doses per day and by doubling the 

recommended concentration of SimilacÒ formula vehicle on P4-P5, no morbidity or 

mortality appeared to result from nutritional deficiency. Additional strategies to limit 

maternal stress and the potential for rejection of offspring, including removing and 
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returning entire litters from the home cage at one time, and using a new pair of gloves for 

each litter, resulted in normal rates of neonatal mortality in runt offspring only. 

 

2.5.3 Conclusion 

We describe in this study the refinement of an oral ethanol gavage administration regimen 

to pregnant mice during G10-G18 and to neonatal offspring during P4-P14, which 

exposes developing offspring to ethanol approximately during the human second and 

third trimester equivalents and is associated with minimal morbidity and mortality. Critical 

refinements that significantly lowered the incidence of mortality include (i) using a 1.5 inch 

gavage needle in pregnant mice to deliver the treatment bolus directly into the stomach 

thereby reducing the risk of fluid aspiration into the lungs, and (ii) administering ethanol 

to neonates at a relatively low concentration of 15% (w/v). Drug treatment for this regimen 

occurs during organogenesis and provides an excellent mammalian model in which to 

determine mechanisms underlying ethanol teratogensis. 
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Chapter 3 
 

Characterization of attention behaviour and assessment of medial prefrontal cortex 
layer VI pyramidal neuron function in adult mice exposed to ethanol during development 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the publication: Louth, E., Bignell, W., Taylor, C.L., Bailey, C.D.C. (2016) 
Developmental ethanol treatment leads to long-term deficits in attention circuitry and 
behaviour in male mice. eNeuro, 10.1523/ENEURO.0267-16.2016.



	

 
 

65	

3.1 Abstract 

Chronic prenatal exposure to ethanol can lead to a spectrum of teratogenic outcomes 

that are classified in humans as Fetal Alcohol Spectrum Disorders (FASD). One of the 

most prevalent and persistent neurocognitive components of FASD is attention deficits, 

and it is now thought that these attention deficits differ from traditional Attention Deficit 

Hyperactivity Disorder (ADHD) in their quality and response to medication. However, the 

neuronal mechanisms underlying attention deficits in FASD are not well understood. We 

show here that following developmental binge-pattern ethanol exposure, adult mice 

exhibit impaired performance on the five-choice serial reaction time test for visual 

attention, with lower accuracy during initial training and a higher rate of omissions under 

challenging conditions of high attention demand. Whole-cell electrophysiology 

experiments in these same mice revealed dysregulated pyramidal neurons within layer 

VI of the medial prefrontal cortex, which are critical for normal attention performance. 

Layer VI neurons show decreased intrinsic excitability and increased responses to 

stimulation of both nicotinic acetylcholine receptors (nAChRs) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) glutamate receptors. Moreover, although 

nicotinic acetylcholine responses correlate with performance on the five-choice task in 

control mice, these relationships are completely disrupted in mice exposed to ethanol 

during development. These findings demonstrate a novel outcome of developmental 

binge-pattern ethanol exposure and suggest that persistent alterations to the function of 

prefrontal layer VI neurons play an important mechanistic role in attention deficits 

associated with FASD. 
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3.2 Introduction 

Chronic prenatal exposure to ethanol can lead to a spectrum of teratogenic outcomes in 

humans known collectively as Fetal Alcohol Spectrum Disorders (FASD) (Sokol et al., 

2003; Chudley et al., 2005; Riley et al., 2011). Potential manifestations of FASD include 

a growth deficiency, specific craniofacial abnormalities, and persistent neurocognitive 

deficits (Chudley et al., 2005). The estimated prevalence of FASD ranges from 

approximately 31-34 per 1000 live births in the United States and Canada to 113 per 1000 

live births in South Africa (Roozen et al., 2016), and this is known to impart significant 

costs to individuals and societies within their local education, judicial and medical systems 

(Lupton et al., 2004; Popova et al., 2016). Deficits in attention rank among the most 

common and persistent neurocognitive components of FASD, for example as a co-morbid 

diagnosis of Attention Deficit Hyperactivity Disorder (ADHD) has been assigned to 

approximately 41-95 percent of children who are affected by FASD (Bhatara et al., 2006; 

Fryer et al., 2007a). However, recent work suggests that the detailed pattern of attention 

deficits is distinct between these two disorders including an earlier onset and greater 

impairment to shifting attention in children affected by FASD (Reviewed in: O'Malley and 

Nanson, 2002; Mattson et al., 2011; Kingdon et al., 2016). Moreover, although medication 

indicated specifically for ADHD that targets dopaminergic and noradrenergic signaling 

may reduce hyperactivity in children affected by FASD, it shows limited efficacy to 

mitigate attention deficits within this same population (Snyder et al., 1997; Oesterheld et 

al., 1998; Doig et al., 2008). It therefore is critical to determine the specific neurobiological 

mechanisms that underlie attention systems dysfunction in FASD, in order to identify 
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appropriate therapeutic strategies for affected children (Paley and O'Connor, 2009; 

Peadon and Elliott, 2010; Koren, 2015). 

 

Optimal attention performance depends on pyramidal neurons located within layer VI of 

the medial prefrontal cortex (mPFC). Approximately 40 percent of neurons within this 

population modulate the gain of corticothalamic signaling through projections to the 

mediodorsal thalamus via the thalamic reticular nucleus (Gabbott et al., 2005; Zikopoulos 

and Barbas, 2006; Olsen et al., 2012; Sherman, 2016), with the remaining 60 percent of 

neurons projecting to other targets including the hypothalamus, striatum, amygdala, and 

the prefrontal cortex itself (Gabbott et al., 2005; Hoover and Vertes, 2007). Layer VI 

neurons are stimulated directly by acetylcholine (ACh) activation of a4b2* type 

heteromeric nicotinic acetylcholine receptors (nAChRs), which are heteropentamers 

composed of two a4 subunits, two b2 subunits and a fifth accessory subunit denoted by 

the asterisk that for mPFC layer VI neurons may be either an a4, b2 or a5 subunit 

(Kassam et al., 2008; Bailey et al., 2010; Bailey et al., 2012; Poorthuis et al., 2013; Bloem 

et al., 2014). This action of ACh at mPFC layer VI pyramidal neurons contributes to the 

critical role of prefrontal cholinergic signaling to support optimal attention performance in 

situations requiring high attentional demand (Dalley et al., 2004; Parikh et al., 2007; Bailey 

et al., 2010; Howe et al., 2010; Guillem et al., 2011). Acute ethanol exposure increases 

ACh efficacy at a4b2* nAChRs (Aistrup et al., 1999; Cardoso et al., 1999; Zuo et al., 

2004) whereas chronic ethanol exposure decreases a4b2* nAChR content (Robles and 

Sabria, 2008; Hillmer et al., 2014) and may also decrease nAChR function in vivo 

(Majchrzak and Dilsaver, 1992). Chronic ethanol exposure during rat development 
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impairs memory and attention in adulthood (Reyes et al., 1989; Nagahara and Handa, 

1997; Woolfrey et al., 2005; Brys et al., 2014), and decreases the beneficial effects of 

nAChR stimulation to augment these mPFC-dependent functions (Nagahara and Handa, 

1999). However, the long-term consequences of chronic developmental ethanol exposure 

to alter the function of mPFC layer VI pyramidal neurons, the function of nAChRs located 

on these neurons, and the ability of nicotinic signaling at these nAChRs to support 

attention behaviour have not been determined. We find here that chronic developmental 

binge-pattern ethanol exposure in mice decreases performance on the five-choice serial 

reaction time test for visual attention and dysregulates the function of mPFC layer VI 

pyramidal neurons, such that neurons show decreased intrinsic excitability along with 

increased responses to stimulation of both a4b2* nAChRs and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid (AMPA) glutamate receptors. Correlations between 

a4b2* nAChR function and performance on the five-choice task are present in control 

mice but absent in mice exposed to ethanol during development, suggesting that this 

treatment disrupts the ability of nicotinic signaling in mPFC layer VI pyramidal neurons to 

support attention. 

 

3.3 Materials and Methods 

3.3.1 Experimental animals and breeding 

C57BL/6 strain mice were purchased from Charles River Canada (Saint-Constant, QC) 

and bred in a secure vivarium at the University of Guelph. This facility had an ambient 

temperature of 21-24°C and lights were maintained on a 12-h reverse light/dark cycle with 

lights on at 8:00 pm. Nulliparous female mice aged 3-4 months were bred in pairs with 
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male mice aged 4-5 months. Upon visual confirmation of a vaginal copulatory plug at the 

end of a dark cycle, female mice were separated to individual cages measuring 29 cm X 

19 cm X 13 cm and the following day was considered to be gestational day (G) 1. All 

experimental animals in this study were cared for according to the principles and 

guidelines of the Canadian Council on Animal Care, and the experimental protocol was 

approved by the University of Guelph Animal Care Committee. Every effort was made to 

minimize animal suffering and to limit the number of mice used in this study. 

 

3.3.2 Developmental treatment regimens 

Pregnant female mice were randomly assigned to receive either ethanol or sucrose 

treatment via oral gavage from G10 to G18. Mice were administered ethanol at a dose of 

2.0 g/kg/day (24.4% (w/v)) on G10 and G11, and 4.0 g/kg/day (48.9% (w/v)) from G12 to 

G18. Sucrose was administered in an amount that was isocaloric and isovolumetric to the 

ethanol treatment. Ethanol and sucrose solutions were made using tap water and 

treatments were administered over two equally divided daily doses two hours apart 

starting between 8:00 A.M. and 9:00 A.M.. Mice in the ethanol treatment group received 

ad libitum access to water and pellet food (Tekland Global 18% Protein Rodent 

Maintenance Diet, Harlan Laboratories, Mississauga, ON). Mice in the sucrose treatment 

group received ad libitum access to water and were pair-fed with a mouse in the ethanol 

treatment group such that each mouse in the sucrose treatment group received the same 

amount of food as that eaten by its ethanol-treated pair for each day of gestation.  
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Pregnant mice and their litters were left undisturbed from G19 until postnatal day (P) 4. 

The day of birth was considered to be P0. Individual pups were administered either 

ethanol or sucrose via oral gavage from P4 to P14 using a flexible plastic gavage needle 

(Instech Laboratories, Plymouth Meeting, PA). Postnatal treatment (ethanol or sucrose) 

was consistent with the prenatal treatment for each litter. Pups were administered ethanol 

at a dose of 1.5 g/kg/day (7.5% (w/v)) on P4 and 5, and 3.0 g/kg/day (15% (w/v)) from P6 

to P14. Sucrose was administered in an amount that was isocaloric and isovolumetric to 

the ethanol treatment. Ethanol and sucrose solutions were prepared in Similac® milk-

based infant formula (Abbott Laboratories, Saint-Laurent, QC) using tap water. The milk 

formula within treatment solutions was prepared according to the manufacturer’s 

recommendations, except that the concentration was doubled on P4 and P5 in order to 

mitigate any decrease in nursing that may occur at the onset of postnatal treatment. 

Treatments were administered over two equally divided daily doses two hours apart 

starting between 8:00 A.M. and 9:00 A.M.. All mice in this study were weighed and 

monitored daily for general health during the breeding and treatment periods. Litters were 

weaned and separated based on sex on P28 into cages measuring 29 cm X 19 cm X 13 

cm with a maximum of five mice per cage. Offspring were provided ad libitum access to 

water and pellet food (Tekland Global 16% Protein Rodent Maintenance Diet) and with 

the exception of monitoring for general health and body weight, were left undisturbed until 

behavioural training began on P60.  
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3.3.3 Blood ethanol concentration 

Blood ethanol concentration (BEC) was measured for all dams on G15, which is the day 

that represents the mid-point for the 4 g/kg/day ethanol dosing regimen from G12-G18. 

Ten µL of blood was collected from the saphenous vein one hour after the second daily 

gavage administration. BEC was measured in three naïve litters not in this main study, 

which received ethanol treatment from P4 to P10. Pups were killed one hour after the 

second daily gavage administration on P10 by decapitation under isoflurane anesthesia 

and trunk blood was collected. P10 is the mid-point for the 3 g/kg/day ethanol dosing 

regimen for the pups from P6-P14. For all analyses, 10 µL of blood was immediately 

added to 200 µL of 0.53N perchloric acid, mixed and centrifuged at 14,000 g for 15 min 

at 4°C. Then, 150 µL of supernatant was added to 150 µL of 0.53N potassium hydroxide, 

mixed and stored at -80°C for later analysis. The concentration of short chain alcohols in 

processed samples was measured using a microplate kit from Sigma Aldrich Canada 

(Oakville, ON; product number MAK076) according to the manufacturer’s 

recommendations. 

 

The five choice serial reaction time test 

The five choice serial reaction time test (5-CSRTT) was performed using the Bussey-

Saksida mouse touch screen operant conditioning chambers (Lafayette Instrument, 

Lafayette, IN). Trapezoid-shaped chambers with 188 cm2 floor space housed a perforated 

stainless steel floor and a thin-film transistor touchscreen display on one wall. A plastic 

mask was fixed over the touchscreen that contained five square cut-outs measuring 4 cm 

x 4 cm, which created five distinct areas for light stimulus presentation and nose poke 
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touch response. The opposite wall contained a reinforcer magazine equipped with a 

photodetector, light and reward trough where 7 μL of Neilson strawberry milkshake 

(Saputo Dairy Products Canada G.P., Saint-Laurent, QC) could be delivered by a 

peristaltic pump. Chambers were controlled by a personal computer running a 5-CSRTT 

application on the ABET II interface software (model 89543, Lafayette Instrument), and 

were housed in sound-attenuating cubicles equipped with a ventilation fan. 

 

Starting at P60, 16 male mice from 9 ethanol-treated litters and 16 male mice from 8 

sucrose-treated litters were pair-housed within cages measuring 29 cm X 19 cm X 13 cm 

with ad libitum access to water. Mice were randomly sampled as 1-3 mice per litter in the 

ethanol treatment group and 1-4 mice per litter in the sucrose treatment group. For the 

measures in this study that were significantly affected by developmental treatment, one-

way ANOVA followed by the Dunnett’s post hoc test confirmed that the mean for no single 

litter was significantly different from the mean of its treatment group. Mice were food 

restricted to maintain a body weight of approximately 85% of their free-feeding body 

weight. Training on the 5-CSRTT was performed according to the 89543CAM 5-Choice 

Serial Reaction Time Task with Cambridge Amendment Manual (Lafayette Instrument) 

with minor alterations. Behavioural testing was performed six days per week (Sunday to 

Friday) and occurred at a similar time of day for each mouse between 9 A.M. and 3 P.M. 

that corresponded with the dark cycle for this study. The house light remained off for all 

sessions and only illuminated during timeout periods. Training began with sessions of 

habituation to the chamber and reward delivery, which throughout this study was 

accompanied by the illumination of the magazine light and the emission of a short tone 



	

 
 

73	

(3 KHz for 1 s). This was followed by one session of Pavlovian conditioning to link stimulus 

presentation with reward delivery. Daily touch-response training sessions began with a 

mouse placed in a chamber with one of five stimulus locations illuminated. A nose poke 

response in that stimulus location extinguished its light and resulted in reward delivery. 

Entrance into the magazine extinguished the magazine light and initiated a 5 s intertrial 

interval (ITI) to the next stimulus presentation. Stimuli were presented in a pseudo-

random order and mice were required to complete 30 trials within 60 min on two 

consecutive days to proceed. Daily training sessions for trial initiation built on the previous 

scheme with the modification that the magazine light illuminated at the end of the ITI and 

a nose poke into the magazine was required to extinguish its light and start a 5 s delay to 

the next stimulus presentation. Mice were required to complete 30 trials within 60 min on 

two consecutive days to proceed. 

 

Training sessions for the complete 5-CSRTT protocol began with a mouse placed in the 

chamber with the magazine light illuminated. A nose poke into the magazine extinguished 

its light and started the first trial with a 5 s delay to one of the five stimulus locations 

illuminating for a brief period. A nose poke response in that stimulus location while it was 

illuminated or during the following 5 s limited hold period resulted in reward delivery. 

Entrance into the magazine to collect the reward started a 5 s ITI after which the magazine 

light illuminated and the mouse was required to re-enter the magazine to extinguish its 

light and start the next trial. A premature response made between trial initiation and 

stimulus presentation was not rewarded and led to a 5 s timeout period with the house 

light illuminated followed by a 5 s ITI after which that same trial could be reinitiated by a 
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nose poke into the magazine. An incorrect response in one of the four stimulus locations 

that was not illuminated, or an error of omission in which no response was made by the 

end of the limited hold period was not rewarded and led to a 5 s timeout period with the 

house light illuminated followed by a 5 s ITI after which a magazine response initiated the 

next trial. Daily sessions lasted for 60 trials or 60 minutes and each stimulus location was 

presented 12 times in a pseudo-random order. Percent accuracy was calculated as 

[number of correct responses / (number of correct responses + number of incorrect 

responses) x 100]. Percent omissions was calculated as [omissions / total number of trials 

x 100]. Training began with an initial stimulus duration of 8 s and this was gradually 

reduced depending on performance to a final stimulus duration of 1 s. The criteria to 

advance to the next stimulus duration was a performance of 60 trials with >80 percent 

accuracy and <20 percent omissions for three of four consecutive sessions.  

 

3.3.5 Brain slice preparation for electrophysiology 

Mice were left undisturbed with ad libitum access to food and water for approximately two 

weeks following the completion of behavioural testing. Mice were killed by decapitation 

under isoflurane anesthesia, and brains were removed rapidly and cooled for 2 min in 

4°C oxygenated sucrose artificial cerebral spinal fluid (ACSF; 254 mM sucrose, 10 mM 

D-glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl and 1.25 mM 

NaH2PO4, pH 7.4). Coronal slices containing the mPFC were cut in 4°C oxygenated 

sucrose ACSF at 400 μm thickness using a Leica VT 1200 vibrating microtome (Leica 

Microsystems, Concord, ON, Canada). The appearance of white matter and the corpus 

callosum were used as anterior and posterior landmarks (Paxinos and Franklin, 2001; 
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Gabbott et al., 2005). Slices were placed in a recovery chamber (Scientific Systems 

Design Inc., Mississauga, ON, Canada) with 30°C oxygenated ACSF (128 mM NaCl, 10 

mM D-glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, 1.25 mM 

NaH2PO4, pH 7.4) for at least 2 h before the beginning of electrophysiological recording. 

 

3.3.6 Electrophysiology 

Brain slices were transferred to a modified recording chamber (Warner Instruments, 

Hamden, CT) mounted onto the stage of an Axioskop FS2 microscope (Carl Zeiss 

Canada, Toronto, ON) and superfused with oxygenated room temperature ACSF at a rate 

of 3-4 mL/min. Pyramidal neurons within layer VI were visualized using infrared 

differential interference contrast microscopy and identified based on location within seven 

cell bodies (approximately 150 μm) from the medial aspect of the white matter and also 

by the presence of a prominent apical dendrite (Bailey et al. 2012; Tian et al. 2014). 

Neurons were sampled from the anterior cingulate, prelimbic and infralimbic cortical 

regions and there was no effect of sampling location on any measure in this study. Whole-

cell recording was performed using borosilicate glass pipette electrodes (2-5 MW; Sutter 

Instrument Company, Novato, CA) containing 120 mM K-gluconate, 5 mM KCl, 2 mM 

MgCl2, 4 mM K2-ATP, 400 μM Na2-GTP, 10 mM Na2-phosphocreatine and 10 mM HEPES 

buffer (adjusted to pH 7.3 with KOH). Recordings were made using a Multiclamp 700B 

amplifier, acquired at 20 kHz and lowpass filtered at 2 kHz using a Digidata 1440A data 

acquisition system (Molecular Devices, Sunnyvale, CA) and corrected for the liquid 

junction potential. Neuron passive and active electrophysiological properties were first 

determined in current-clamp mode by measuring changes to membrane potential from 
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rest in response to positive and negative current steps. Burst-firing neurons and fast-

spiking interneurons were not used for subsequent analyses because they respond 

primarily to indirect nicotinic stimulation (Kassam et al. 2008).  

 

Neurons were next held at -75 mV in voltage-clamp mode for 5 min to record their 

baseline spontaneous excitatory postsynaptic currents (sEPSCs). Neurons remained at -

75 mV and receptor-mediated inward current responses were measured as follows: 

Nicotinic responses were probed by the addition of 1 mM ACh (Sigma-Aldrich Canada) 

following a minimum 10 min pre-exposure to 200 nM atropine, muscarinic responses were 

probed by the addition of 1 mM ACh following a minimum 10 min pre-exposure to 3 μM 

dihydro-b-erythroidine hydrobromide (DHbE; Tocris Bioscience / Biotechne, Minneapolis, 

MN), and AMPA glutamatergic responses were probed by the addition of 2 μM (S)-AMPA 

(Tocris Bioscience). All agonists were applied in the bath for 15 s. In mPFC layer VI 

pyramidal neurons, the nicotinic response to bath application of ACh is inhibited by the 

a4b2* nAChR antagonist DHbE but not by the a7 nAChR antagonist methyllycaconitine 

(MLA) (Kassam et al., 2008; Bailey et al., 2010; Poorthuis et al., 2013), suggesting that 

all nicotinic responses in this study were mediated by a4b2* nAChRs. Current responses 

were measured using Clampfit 10.3 software (Molecular Devices) as the change in 

holding current from baseline to the peak of the response. Receptor-mediated 

acceleration of action potential firing was measured in current-clamp mode by first 

injecting sufficient positive current to produce an approximate 1 Hz baseline firing 

frequency. Following a minimum 30 s of stable baseline, each agonist was applied in the 

bath as described above. The percent increase in firing frequency in response to agonist 
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application was measured for each neuron as [(frequency at the peak of the drug 

response – frequency at baseline) / frequency at baseline x 100]. 

 

Statistical Analysis 

The BEC, pregnancy outcome and offspring body weight data are presented as dam/litter 

mean ± SEM of 8-9 litters for each treatment group, with the litter as the unit of 

determination for statistical analyses. Behavioural data on the 5-CSRTT are presented 

as mean ± SEM of 14-16 male offspring from 8-9 litters for each treatment group and 

electrophysiological data are presented as mean ± SEM for 12 to 114 neurons from the 

same mice that were tested on the 5-CSRTT task. Similar numbers of neurons from each 

treatment group were used for each electrophysiological analysis. The unit of 

determination for statistical analyses was the mouse for behavioural experiments and the 

neuron for electrophysiology experiments. Data sets were first analyzed for normality and 

homogeneity of variance before statistical comparisons were performed. The statistical 

test employed for each comparison is indicated in the Results, Tables and Figure 

Legends, and all statistical tests along with their results are compiled within Table 1.  
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Table 1. Statistics table 
 

 Figure / Table Type of test p value 
a. Table 2 Two-tailed Mann-Whitney U test (gestation length) 0.3 
b. Table 2 Two-tailed unpaired t test (litter size) 0.9 
c. Table 2 Bonferroni’s post hoc test (body weight at P4) 1.0 
d. Table 2 Bonferroni’s post hoc test (body weight at P14) 1.0 
e. Table 2 Bonferroni’s post hoc test (body weight at P21) 1.0 
f. Table 2 Bonferroni’s post hoc test (body weight at P28) 1.0 
g. Table 2 Bonferroni’s post hoc test (body weight at P60) 1.0 
h. Figure 2A Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 13.2;  

p < 0.0001 
i. Figure 2A Two-way repeated-measures ANOVA (treatment) F(1,29) = 6.9;  

p = 0.01 
j. Figure 2A Bonferroni’s post hoc test at 8 s p = 0.04 
k. Figure 2A Bonferroni’s post hoc test at 1 s p = 0.0001 
l. Figure 2B Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 178.2; 

p < 0.0001 
m. Figure 2B Two-way repeated-measures ANOVA (treatment) F(1,29) = 2.3;     

 p = 0.1 
n. Figure 2B Two-way repeated-measures ANOVA (stimulus duration X treatment) F(7,203) = 5.3;     

p < 0.0001 
o. Figure 2B Bonferroni’s post hoc test at 8 s p <0.0001 
p. Figure 2C Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 26.7,  

p < 0.0001 
q. Figure 2C Two-way repeated-measures ANOVA (treatment) F(1,29) = 0.2;  

p = 0.6 
r. Figure 2C Two-way repeated-measures ANOVA (stimulus duration X treatment) F(7,203) = 2.8;  

p = 0.009 
s. Figure 2C Bonferroni’s post hoc test at 8 s p = 0.005 
t. Figure 2D Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 38.4;  

p < 0.0001 
u. Figure 2D Two-way repeated-measures ANOVA (treatment) F(1,29) = 7.1;  

p = 0.01 
v. Figure 2D Two-way repeated-measures ANOVA (stimulus duration X treatment) F(7,203) = 3.2;  

p = 0.003 
w. Figure 2D Bonferroni’s post hoc test at 1.2 s p = 0.04 
x. Figure 2D Bonferroni’s post hoc test at 1.0 s p < 0.0001 
y. Figure 2E Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 58.6;  

p < 0.0001 
z. Figure 2E Two-way repeated-measures ANOVA (treatment) F(1,29) = 0.8;  

p = 0.4 
aa. Figure 2F Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 430.1; 

p < 0.0001 
ab. Figure 2F Two-way repeated-measures ANOVA (treatment) F(1,29) = 0.01;  

p = 0.9 
ac. Figure 3A Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 73.1;  

p < 0.0001 
ad. Figure 3A Two-way repeated-measures ANOVA (treatment) F(1,29) = 1.3;  

p = 0.3 
ae. Figure 3A Two-way repeated-measures ANOVA (stimulus duration X treatment) F(7,203) = 2.5;  

p = 0.02) 
af. Figure 3A Bonferroni’s post hoc test at 8 s p = 0.001 
ag. Figure 3B Two-way repeated-measures ANOVA (stimulus duration) F(7,203) = 42.8;  

p < 0.0001 
ah. Figure 3B Two-way repeated-measures ANOVA (treatment) F(1,29) = 5.6;  

p = 0.03 
ai. Figure 3B Bonferroni’s post hoc test at 1.6 s p = 0.02 
aj. Figure 3B Bonferroni’s post hoc test at 1.0 s p = 0.04 
ak. Table 3 Two-tailed Mann-Whitney U test (capacitance) p = 0.002 
al. Table 3 Two-tailed Mann-Whitney U test (input resistance) p = 0.09 
am. Table 3 Two-tailed Mann-Whitney U test (resting membrane potential) p = 0.5 
an. Table 3 Two-tailed Mann-Whitney U test (spike amplitude) p = 0.8 
ao. Figure 4A Two-tailed unpaired t test  p = 0.009 
ap. Figure 4B Two-way repeated-measures ANOVA (current injected X treatment) F(10,1930) = 4.7;  

p < 0.0001 
aq. Figure 4B (rising phase) Two-way repeated-measures ANOVA (current injected) F(3,579) = 922.1; 

p < 0.0001 
ar. Figure 4B (rising phase) Two-way repeated-measures ANOVA (treatment) F(1,193) = 4.9;  
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p = 0.03 
as. Figure 4B (rising phase) Two-way repeated-measures ANOVA (current injected X treatment) F(3,579) = 2.3;  

p = 0.07 
at. Figure 4B (descending phase) Two-way repeated-measures ANOVA (current injected) F(3,579) = 144.3; 

p < 0.0001 
au. Figure 4B (descending phase) Two-way repeated-measures ANOVA (treatment) F(1,193) = 4.2,  

p = 0.04 
av. Figure 4B (descending phase) Two-way repeated-measures ANOVA (current injected X treatment) F(3,579) = 0.3;  

p = 0.8 
aw. Figure 4D  Two-way repeated-measures ANOVA on log-transformed data 

(current injected) 
F(1,174) = 56.4;  
p < 0.0001 

ax. Figure 4D Two-way repeated-measures ANOVA on log-transformed data 
(treatment) 

F(1,174) = 5.2;  
p = 0.02 

ay. Figure 4D Two-way repeated-measures ANOVA on log-transformed data 
(current injected X treatment) 

F(1,174) = 0.04;  
p = 0.8 

az. Figure 4D Two-tailed Mann-Whitney U test (at 100 pA) p = 0.03 
ba. Figure 4D Two-tailed Mann-Whitney U test (at 250 pA) p = 0.04 
bb. Figure 5A Two-tailed unpaired t test p = 0.01 
bc. Figure 5B Two-tailed Mann-Whitney U test p = 0.008 
bd. Figure 5C1 Two-way repeated-measures ANOVA (time) F(11,1419) = 30.5; 

p < 0.0001 
be. Figure 5C1 Two-way repeated-measures ANOVA (treatment) F(1,1419) = 35.8;  

p < 0.0001 
bf. Figure 5C2 Two-tailed unpaired t test p = 0.01 
bg. Figure 5C3 Two-tailed Mann-Whitney U test p = 0.01 
bh. Table 4 Two-tailed Mann-Whitney U test (frequency) p = 0.6 
bi. Table 4 Two-tailed Mann-Whitney U test (amplitude) p = 0.08 
bj. Table 4 Two-tailed Mann-Whitney U test (10-90 rise) p = 0.0008 
bk. Table 4 Two-tailed Mann-Whitney U test (10-90 slope) p = 0.02 
bl. Table 4 Two-tailed Mann-Whitney U test (decay) p = 0.9 
bm. Figure 7A Two-tailed Mann-Whitney U test p = 0.1 
bn. Figure 7B Two-tailed unpaired t test p = 0.04 
bo. Figure 7C1 Two-way repeated-measures ANOVA (time) F(11,311) = 4.0;  

p < 0.0001 
bp. Figure 7C1 Two-way repeated-measures ANOVA (treatment) F(1,311) = 5.4;  

p = 0.02 
bq. Figure 7C2 Two-tailed unpaired t test p = 0.6 
br. Figure 7C3 Two-tailed unpaired t test p = 0.047 
bs. Table 5 Two-tailed Pearson correlation coefficient  as indicated  
bt. Table 6 Two-tailed Pearson correlation coefficient  as indicated  
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These included the two-tailed unpaired t test (for normally-distributed data sets), the 

Mann-Whitney U test (for non-normally-distributed data sets) and the two-way repeated-

measures analysis of variance (ANOVA) followed by the Bonferroni post-hoc test. The 

Pearson correlation coefficient was used to assess relationships between 

electrophysiological measures and attention performance on the 5-CSRTT. Statistical 

analyses were performed using GraphPad Prism 6 (Graphpad Software, La Jolla, CA).  

 

3.4 Results 

The objective of this study was to determine long-term consequences of developmental 

binge-pattern ethanol exposure on performance in an attention task and on the function 

of mPFC layer VI pyramidal neurons that support attention processing. Developing mice 

were administered ethanol or isocaloric/isovolumetric sucrose control from G10-G18 and 

from P4-P14. Attention performance was measured in adulthood using the 5-CSRTT, and 

the function of mPFC layer VI neurons from these same mice was assessed using whole-

cell electrophysiology in acute brain slices. Refer to Figure 1 for a schematic of the study 

design. The BEC of pregnant mice 1 hr after the second daily administration of ethanol 

on G15 was 234.8 ± 34.2 mg/dL (n = 9). The BEC of mice from three separate litters that 

were administered ethanol from P4-P10 (and not included in the remainder of this study) 

1 hr after the second daily administration of ethanol on P10 was 255.2 ± 43 mg/dL (n = 

14).  
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Figure 1. Schematic illustration of the study design. Timed-pregnant female mice were 

administered either ethanol or an isocaloric/isovolumetric amount of sucrose by gavage 

from gestational day (G) 10 to G18. Offspring were then administered the same treatment 

(ethanol or sucrose) by gavage from postnatal day (P) 4 to P14.  Male offspring were 

food-restricted and tested for attention behaviour using the five-choice serial reaction time 

test from P60 to P193 (the age of the oldest mouse to complete testing). The same cohort 

of male offspring was then tested for electrophysiological function of medial prefrontal 

layer VI pyramidal neurons between P225 and P273. The coronal slice diagram was 

modified from Paxinos and Franklin, 2001. Timelines are not drawn to scale. 
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These BEC values are similar to those found in previous studies following binge-pattern 

oral administration of ethanol to developing mice (Jiang et al., 2007; Cui et al., 2010; Kane 

et al., 2011), rats (Maier et al., 1996; Ryan et al., 2008; Brocardo et al., 2012) and guinea 

pigs (Bailey et al., 2001; Iqbal et al., 2006; Olmstead et al., 2009), where neurocognitive 

and neurological teratogenic effects were observed. It should be noted that these BEC 

values are also similar to those predicted in a recent ethanol pharmacokinetic modeling 

study for pregnant mice following a single 4 g/kg oral dose of ethanol (Martin et al., 2015). 

However, this same study found these values to be approximately one-half of those 

predicted for pregnant humans following the same ethanol dose (Martin et al., 2015). 

There was no effect of ethanol treatment on the amount of food consumed by dams or 

litters, although there was a small decrease in the amount of food consumed by dams of 

both groups on the first day of treatment only (data not shown). We observed no effect of 

treatment on the length of gestation, litter size at P4, or offspring body weight at any point 

during postnatal development (all reported in Table 2). 

 
 
Table 2. Pregnancy outcome and offspring body weight 
 

 Sucrose Ethanol p value 
Number of litters 8 9  
Gestation length (days) 19.9 ± 0.1 20.3 ± 0.2 0.3(a) 
Litter size (number of pups at P4) 8.4 ± 0.9 8.2 ± 0.6 0.9(b) 
Offspring body weight (g)    
     P4   (female and male) 2.8 ± 0.1 2.9 ± 0.1 1.0(c) 
     P14 (female and male) 7.1 ± 0.2 6.9 ± 0.1 1.0(c) 
     P21 (male only) 9.8 ± 0.6 9.6 ± 0.2 1.0(c) 
     P28 (male only) 16.5 ± 0.9 16.7 ± 0.3 1.0(c) 
     P60 (male only) 24.6 ± 0.8 24.7 ± 0.2 1.0(c) 

 
Data are presented as litter mean ± SEM. Data sets were analysed by (a)Mann-Whitney U test, 
(b)two-tailed unpaired t test or (c)Bonferroni’s post-hoc test. 
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3.4.1 Developmental ethanol exposure impairs performance on an attention task in 

adulthood 

We first sought to measure performance of adult offspring on the 5-CSRTT (Robbins, 

2002) because deficits in attention comprise one of the most common and persistent 

neurobehavioural consequences of prenatal ethanol exposure in humans (Bhatara et al., 

2006; Fryer et al., 2007a). Thirty-two young adult male mice (n = 16 for each 

developmental treatment group sampled randomly from eight sucrose-treated litters and 

nine ethanol-treated litters) were trained to detect and respond to an illuminating light 

stimulus presented randomly in one of five locations, in order to receive a reinforcing food 

reward. Training on the 5-CSRTT began with a stimulus duration of 8 s and this was 

decreased in successive steps to increase attentional demand until the final stimulus 

duration of 1 s was reached. Mice were required to meet the criteria of 60 trials completed 

within 60 min with >80 percent accuracy and <20 percent omissions on three of four 

consecutive daily sessions in order to advance to the next stimulus duration. A full 

description of the training procedure is presented in Materials and Methods. One mouse 

in the sucrose treatment group stopped performing the task during this behavioural testing 

and was removed from all analyses. 

 

The number of days (sessions) required to reach criteria at each stimulus duration was 

significantly affected by stimulus duration, where mice required the greatest number of 

days both during initial training on the task (8 s) and also at the shorter stimulus durations 

(1.2 s and 1.0 s) that involve greater attentional demand (Figure 2A, two-way repeated-

measures ANOVA, effect of stimulus duration, F(7,203) = 13.2; p < 0.0001). Mice from the 
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ethanol treatment group required more days to reach criteria than mice in the sucrose 

treatment group (effect of developmental treatment, F(1,29) = 6.9; p = 0.01) and this effect 

of treatment was most pronounced at both the initial 8 s (Bonferroni’s post hoc test, p = 

0.04) and the shortest 1 s (p <0.0001) stimulus durations. The remainder of data in Figure 

2 are presented as means for all days up to and including the day when each mouse met 

criteria for each stimulus duration. Mice in the ethanol treatment group required more time 

to complete 60 trials than mice in the sucrose treatment group at 8 s only (Figure 2B, 

effect of stimulus duration, F(7,203) = 178.2; p < 0.0001, effect of developmental treatment, 

F(1,29) = 2.3; p = 0.1, effect of interaction, F(7,203) = 5.3; p < 0.0001, Bonferroni’s post hoc 

test at 8 s, p <0.0001). Mice responded with the lowest percent accuracy at 8 s (Figure 

2C, effect of stimulus duration, F(7,203) = 26.7, p < 0.0001), where mice in the ethanol 

treatment group showed a lower percent accuracy than mice in the sucrose treatment 

group (main effect of developmental treatment, F(1,29) = 0.2; p = 0.6, effect of interaction, 

F(7,203) = 2.8; p = 0.009, Bonferroni’s post hoc test at 8 s, p = 0.005).  
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Figure 2. Developmental ethanol exposure impairs performance on an attention task in 

adulthood. Adult male offspring were trained on the five-choice serial reaction time test 

for visual attention. Training began with the light stimulus duration set to 8 s and each 

mouse was required to achieve the criteria of (i) 60 trials completed in 60 min, (ii) >80 

percent accuracy and (iii) <20 percent omissions for three of four consecutive days in 

order to advance to the next-lowest stimulus duration. The number of days required to 

meet criteria at each stimulus duration is shown in A, where the dotted line represents 
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the minimum of three days. Mice that were administered ethanol during development 

required more days to reach criteria than mice that were administered sucrose during 

development, both during initial training on the task and also at the lowest stimulus 

duration that required the highest attentional demand (two-way repeated measures 

ANOVA, effect of developmental treatment p = 0.01, effect of stimulus duration p < 

0.0001, interaction p = 0.001; Bonferroni’s post-hoc test at 8 s: *p = 0.04 and at 1 s: §p < 

0.0001). All remaining data are shown as the mean performance for all days up to and 

including the day on which each mouse met training criteria for each stimulus duration. 

B, Mice that were administered ethanol during development required more time to 

complete 60 trials at the initial 8 s stimulus duration (effect of developmental treatment p 

= 0.1, effect of stimulus duration p < 0.0001, interaction p < 0.0001; Bonferroni’s post-hoc 

test at 8 s: §p < 0.0001). Mice that were administered ethanol showed lower percent 

accuracy at the initial 8 s stimulus duration (C, effect of developmental treatment p = 0.6, 

effect of stimulus duration p < 0.0001, interaction p = 0.009, Bonferroni’s post-hoc test at 

8 s, ‡p = 0.005), and also showed greater percent omissions that was most pronounced 

at lower stimulus durations (D, effect of developmental treatment p = 0.01, effect of 

stimulus duration p < 0.0001, interaction p = 0.003, Bonferroni’s post-hoc test at 1.2 s: *p 

= 0.04 and at 1 s: §p < 0.0001). E, The number of premature responses per session was 

affected by stimulus duration (p < 0.0001) but not by developmental treatment (p = 0.4). 

F, The latency to make correct responses also was affected by stimulus duration (p < 

0.0001) but not by developmental treatment (p = 0.9). All data are shown as mean + SEM. 
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As shown in Figure 2D, the percent of omissions (no response) increased as stimulus 

duration decreased (effect of stimulus duration, F(7,203) = 38.4; p < 0.0001) and this effect 

was most pronounced in mice from the ethanol treatment group as they showed greater 

percent omissions than mice in the sucrose treatment group at 1.2 s and 1.0 s (effect of  

developmental treatment, F(1,29) = 7.1; p = 0.01, effect of interaction, F(7,203) = 3.2; p = 

0.003, Bonferroni’s post hoc test at 1.2 s, p = 0.04 and at 1.0 s, p < 0.0001). The number 

of premature responses per session was greatest at 8 s (Figure 2E, effect of stimulus 

duration, F(7,203) = 58.6; p < 0.0001) but was not affected by treatment (F(1,29) = 0.8; p = 

0.4). Similarly as shown in Figure 2F, correct response latency was affected by stimulus 

duration (F(7,203) = 430.1; p < 0.0001) but not by treatment (F(1,29) = 0.01; p = 0.9). The 

number of responses per session that were perseverative to the correct response was 

not affected by stimulus duration (data not shown, F(7,203) = 1.1; p = 0.3) or developmental 

treatment (F(1,29) = 2.5; p = 0.1). Reward collection latency was greatest at 8 s compared 

with the other stimulus durations (data not shown, effect of stimulus duration, F(7,203) = 

12.7; p < 0.0001) but was not affected by developmental treatment (F(1,29) = 0.03; p = 0.9). 

 

Mice from the ethanol treatment group continued to show impaired performance on the 

5-CSRTT even when they were considered to be fully trained. We next analyzed data 

only for the three days on which each mouse met training criteria for each stimulus 

duration. The time required to complete 60 trials was affected by stimulus duration (Figure 

3A, two-way repeated-measures ANOVA, F(7,203) = 73.1; p < 0.0001) and although there 

was no main effect of developmental treatment (F(1,29) = 1.3; p = 0.3), there was a 

significant interaction between effects (F(7,203) = 2.5; p = 0.02) and mice from the ethanol 
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treatment group require more time to complete 60 trials at 8 s than mice in the sucrose 

treatment group (Bonferroni’s post hoc test, p = 0.001). As shown in Figure 3B for the 

percent of omissions, it is most interesting that effects of stimulus duration (F(7,203) = 42.8; 

p < 0.0001) and developmental treatment (F(1,29) = 5.6; p = 0.03, Bonferroni’s post hoc 

test at 1.6 s, p = 0.02 and at 1.0 s, p = 0.04) persisted in mice that were fully trained on 

the task. This same analysis for the other measures within the 5-CSRTT did not show 

effects of developmental treatment in the trained mice (data not shown). Percent accuracy 

(F(7,203) = 3.7; p = 0009), premature responding (F(7, 203) = 22.0; p < 0.0001), correct 

response latency (F(7, 203) = 250.2; p < 0.0001) and reward collection latency (F(7, 203) = 

8.1; p < 0.0001) were all affected by stimulus duration but not by developmental treatment 

(all p > 0.05). The number of responses that were perseverative to the correct response 

was not affected by stimulus duration or developmental treatment (both p > 0.05). 
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Figure 3. Developmental ethanol exposure impairs performance on the five-choice 

attention task even when mice are considered to be trained. Data are shown as means 

for the three days on which each mouse met the training criteria for each stimulus 

duration. A, Mice that were administered ethanol during development required more time 

to complete 60 trials at the 8 s stimulus duration than mice that were administered sucrose 
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during development (two-way repeated measures ANOVA, effect of developmental 

treatment p = 0.3, effect of stimulus duration p < 0.0001, interaction p = 0.01, Bonferroni’s 

post-hoc test at 8 s, ‡p=0.001). B, Mice that were administered ethanol during 

development committed more errors of omission when trained on the task, and this effect 

was most prominent at lower stimulus durations that required higher attentional demand 

(effect of developmental treatment p = 0.03, effect of stimulus duration p < 0.0001, 

interaction p = 0.04, Bonferroni’s post-hoc test at 1.6 s: *p = 0.02 and at 1 s: *p = 0.04). 

All data are shown as mean + SEM. 
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3.4.2 Developmental ethanol exposure decreases the intrinsic excitability of prefrontal 

layer VI pyramidal neurons 

We next sought to determine whether developmental binge-pattern ethanol exposure 

influences the function of adult mPFC layer VI pyramidal neurons because approximately 

40 percent of neurons in this population provide feedback from the mPFC to the thalamus 

(Gabbott et al., 2005; Zikopoulos and Barbas, 2006) and ACh neurotransmission via their 

a4b2* nAChRs is necessary for proper attention performance (Bailey et al., 2010; Guillem 

et al., 2011). We prepared acute brain slices from the same mice that had been tested on 

the 5-CSRTT and first measured the basic passive and active electrophysiological 

properties of layer VI neurons. The brain from one mouse in the sucrose treatment group 

was lost to a technical issue, leaving 14 mice in the sucrose treatment group and 16 mice 

in the ethanol treatment group for experiments. Data and statistical analysis of basic 

electrophysiological properties are shown in Table 3. Neurons from mice in the ethanol 

treatment group showed significantly lower capacitance (Mann-Whitney U test, p = 0.002) 

and a trend toward higher input resistance (p = 0.09) compared with neurons from mice 

in the sucrose treatment group. There was no effect of developmental treatment on 

resting membrane potential or spike amplitude (both p > 0.05). 

 
Table 3. Basic electrophysiological properties of prefrontal layer VI pyramidal neurons 
 

 Sucrose Ethanol p value 
Number of mice 14 16  
Number of neurons 104 114  
Capacitance (pF) 56.9 ± 0.9 53.4 ± 0.9 0.002 
Input resistance (MW) 228.7 ± 7.5 240.6 ± 7.8 0.09 
Resting membrane potential (mV) -78.7 ± 0.5 -78.3 ± 0.4 0.5 
Spike amplitude (mV) 95.0 ± 0.5 94.7 ± 0.5 0.8 

 
Data are presented as mean ± SEM for neurons within each data set. Data sets were analysed 
by Mann-Whitney U test. 
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Measures of intrinsic excitability for mPFC layer VI pyramidal neurons are shown in Figure 

4. The amount of positive current injection required to reach action potential threshold 

from rest (rheobase) was significantly greater in neurons from mice in the ethanol 

treatment group (78.9 ± 3.9 pA, n = 90) than in neurons from mice in the sucrose treatment 

group (66.0 ± 3.1 pA, n = 106) (Figure 4A, two-tailed unpaired t test, p = 0.009). The 

excitability of neurons from mice in the ethanol treatment group was also lower at this 

range of positive current input, as shown by the input/output curve in Figure 4B. Here, the 

relationship between the amount of current injected over 500 ms and the resulting action 

potential frequency was shifted to the right for neurons from mice in the ethanol group 

compared with neurons from mice in the sucrose treatment group (two-way repeated-

measures ANOVA for all data, interaction between effects of current and developmental 

treatment, F(10,1930) = 4.7; p < 0.0001). Firing frequency was lower in neurons from mice 

in the ethanol treatment group on the rising phase of the input/output curve between 50 

pA to 200 pA (two-way repeated-measures ANOVA, effect of current, F(3,579) = 922.1; p < 

0.0001, effect of developmental treatment, F(1,193) = 4.9; p = 0.03, interaction between 

effects, F(3,579) = 2.3; p = 0.07), and firing frequency was greater in neurons from the 

ethanol treatment group on the descending phase of the input/output curve between 350 

pA and 500 pA (effect of current, F(3,579) = 144.3; p < 0.0001, effect of developmental 

treatment, F(1,193) = 4.2, p = 0.04, interaction between effects, F(3,579) = 0.3; p = 0.8). Given 

the influence of developmental ethanol exposure on neuron excitability, we next analyzed 

effects of treatment on neuron afterhyperpolarization (AHP) by measuring the peak AHP 

following at the end of the action potential trains generated in the input/output experiment. 

This measurement was performed at the 100 pA injection where we observed an effect 
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of developmental treatment on firing frequency (e.g. as shown in Figure 4C) and at the 

250 pA injection where firing frequency was similar between treatment groups. As shown 

in Figure 4D, the peak AHP amplitude was greater in neurons from mice in the ethanol 

treatment group than in neurons from mice in the sucrose treatment group at both levels 

of current injection (two-way repeated-measures ANOVA on log-transformed data, effect 

of current, F(1,174) = 56.4; p < 0.0001, effect of developmental treatment, F(1,174) = 5.2; p = 

0.02, interaction between effects, F(1,174) = 0.04; p = 0.8; Mann-Whitney U test on raw 

data at each level of current injection, p < 0.04). AHP amplitudes following 100 pA current 

injection were 1.1 ± 0.1 mV (n = 92) for neurons in the sucrose treatment group and 1.4 

± 0.1 mV (n = 84) for neurons in the ethanol treatment group, and AHP amplitudes 

following 250 pA current injection were 1.4 ± 0.1 mV (n = 92) for neurons in the sucrose 

treatment group and 1.7 ± 0.1 mV (n = 84) for neurons in the ethanol treatment group. 
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Figure 4. Developmental ethanol exposure decreases the intrinsic excitability of adult 

medial prefrontal layer VI pyramidal neurons. A, Neurons from mice that were 

administered ethanol during development required more current to reach action potential 

threshold from rest (rheobase) than neurons from mice that were administered sucrose 

during development (two-tailed unpaired t test, *p = 0.009). B, The input-output curve is 
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shifted to the right in neurons from mice that were administered ethanol during 

development (two-way repeated-measures ANOVA, interaction between effects of 

current and developmental treatment, p < 0.0001, effect of developmental treatment 

within each indicated segment, *p < 0.04). Representative action potential trains elicited 

by 100 pA current steps are shown in C for one neuron from each developmental 

treatment group. D, The peak afterhyperpolarization (AHP) at the end of the action 

potential trains elicited by 100 pA and 250 pA current steps is greater in neurons from 

mice that were administered ethanol during development (two-way repeated-measures 

ANOVA on log-transformed data, p = 0.02; Mann-Whitney U test on raw data for each 

current step, p < 0.04). Representative AHP traces are shown on the right for one neuron 

from each developmental treatment group. All data are shown as mean ± SEM. 
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3.4.3 Developmental ethanol exposure increases the response to nicotinic receptor 

stimulation in prefrontal layer VI pyramidal neurons 

Given the importance of cholinergic signaling within the mPFC (Passetti et al., 2000; 

Dalley et al., 2004; Parikh et al., 2007), and specifically at a4b2* nAChRs on mPFC layer 

VI pyramidal neurons (Guillem et al., 2011) for normal performance in attention tasks, we 

next sought to measure effects of developmental ethanol exposure on nAChR function. 

Whole-cell current responses were measured following the application of 1 mM ACh for 

15 s in the presence of 200 nM atropine (to block muscarinic receptors). Such nicotinic 

responses are mediated in these neurons by a4b2* nAChRs (Kassam et al., 2008; Bailey 

et al., 2010; Poorthuis et al., 2013; Bloem et al., 2014). As shown in Figure 5A, nAChR 

current responses were significantly greater in neurons from mice in the ethanol treatment 

group (48.5 ± 2.7 pA, n = 62) than in neurons from mice in the sucrose treatment group 

(38.9 ± 2.6 pA, n = 58) (two-tailed unpaired t test, p = 0.01). Nicotinic responses were 

next assessed in active neurons by injecting positive current to induce action potential 

firing at approximately 1 Hz, and then measuring the increase in firing rate in response to 

the application of 1 mM ACh for 15 s in the presence of 200 nM atropine. Here, the percent 

by which firing increased over baseline for each neuron was also greater in neurons from 

mice in the ethanol treatment group (425 ± 21%, n = 63) than in neurons from mice in the 

sucrose treatment group (352 ± 21%, n = 58) (Figure 5B, Mann-Whitney U test, p = 

0.008). The magnitude and kinetics for instantaneous firing frequency in this experiment 

were also affected by developmental treatment (Figure 5C).  
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Figure 5. Developmental ethanol exposure increases nicotinic receptor function in adult 

medial prefrontal layer VI pyramidal neurons. A, The peak inward current response to 1 

mM acetylcholine (15 s in the presence of 200 nM atropine) was significantly greater in 

neurons from mice that were administered ethanol during development than in neurons 

from mice that were administered sucrose during development (two-tailed unpaired t test, 

*p = 0.01). Exemplary voltage-clamp traces are shown on the right for one neuron from 

each developmental treatment group. B, For neurons that had been induced to fire action 
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potentials by current injection, further nicotinic stimulation with 1 mM acetylcholine (15 s 

in the presence of 200 nM atropine) increased firing frequency to a greater degree in 

neurons from mice that were administered ethanol during development (Mann-Whitney U 

test, ‡p = 0.008). Exemplary current-clamp traces are shown on the right for one neuron 

from each developmental treatment group. The instantaneous firing frequency for this 

experiment is plotted against time in C1, where a significant effect of developmental 

treatment was observed during the acetylcholine response period (two-way ANOVA, §p 

< 0.0001). Firing frequency peaked at a greater magnitude (C2, Mann-Whitney U test, *p 

= 0.01) and occurred at an earlier time (C3, two-tailed unpaired t test, *p = 0.01) in neurons 

from mice that were administered ethanol during development. Acetylcholine applications 

are indicated on all traces by a grey bar. All data are shown as mean ± SEM. 
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Firing frequency was greater during the ACh response period for neurons from mice in 

the ethanol treatment group (Figure 5C1, two-way ANOVA, effect of time, F(11,1419) = 30.5; 

p < 0.0001, effect of developmental treatment, F(1,1419) = 35.8; p < 0.0001). The peak firing 

frequency for each neuron was greater in neurons from mice in the ethanol treatment 

group (3.7 ± 0.2 Hz, n = 63) than in neurons from mice in the sucrose treatment group 

(2.9 ± 0.2 Hz, n = 58) (Figure 5C2, two-tailed unpaired t test, p = 0.01). In addition, this 

peak ACh response occurred at an earlier time in neurons from mice in the ethanol 

treatment group (77.0 ± 2.4 s, n = 63) than in neurons from mice in the sucrose treatment 

group (81.5 ± 2.3 s, n = 58) (Figure 5C3, Mann-Whitney U test, p = 0.01). 

 

We also measured muscarinic ACh receptor (mAChR) function in these same mice and 

found no effect of developmental ethanol exposure. Whole-cell inward current responses 

following the application of 1 mM ACh for 15 s (in the presence of 3 μM DHbE to block 

a4b2* nAChRs; these neurons are not activated by a7 nAChRs) were 6.0 ± 0.7 pA (n = 

28) for neurons from mice in the sucrose treatment group and 6.8 ± 0.4 pA (n = 35) for 

neurons from mice in the ethanol treatment group (two-tailed unpaired t test, p = 0.3). 

Muscarinic responses in active neurons were assessed by injecting positive current to 

induce action potential firing at approximately 1 Hz and then measuring the increase in 

firing rate in response to the application of 1 mM ACh for 15 s in the presence of 3 μM 

DHbE. The percent increase in firing rate was not different between neurons from mice 

in the sucrose treatment group (328 ± 20%, n = 28) and neurons from mice in the ethanol 

treatment group (359 ± 22%, n = 35) (Mann-Whitney U test, p = 0.5). 
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3.4.4 Developmental ethanol exposure increases the response to AMPA receptor 

stimulation in prefrontal layer VI pyramidal neurons 

In performing the ACh experiments described above, we observed differences between 

experimental groups for the magnitude and kinetics of spontaneous excitatory 

postsynaptic currents (sEPSCs) in mPFC layer VI pyramidal neurons. Spontaneous 

EPSCs were measured in voltage clamp mode for neurons held at -75 mV, which is near 

the measured equilibrium potential for chloride in our preparation of -73.5 mV. This non-

pharmacological approach thus mitigates any influence of GABAA receptor signaling and 

also is below the voltage threshold for NMDA glutamatergic receptor activation. Moreover, 

all sEPSCs in this preparation are blocked by the AMPA/kainate glutamatergic receptor 

competitive antagonist CNQX (data not shown). Data and statistical analyses for all 

neurons in this study are shown in Table 4. There was no effect of developmental 

treatment on the frequency of sEPSCs (Mann-Whitney U test, p = 0.6), although there 

was a trend toward a greater amplitude of sEPSCs in neurons from mice in the ethanol 

treatment group (p = 0.08). The onset kinetics for sEPSCs were significantly affected by 

developmental treatment, as the sEPSC rise time was shorter (p = 0.0008) and rise slope 

was greater (p = 0.02) in neurons from mice in the ethanol treatment group than in 

neurons from mice in the sucrose treatment group. The sEPSC decay time was not 

affected by developmental treatment (p = 0.9). Exemplar and average traces of recorded 

sEPSCs from neurons of each developmental treatment group are shown in Figure 6. 
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Table 4. Properties of spontaneous excitatory postsynaptic currents (sEPSCs) in 
prefrontal layer VI pyramidal neurons  
 

 Sucrose Ethanol p value 
Number of mice 14 16  
Number of neurons 98 104  
Frequency (Hz) 0.65 ± 0.06 0.68 ± 0.05 0.6 
Amplitude (pA) 11.4 ± 0.3 12.4 ± 0.4 0.08 
10-90 Rise (ms) 2.7 ± 0.1 2.3 ± 0.1 0.0008 
10-90 Slope (pA/ms) -5.5 ± 0.3 -7.2 ± 0.5 0.02 
Decay (ms) 4.9 ± 0.2 5.0 ± 0.2 0.9 

 
Data are presented as mean ± SEM for neurons within each data set. Data sets were analysed 
by Mann-Whitney U test. 
 

 

Given the observed effects of developmental binge-pattern ethanol exposure on 

AMPA/kainate-mediated EPSCs and the importance of glutamatergic signaling within the 

mPFC for attention (Murphy et al., 2005; Quarta et al., 2007; Parikh et al., 2008; Howe et 

al., 2010; Parikh et al., 2010), we next measured AMPA receptor function directly in mPFC 

layer VI pyramidal neurons. Experiments were performed on a subset of mice from the 

study (ethanol n = 6; sucrose n = 9). We first measured whole-cell current responses 

following 15 s application of 2 μM (S)-AMPA and found the difference between treatment 

group means to be similar in magnitude to that for nicotinic currents (Figure 7A, ethanol: 

45.5 ± 7.4 pA (n = 12); sucrose: 34.2 ± 4.7 pA (n = 17)), although this difference was not 

significant (Mann-Whitney U test, p = 0.1).  
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Figure 6. Exemplary traces of recorded glutamatergic sEPSCs. A, Exemplary traces, are 

shown for one neuron from the sucrose (A1) and ethanol (A2) developmental treatment 

groups held at -75 mV in voltage-clamp mode. For each neuron, traces of approximately 

10 s in length are shown at the top, and four individual exemplary sEPSCs are shown at 

the bottom. B, The average of 200 representative EPSC traces is shown for neurons from 

the sucrose (grey) and ethanol (black) developmental treatment groups. Data for the 

frequency, amplitude and kinetics of sEPSCs in this study are shown in Table 4.   
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Excitatory responses to AMPA were next assessed in active neurons by injecting positive 

current to induce action potential firing at approximately 1 Hz, and then measuring the 

increase in firing rate following 15 s application of 2 μM (S)-AMPA. The percent by which 

firing increased over baseline for each neuron was significantly greater in neurons from 

mice in the ethanol treatment group (365 ± 48%, n = 12) than in neurons from mice in the 

sucrose treatment group (270 ± 15%, n = 16) (Figure 7B, two-tailed unpaired t test, p = 

0.04). The timing for AMPA responses in this experiment was also affected by 

developmental treatment (Figure 7C). Firing frequency was greater during the AMPA 

response period for neurons from mice in the ethanol treatment group (Figure 7C1, two-

way ANOVA, effect of time, F(11,311) = 4.0; p < 0.0001, effect of developmental treatment, 

F(1,311) = 5.4; p = 0.02). The peak firing frequency for each neuron was not significant 

between neurons from mice in the ethanol treatment group (3.3 ± 0.2 Hz, n = 12) and 

neurons from mice in the sucrose treatment group (3.0 ± 0.4 Hz, n = 16) (Figure 7C2, two-

tailed unpaired t test, p = 0.6). However, the peak response to AMPA occurred at an 

earlier time in neurons from mice in the ethanol treatment group (79.8 ± 4.9 s, n = 12) 

than in neurons from mice in the sucrose treatment group (96.1 ± 5.7 s, n = 16) (Figure 

7C3, p = 0.047). 
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Figure 7. Developmental ethanol exposure increases AMPA receptor function in adult 

medial prefrontal layer VI pyramidal neurons. A, The peak inward current response to 2 

μM (S)-AMPA (15 s) was not significantly different between neurons from mice that were 

administered ethanol during development and neurons from mice that were administered 

sucrose during development (Mann-Whitney U test, p = 0.1). Exemplary voltage-clamp 

traces are shown on the right for one neuron from each developmental treatment group. 
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B, For neurons that had been induced to fire action potentials by current injection, further 

glutamatergic stimulation with 2 μM (S)-AMPA (15 s) increased firing frequency to a 

greater degree in neurons from mice that were administered ethanol during development 

(two-tailed unpaired t test, *p = 0.04). Exemplary current-clamp traces are shown on the 

right for one neuron from each developmental treatment group. The instantaneous firing 

frequency for this experiment is plotted against time in C1, where a significant effect of 

developmental treatment was observed during the (S)-AMPA response period (two-way 

repeated-measures ANOVA, *p = 0.02). The peak firing frequency was not significantly 

different between developmental treatment groups (C2, two-tailed unpaired t test, p = 0.6) 

although it did occur at an earlier time in neurons from mice that were administered 

ethanol during development (C3, two-tailed unpaired t test, *p = 0.047). AMPA 

applications are indicated on all traces by a grey bar. All data are shown as mean ± SEM. 
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3.4.5 Developmental ethanol exposure disrupts the relationship between prefrontal 

nicotinic receptor function and performance on an attention task 

The analysis of neuron function and performance on the 5-CSRTT within the same 

experimental animals provided the opportunity to determine whether specific properties 

of mPFC layer VI pyramidal neurons correlate with attention performance. Neuron 

electrophysiological properties were compared with two measures of attention processing 

that were negatively affected by developmental ethanol exposure: (i) percent accuracy at 

the 8 s stimulus duration (full correlation data are presented in Table 5) and (ii) percent 

omissions at the 1 s stimulus duration (full correlation data are presented in Table 6).  

 
 
 
Table 5. Correlation analysis comparing electrophysiological properties of prefrontal layer 
VI pyramidal neurons and Percent Accuracy at the 8s stimulus duration in the five-choice 
attention task 
 

Correlation versus 
Percent Accuracy 

Sucrose Ethanol 

Pearson r p value Pearson r p value 
Resting membrane potential -0.37 0.19 0.08 0.78 
Capacitance 0.28 0.34 -0.09 0.73 
Input resistance -0.41 0.14 -0.01 0.99 
Spike amplitude 0.25 0.38 0.29 0.27 
Rheobase 0.51 0.06 0.22 0.52 
Receptor-mediated inward currents     
    Nicotinic 0.61 0.02 0.21 0.43 
    Muscarinic 0.03 0.92 0.46 0.07 
    AMPA glutamatergic -0.06 0.87 -0.16 0.77 
Receptor-mediated stimulation 
of firing neurons     
    Nicotinic 0.51 0.06 0.08 0.78 
    Muscarinic 0.41 0.17 0.27 0.31 
    AMPA glutamatergic 0.15 0.72 -0.25 0.64 
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Table 6. Correlation analysis comparing electrophysiological properties of prefrontal 
layer VI pyramidal neurons and Percent Omission at the 1s stimulus duration in the five-
choice attention task 
 
Correlation versus Percent 
Omission 

Sucrose Ethanol 

Pearson r p value Pearson r p value 
Resting membrane potential 0.46 0.09 0.25 0.35 
Capacitance 0.31 0.27 0.23 0.40 
Input resistance 0.02 0.95 0.25 0.35 
Spike amplitude 0.33 0.24 0.33 0.21 
Rheobase -0.17 0.55 -0.01 0.98 
Receptor-mediated inward currents     
    Nicotinic -0.52 0.05 0.03 0.93 
    Muscarinic 0.09 0.77 -0.08 0.78 
    AMPA glutamatergic 0.51 0.16 0.31 0.55 
Receptor-mediated stimulation  
of firing neurons     
    Nicotinic -0.58 0.03 0.02 0.93 
    Muscarinic -0.28 0.36 0.14 0.62 
    AMPA glutamatergic 0.10 0.81 0.27 0.61 

 
 

Mice in the sucrose group showed a positive correlation between nicotinic inward currents 

(data from Figure 5A) and percent accuracy (data from Figure 2C) (p = 0.02), and also a 

strong trend toward a positive correlation between nicotinic stimulation of firing neurons 

(data from Figure 5B) and percent accuracy (data from Figure 2C) (p = 0.06). This 

indicates that mice in the sucrose group with greater layer VI neuron a4b2* nAChR 

function performed with greater percent accuracy on the 5-CSRTT task. In contrast, mice 

in the ethanol group showed no correlation between nicotinic inward currents and percent 

accuracy (p = 0.4), or between nicotinic simulation of firing neurons and percent accuracy 

(p = 0.8). Mice in the sucrose group showed a negative correlation between nicotinic 

inward currents (data from Figure 5A) and percent omissions (data from Figure 2D) (p = 

0.05), and also a negative correlation between nicotinic stimulation of firing neurons (data 

from Figure 5B) and percent omissions (data from Figure 2D) (p = 0.03). This indicates 
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that mice in the sucrose group with greater layer VI neuron a4b2* nAChR function 

performed with fewer omissions on the 5-CSRTT task. In contrast, mice in the ethanol 

group showed no correlation between nicotinic inward currents and percent omissions (p 

= 0.9), or between nicotinic stimulation of firing neurons and percent omissions (p = 0.9). 

There were no additional correlations in this study between any other electrophysiological 

measure and attention performance, suggesting that observed relationships between 

mPFC layer VI neuron function and attention performance in the sucrose group were 

selective to those involving nicotinic signaling. 

 

3.5 Discussion 

This study provides novel insight into the long-term consequences of developmental 

binge-pattern ethanol exposure on prefrontal attention systems. We found that adult mice 

exposed to ethanol during development showed decreased performance on the 5-CSRTT 

for visual attention, as they performed with lower accuracy when first learning the task 

and with a higher rate of omissions under conditions that required the greatest attentional 

demand. We then measured the function of pyramidal neurons located within mPFC layer 

VI of these same experimental animals because cholinergic excitation of this neuronal 

population is necessary for normal attention performance (Dalley et al., 2004; Parikh et 

al., 2007; Guillem et al., 2011), these neurons are strongly excited by nAChRs to support 

attention (Kassam et al., 2008; Bailey et al., 2010; Guillem et al., 2011), and 

developmental ethanol exposure likely alters the function of nAChRs within cognitive 

systems (Nagahara and Handa, 1999). Here, we found that developmental ethanol 

exposure dysregulated layer VI pyramidal neurons by decreasing intrinsic excitability and 
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increasing responses to stimulation of both a4b2* nAChRs and AMPA glutamate 

receptors. These effects were observed approximately eight months following ethanol 

exposure, demonstrating the persistence of ethanol’s influence on developing prefrontal 

circuitry. The developmental ethanol exposure paradigm in this study modeled a binge 

pattern of administration characterized by daily oral ethanol doses that achieved relatively 

high BEC values, as opposed to alternate approaches that provide sustained access to 

ethanol in drinking water or liquid diet that typically result in lower BEC values. Self-

reported survey data from North America suggests that 25-42 percent of women drink 

alcohol during the first trimester including 8-20 percent who binge drink, and that 8 percent 

of women drink alcohol in the third trimester including 1 percent who binge drink (Ethen 

et al., 2009; Alshaarawy et al., 2016). In humans (May et al., 2013; Flak et al., 2014) and 

rodents (West et al., 1989), the degree of teratogenic damage to the brain is greater 

following binge ethanol consumption (higher BEC) than following mild-to-moderate 

ethanol consumption (lower BEC), so it will be important in future work to compare the 

mPFC data from this study with that following a non-binge pattern of developmental 

ethanol exposure. 

 

3.5.1 Developmental ethanol exposure and attention 

Mice from the ethanol treatment group required more days to meet training criteria on the 

5-CSRTT at the initial 8 s stimulus duration because they performed with lower accuracy. 

Indeed, while mice from the sucrose treatment group performed with an average of 82.1 

± 1.8 percent accuracy across all training days at 8 s, the average value of 75.6 ± 2.0 

percent for mice in the ethanol treatment group falls below required criterion cut off of 80 
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percent. While reduced accuracy on the 5-CSRTT is considered to indicate impaired 

attention (Robbins, 2002), it is also possible that impaired learning contributed to this 

result because this was the first opportunity for mice to perform the full version of the task. 

In support of this learning hypothesis, note that mice from both treatment groups required 

more time to complete 60 trials, committed more premature responses and performed 

with a longer correct response latency at the 8 s stimulus duration than at subsequent 

stimulus durations. 

 

Mice from both groups appear to have learned the task equally well after advancing from 

the 8 s stimulus duration, as they met advancement criteria near the minimum number of 

days from the 4 s to 1.4 s stimulus durations. An effect of developmental treatment then 

re-emerged at the lowest stimulus duration tested of 1 s, as mice from the ethanol 

treatment group again required more days to meet training criteria. This dramatic increase 

in days to criteria for mice from the ethanol treatment group likely resulted from the 

average percent omissions across all training days of 17.5 ± 1.2 (95% C.I. = 14.9 to 20.2 

percent) falling close to the criterion cut off of 20 percent. Errors of omission on the 5-

CSRTT increased for both treatment groups as stimulus duration decreased. However, 

percent omissions was greater overall for mice from the ethanol treatment group and 

significantly greater by post-hoc analysis at the lowest 1.2 and 1 s stimulus durations. In 

the absence of treatment effects on correct response latency or reward collection latency, 

which incorporate potentially-confounding sensory and motor functions in addition to 

overall motivation (Robbins, 2002), this suggests that mice from the ethanol treatment 

group exhibited impaired global attention processing (Mar et al., 2013) that was most 
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pronounced at the lowest stimulus durations requiring the greatest attentional demand. 

This effect of developmental ethanol exposure to increase percent omissions is striking 

because the 5-CSRTT version employed in this study required mice to initiate each trial 

following a fixed ITI to self-regulate session pace (Mar et al., 2013) instead of the more 

widely-employed 5-CSRTT version originally developed for rats where trials following 

correct responses / reward collection are automatically initiated (Bari et al., 2008). We 

employed this strategy because mice generally perform this task with a greater percent 

omissions than rats (Fletcher et al., 2007; Bailey et al., 2010; Mar et al., 2013), and its 

use suggests that the higher rate of omissions in the ethanol treatment group cannot be 

attributed to mice taking longer to collect food reward or missing initiation of the next trial. 

Visual sensory processing was not directly tested in this study, so it remains possible that 

alterations to visual acuity influenced percent omissions in ethanol-treated mice. 

Evidence against this interpretation includes the lack of treatment effects on percent 

accuracy below the 8 s stimulus duration or on correct response latency at any stimulus 

duration, and a published finding that developmental ethanol exposure does not affect 

learning of a visual discrimination task (Marquardt et al., 2014).  

 

Effects of developmental ethanol exposure on 5-CSRTT performance in this current study 

are consistent with the attention deficit profile observed in children affected by FASD. 

Studies in children exposed to ethanol prenatally find impairments on continuous 

performance tasks for sustained attention, characterised consistently by an increased 

omission rate (Brown et al., 1991; Lee et al., 2004; Infante et al., 2015). Moreover, 

although impulsivity is a major component of the ADHD behavioural profile, it is not as 
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prevalent within the FASD behavioural profile (Brown et al., 1991; Infante et al., 2015) 

and we also found no treatment effect on premature responding in this study. 

Developmental ethanol exposure via liquid diet was recently reported to impart similar 

effects on rat attention performance. One study found developmental ethanol to increase 

percent omissions on the 5-CSRTT (Brys et al., 2014) while another study only found this 

effect in conjunction with developmental stress (Comeau et al., 2014), and neither study 

observed changes to premature responding. These studies together with our results 

recapitulate main components of the attention deficit profile in FASD, confirming that 

rodents comprise appropriate models to determine underlying neuronal mechanisms. 

 

3.5.2 Developmental ethanol exposure and prefrontal layer VI pyramidal neurons 

We studied mPFC layer VI pyramidal neurons because approximately 40 percent of this 

neuronal population contributes to attention circuitry through the modulation of 

corticothalamic signal gain (Gabbott et al., 2005; Zikopoulos and Barbas, 2006; Olsen et 

al., 2012; Sherman, 2016) and because of the potential for developmental ethanol 

exposure to dysregulate nicotinic support of these processes, as described above. The 

recording of retrograde-labeled corticothalamic projection neurons would have provided 

a more restricted analysis of this mPFC layer VI pyramidal neuron subtype only, allowing 

for direct comparisons between corticothalamic signaling and attention performance. The 

random sampling of pyramidal neurons that we employed within layer VI alternatively 

allowed for the incorporation of additional pyramidal neuron subtypes that may also 

contribute to cognitive functions, including attention, through their projections within the 

medial prefrontal cortex itself and also to subcortical brain regions including the striatum, 
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hypothalamus and amygdala (Gabbott et al., 2005; Hoover and Vertes, 2007). It is 

important to consider the potential for developmental ethanol exposure to alter the laminar 

organization of the mature mPFC, which could have led to the sampling of distinct 

populations of pyramidal neurons within layer VI of mice from each treatment group. 

Although reports in mouse (Smiley et al., 2015) and guinea pig (Bailey et al., 2004) 

demonstrate normal cortical layering for primary motor/sensory cortices following 

developmental ethanol exposure, a detailed histological analysis of the mPFC is required 

to confirm these findings for this associative cortical region. 

 

Both passive and active basic electrophysiological properties of layer VI neurons were 

altered by developmental binge-pattern ethanol exposure resulting in decreased neuronal 

function. Decreased capacitance and a trend toward increased input resistance suggest 

smaller neurons in mice from the ethanol group (Degenetais et al., 2002), which alone 

could increase their passive response to positive input. However, decreased active 

function of these same neurons was evidenced by increased rheobase and decreased 

firing frequency in the range of 50 to 200 pA positive current injection. This decreased 

firing frequency may result from the larger afterhyperpolarization amplitudes measured in 

neurons from mice in the ethanol group, which in turn are influenced by BK and SK 

calcium-activated potassium channels (Faber and Sah, 2003; Pedarzani and Stocker, 

2008). Although acute ethanol exposure decreases neuronal excitability through BK 

channels (Martin et al., 2004; Dopico et al., 2014) and increases neuronal excitability 

through SK channels (Brodie et al., 1999; Korkotian et al., 2013), long-term 
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consequences of developmental ethanol exposure on these channels and their specific 

roles in mPFC layer VI neuron excitability remain to be determined. 

 

The effect of developmental binge-pattern ethanol exposure to decrease intrinsic 

excitability of mPFC layer VI neurons is contrasted by an increase in function for excitatory 

nAChRs and AMPA receptors. Upregulated receptor function at the neuronal level could 

result from increased expression of subunit protein or from increased function of individual 

receptors. Pyramidal neurons in mPFC layer VI are excited directly by a4b2* nAChRs 

that may exhibit augmented function from posttranslational modification (reviewed in: 

Henderson and Lester, 2015). A proportion a4b2* nAChRs in layer VI neurons contain 

the a5 accessory subunit that increases receptor-mediated currents when present (Wada 

et al., 1990; Kassam et al., 2008; Bailey et al., 2010; Poorthuis et al., 2013), so augmented 

function at the neuronal level may result from the selective increase in a5 subunit 

expression and/or incorporation into receptors. Although mPFC layer VI neurons in 

untreated animals are not believed to express functional a7 subunit-containing nAChRs 

(Kassam et al., 2008; Poorthuis et al., 2013), it is possible that the expression or function 

of this nAChR subtype is selectively upregulated following developmental ethanol 

exposure. Evidence against this possibility can be found in a follow-up study currently 

underway in our laboratory, where the inhibition of a7 subunit-containing nAChRs using 

MLA did not affect nAChR function in mPFC layer VI neurons following developmental 

ethanol exposure (data not shown). Given the large number of nAChR subunit genes and 

isoform combinations in the brain, it would be advantageous to complete a 

comprehensive analysis of subunit expression and isoform content within each neuron 
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type of the mPFC following developmental binge-pattern ethanol exposure, to fully 

determine mechanisms underlying the augmented excitatory responses to ACh observed 

in this study. To our knowledge, the single study to examine effects of developmental 

ethanol exposure on nAChR content found decreased brainstem receptor number as a 

function of increased prenatal ethanol exposure in children who had died of Sudden Infant 

Death Syndrome (Duncan et al., 2008). 

 

We observed faster activation kinetics of sEPSCs in mPFC layer VI neurons following 

developmental binge-pattern ethanol exposure, which may reflect the faster activation of 

AMPA- versus kainate-mediated sEPSCs (Cossart et al., 2002) suggesting an increased 

AMPA:kainate receptor ratio in these neurons. We also observed a trend toward 

increased sEPSC amplitude and significantly increased responses to direct AMPA 

receptor activation, which all suggest increased AMPA receptor subunit protein 

expression, altered subunit/splice variant composition (Lambolez et al., 1996), or altered 

association with transmembrane regulatory proteins (Kato et al., 2010). Previous studies 

in rat found that AMPA receptors were not affected in the hippocampus (Martin et al., 

1992) and had decreased expression in whole cerebral cortex (Bellinger et al., 2002) 

following developmental ethanol exposure, which may indicate a species difference or 

the specificity of our observed results to mPFC layer VI pyramidal neurons. A more-

detailed examination of glutamatergic neurotransmission at these neurons could address 

these remaining questions. Potential analyses include the measurement of EPSCs that 

are activity-dependent (evoked EPSCs) and activity-independent (mini-EPSCs), the 



	

 
 

116	

measurement of AMPA/Kainate/NMDA receptor function, and the analysis of 

AMPA/Kainate/NMDA receptor expression and biochemistry. 

 

It should be noted that for all electrophysiological data that are determined to be 

significantly affected by developmental treatment, significance is also attained when the 

mouse is used as the unit of determination. One exception is the AMPA receptor data 

presented in Figure 7, because these experiments were performed only in approximately 

one-half the mice that were used in this study and their analyses did not attain sufficient 

statistical power. 

 

3.5.3 Implications for prefrontal cholinergic signaling in attention  

Cholinergic signaling within the mPFC (Passetti et al., 2000; Dalley et al., 2004; Parikh et 

al., 2007) and specifically at a4b2* nAChRs on layer VI pyramidal neurons (Guillem et 

al., 2011) is critical for normal attention. We provide further evidence here in 

sucrose/control mice for the role of a4b2* nAChRs on layer VI neurons to support 

attention processing, through a selective combination of correlations between receptor 

function and performance on the 5-CSRTT. Upregulated receptor function, impaired 

performance on the 5-CSRTT, and a lack of correlations between the two following 

developmental binge-pattern ethanol exposure suggest that this treatment may disrupt 

the ability of nicotinic signaling at mPFC layer VI neurons to support attention processing. 

Confirmation of a causal link between dysregulated nicotinic signaling at mPFC layer VI 

neurons and decreased attention performance following developmental binge-pattern 

ethanol exposure would need to be performed in future studies. For example, selective 
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manipulation of nAChR function on mPFC layer VI neurons could be performed in control 

and developmental ethanol-treated rodents while they are performing the 5-CSRTT. It is 

important to note that the original rodent lesioning studies demonstrating a role for the 

mPFC to support performance on the 5-CSRTT were not performed using touchscreen 

equipment (Muir et al., 1996; Chudasama et al., 2003; Dalley et al., 2004). Although these 

lesioning studies have not yet been repeated using the touchscreen version of the 5-

CSRTT, our results add to a growing body of literature providing correlational evidence 

that the mPFC also supports mouse performance on this version of the task (McTighe et 

al., 2013; Nilsson et al., 2016).  

 

We did not expect decreased performance on the 5-CSRTT in the ethanol treatment 

group to be associated with increased nAChR function in mPFC layer VI neurons because 

signaling at this receptor normally supports attention processing. However, it should be 

noted that these neurons display a generally dysregulated profile that also includes 

decreased intrinsic excitability, and it is not currently known whether nAChR function is 

upregulated to compensate for decreased intrinsic excitability or if intrinsic excitability is 

downregulated to compensate for increased nAChR function. Moreover, the net effect of 

these neurophysiological outcomes of developmental ethanol exposure on the function 

of mPFC layer VI neurons within in vivo attention circuitry is not known. It should also be 

noted that agonist augmentation of nAChR function in rodents exhibits a U-shaped curve 

for performance in attention tasks (McGaughy et al., 1999; Hahn et al., 2002; Hahn et al., 

2003), suggesting another explanation for our data that nAChR function within mPFC 

layer VI neurons requires a tight operational range to optimally support attention. In 
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conclusion, our findings demonstrate novel mechanisms underlying dysregulation of 

prefrontal attention circuity following developmental binge-pattern ethanol exposure and 

suggest the remediation of mPFC layer VI neuron function as a potential therapeutic 

target to mitigate attention deficits in FASD. 
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Chapter 4 
 

Detailed description of a novel procedure to measure neuron morphology in relatively 
thick brain sections 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the publication: Louth, E., Mendell, A., MacLusky, N., Bailey, C.D.C. (2017) 
Imaging neurons within thick brain sections using the Golgi-Cox method. JoVE (Journal 
of Visualized Experiments) (122), e55358-e55358.
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4.1 Abstract 

The Golgi-Cox method of neuron staining has been employed for more than two hundred 

years to advance our understanding of neuron morphology within histological brain 

samples. While it is preferable from a practical perspective to prepare brain sections at 

the greatest thickness possible, in order to increase the probability of identifying stained 

neurons that are fully contained within single sections, this approach is limited from a 

technical perspective by the working distance of high-magnification microscope 

objectives. We report here a protocol to stain neurons using the Golgi-Cox method in 

mouse brain sections that are cut at 500 µm thickness, and to visualize neurons 

throughout the depth of these sections using an upright microscope fitted with a high-

resolution 30x 1.05 N.A. silicone oil-immersion objective that has an 800 µm working 

distance. We also report two useful variants of this protocol that may be employed to 

counterstain the surface of mounted brain sections with the cresyl violet Nissl stain, or to 

freeze whole brains for long-term storage prior to sectioning and final processing. The 

main protocol and its two variants produce stained thick brain sections, throughout which 

full neuron dendrite trees and dendrite spines may be reliably visualized and quantified. 

 

4.2 Introduction 

The visualization of individual neurons within tissue samples allows for the in situ analysis 

of neuron morphological characteristics, which has significantly advanced our 

understanding of the brain and how it may be influenced by endogenous disease or 

exogenous environmental factors. The Golgi-Cox staining method is a cost-effective, 

relatively simple means of staining a random sample of neurons within the brain. First 
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developed by Golgi (Golgi, 1873) and modified by Cox (Cox, 1891) in the 1800’s, this 

technique has been further refined over the years to produce clear, well-stained neurons 

that can be used to visualize and quantify both dendritic tree morphology and spine 

density (Gibb and Kolb, 1998; Friedland et al., 2006; Ranjan and Mallick, 2010; Das et 

al., 2013; Levine et al., 2013; Narayanan et al., 2014; Zaqout and Kaindl, 2016). 

 

A major technical consideration for the visualization of stained neurons within brain 

sections is the maximum slice thickness, which is limited by the working distance of 

available high-magnification/high-resolution microscope objectives. Common oil-

immersion objectives in the 60-100x range provide excellent resolution, but are limited by 

their working distances that are typically no greater than 200 µm. Brain sections cut in the 

200 µm range may be adequate for visualizing certain neuron types that can be contained 

within this slice thickness, for example pyramidal neurons in shallow layers of the cerebral 

cortex (Hamilton et al., 2010b; Sutherland et al., 2010; Nashed et al., 2015), pyramidal 

neurons in the CA1 region of the hippocampus (Camacho-Abrego et al., 2014; 

Frauenknecht et al., 2015), and granule cells in the dentate gyrus of the hippocampus 

(Redila and Christie, 2006). Neurons with relatively longer dendrite trees, such as 

pyramidal neurons within deep layers of the cerebral cortex that for mouse can extend 

more than 800 µm from the cell body (Bailey et al., 2012), provide a greater challenge 

because brains would need to be sectioned at a perfect angle to contain the entire 

dendrite tree within 200 µm slices. This may not even be feasible if a dendrite or any of 

its branches extend in the rostral or caudal direction. While it is possible to address this 

limitation by tracing a neuron across multiple adjacent brain sections, this approach 
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introduces a significant technical challenge in aligning the sections accurately for tracing 

(Lytton, 2002). A more practical approach would be to visualize entire neurons contained 

within brain sections that are cut at a greater thickness. 

 

We report here a technique to stain neurons within 400-500 µm-thick brain sections of 

mice using the Golgi-Cox method, and to visualize their morphology using a high-

resolution silicon oil-immersion objective that has an 800 µm working distance. The Golgi-

Cox impregnation and processing protocol that we describe is modified from one of the 

most-cited modern protocols in the literature (Gibb and Kolb, 1998). Our approach with 

thick brain sections provides the advantage of increasing the probability of identifying 

neurons of any type that are fully contained within the section. In addition to the main 

protocol, we also present two variations that provide unique advantages: (1) Golgi-Cox 

staining with the cresyl violet counterstain on the surface of mounted sections, in order to 

define boundaries of brain regions and to identify layers of the cerebral cortex, and (2) 

Golgi-Cox staining with an intermediate freezing step for the long-term storage of 

impregnated whole brains prior to sectioning and final processing. 

 

4.3 Materials and Methods 

Adult female CD1-strain mice were used in this study. Similar staining can be 

accomplished using both sexes at various ages. Experimental animals were cared for 

according to the principles and guidelines of the Canadian Council on Animal Care, and 

the experimental protocol was approved by the University of Guelph Animal Care 

Committee. 
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4.3.1 Golgi-Cox Staining 

1.1) Golgi-Cox Impregnation of Brains 

1.1.1) Make the Golgi-Cox solution of 1% (w/v) potassium dichromate, 0.8% (w/v) 

potassium chromate and 1% (w/v) mercuric chloride by dissolving the potassium 

dichromate and potassium chromate into high-quality water separately. Mix the solutions, 

add the mercuric chloride and filter the final solution using grade 1 filter paper. Store the 

solution in the dark for up to one month. 

1.1.2) Anesthetize the mouse using 5% isoflurane. 

1.1.3) Euthanize the mouse by decapitation and quickly remove the brain. 

1.1.4) Place the brain into a 20 mL glass scintillation vial containing 17 mL of Golgi-Cox 

solution and incubate in the dark at room temperature for 25 days. 

1.1.5) Cryoprotect the brain by placing it into a 50 mL conical tube containing 40 mL of 

sucrose cryoprotectant (30% (w/v) sucrose in 0.1 M phosphate buffer, pH 7.4) in the dark 

at 4 °C for 24 hours.  

NOTE: The following optional three steps may be employed as an alternative to the main 

protocol, in order to freeze the brain at this stage for long-term storage. 

1.1.6) Freeze the whole brain by immersing it into 200 mL isopentane that has been pre-

cooled on dry ice. 

1.1.7) Place the frozen brain into a 50 mL conical tube and store in the dark at -80 °C. 

1.1.8) When ready to proceed, thaw the brain by placing it into a 50 mL conical tube 

containing 40 mL of sucrose cryoprotectant in the dark at 4 °C for 24 hours. 
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1.2) Brain Sectioning 

1.2.1) Remove the brain from the sucrose and block it for sectioning by cutting off the 

cerebellum using a razor blade and leaving a flat edge at the remaining caudal end of the 

brain. 

1.2.2) Heat agar (3% (w/v) in water) until it is melted and let cool until it is slightly above 

its melting point. 

1.2.3) Place the brain in a small disposable weigh dish with its caudal end face-down and 

add a sufficient amount of melted agar to cover the brain. 

1.2.4) Once the agar has solidified, trim excess agar leaving approximately 2-4 mm 

surrounding the brain and glue the brain to the stage of a vibratome with its caudal end 

face-down using a small amount of ethyl cyanoacrylate glue. 

1.2.5) Fill the stage area of the vibratome with a sufficient amount of sucrose 

cryoprotectant to cover the brain, and section the brain at a slice thickness of 400-500 

µm (depending on the brain region to be examined) using a vibration frequency of 86 Hz 

and a blade advancement speed of 0.125 mm/s. 

1.2.6) Using a small paint brush, place brain sections into a well of a 6-well tissue culture 

plate containing commercially-available mesh-bottom inserts and pre-filled with 10 mL of 

6% (w/v) sucrose in 0.1 M phosphate buffer, pH 7.4. 

1.2.7) Incubate sections in the dark at 4 °C overnight. 

 

1.3) Developing Brain Sections 

1.3.1) Using the mesh-bottom inserts, transfer brain sections into a new well containing 

5 mL of 2% (w/v) paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Incubate on a 
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rocker moving at slow speed in the dark at room temperature for 15 min. 

1.3.2) Wash sections twice by transferring them to new wells containing 5 mL of water. 

Wash on a rocker moving at a moderate speed in the dark at room temperature for 5 min. 

1.3.3) Transfer sections into a new well containing 5 mL of 2.7% (v/v) ammonium 

hydroxide. Incubate on a rocker moving at a slow speed in the dark at room temperature 

for 15 min. 

1.3.4) Wash sections twice by transferring them to new wells containing 5 mL of water. 

Wash on a rocker moving at a moderate speed in the dark at room temperature for 5 min. 

1.3.5) Transfer sections into a new well containing 5 mL of Fixative A (See Materials 

Table, Appendix A) that has been diluted in water 10x from its original purchased 

concentration. Incubate on a rocker moving at a slow speed in the dark at room 

temperature for 25 min. 

1.3.6) Wash sections twice by transferring them to new wells containing 5 mL of water. 

Wash on a rocker moving at a moderate speed in the dark at room temperature for 5 min. 

 

1.4) Mounting Brain Sections 

1.4.1) Using a small paint brush, mount sections onto microscope slides. Remove excess 

water and agar using tweezers and a small tissue. Ensure that all agar is removed before 

proceeding with dehydration. 

1.4.2) Allow sections to air dry at room temperature for approximately 45 min (400 µm 

sections) or 90 min (500 µm sections). 

NOTE: The timing and proper level of dryness is critical, and may need to be determined 

in each laboratory depending on ambient temperature and humidity level. Too short a 
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drying time leads to sections falling off of slides during subsequent dehydration steps, 

and too long a drying time leads to sections cracking. Sections will still appear to be shiny 

at the appropriate level of dryness. 

1.4.3) Stain sections with cresyl violet by placing slides into Coplin staining jars as 

indicated. 

NOTE: This optional step may be employed for sections that had never been frozen, in 

order to stain neuronal nuclei with cresyl violet. We have found that clearing and 

rehydrating sections before incubation in cresyl violet leads to even staining and low 

background across sections.  

1.4.3.1) Place in clearing agent for 5 min. Repeat once. 

1.4.3.2) Place in 100% ethanol for 5 min. Repeat once. 

1.4.3.3) Place in 95% ethanol in water, then 75% ethanol in water, and then 50% ethanol 

in water for 2 min each. 

1.4.3.4) Place in water for 5 min. 

1.4.3.5) Place in 0.5% (w/v) cresyl violet in water for 7 min. 

1.4.3.6) Place in water for 2 min. Repeat once. 

1.4.4) Dehydrate sections by placing slides into Coplin staining jars as indicated. 

1.4.4.1) Place in 50% ethanol in water, then 75% ethanol in water, and then 95% ethanol 

in water for 2 min each. 

1.4.4.2) Place in 100% ethanol for 5 min. Repeat once. 

1.4.4.3) Place in clearing agent for 5 min. Repeat once. 

NOTE: These dehydration and clearing times are sufficient to process mouse brains as 

described in this manuscript. However, we have observed for other species including rat 
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and cowbird, that the final clearing step may need to be extended up to 15 min total. 

1.4.5) Coverslip sections using an anhydrous mounting medium. 

1.4.6) Allow slides to dry horizontally in the dark at room temperature for at least 5 days. 

 

4.3.2. Imaging Stained Neurons within Thick Brain Sections 

2.1) Capturing Image Stacks  

2.1.1) Turn on the microscope light bulb, camera, and stage controller. 

2.1.2) Open the microscope software (e.g., Neurolucida). 

2.1.3) Place a slide on the microscope stage. 

2.1.4) Capture a two-dimensional wide-view image of the brain section using a low 

magnification objective such as 1.25x 0.4 N.A. PlanAPO or 4x 0.16 N.A. 

2.1.4.1) Focus image and adjust camera settings including the exposure time and white 

balance. 

2.1.4.2) Create a reference point by left-clicking anywhere on the section 

2.1.4.3) Capture the image by selecting “acquire single image” within the image 

acquisition window. 

2.1.5) Capture mid-resolution image stacks of the area containing the neurons(s) of 

interest, using a 10x 0.3 N.A. UPlan FL N objective. 

2.1.5.1) Focus the image and adjust camera settings including the exposure and white 

balance. 

2.1.5.2) Set the upper and lower boundaries for the image stack by focusing to the top of 

the section and selecting “set” next to “top of stack” within the image acquisition window, 

and then focusing to the bottom of the section and selecting “set” next to “bottom of stack” 
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within the image acquisition window.  

2.1.5.3) Set the step distance to 5 µm by entering “5 µm” next to “distance between 

images” within the image acquisition window. 

2.1.5.4) Capture the image stack by selecting “acquire image stack” within the image 

acquisition window. 

2.1.5.5) Repeat the above steps to capture the entire area of interest, making sure that 

all image stacks overlap by at least 10% in the X and Y axes. 

2.1.6) Capture high-resolution image stacks of the area containing the neuron of interest, 

using a 30x 1.05 N.A. silicone oil-immersion objective. 

2.1.6.1) Apply 3-4 drops of silicone immersion oil to the slide and place the objective over 

the slide, ensuring to make contact between the objective and oil. 

2.1.6.2) Focus the image and adjust camera settings including the exposure and white 

balance. 

2.1.6.3) Set the upper and lower boundaries for the image stack by focusing to the top of 

the section and selecting “set” next to “top of stack” within the image acquisition window, 

and then focusing to the bottom of the section and selecting “set” next to “bottom of stack” 

within the image acquisition window.  

2.1.6.4) Set the step distance to 1 µm by entering “1 µm” next to “distance between 

images” within the image acquisition window. 

2.1.6.5) Capture the image stack by selecting “acquire image stack” within the image 

acquisition window. 

2.1.6.6) Repeat the above steps to capture the entire area of interest, making sure that 

all image stacks overlap by at least 10% in the X and Y axes. 
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2.1.7) Save the data file and save all image files in TIFF format for external processing. 

 

2.2) Creating Z-Projection Images and Image Montages 

2.2.1) Create Z-projection images in ImageJ 

2.2.1.1) Open ImageJ software that has the Bio-Formats plugin installed. 

2.2.1.2) Select “Plugins” -> “Bio-Formats” -> “Bio-Formats Importer”. 

2.2.1.3) Select the image stack file to be opened. 

2.2.1.4) Once the file is opened, change the format to RGB by selecting “Image” -> “Type” 

-> “RGB Color”. 

2.2.1.4) Create the Z-projection by selecting “Image” -> “Stacks” -> “Z Project…”. 

2.2.1.5) Save two-dimensional Z-projection image as a TIFF file. 

2.2.2) Create a two-dimensional image montage of entire area of interest. 

2.2.2.1) Open the software (e.g., Adobe Photoshop).  

2.2.2.2) Select “File” -> “Automate” -> “Photomerge”. 

2.2.2.3) Select “Browse” and then add all images files to be merged. 

2.2.2.4) Ensure that “Blend Images Together” is selected and then select “OK”. 

2.2.2.5) Save the resulting montage image of the entire area of interest as a TIFF file. 

 

4.4 Results 

This Golgi-Cox staining protocol and its two described optional variants may be employed 

to visualize individual neurons within 400-500 µm thick brain sections. Representative 

image montages of two-dimensional Z-projections captured using a 10x objective and 5 

µm steps in the Z axis are shown in Figure 1 (A1-C1) for a large area of coronal brain 
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sections that includes the anterior cingulate cortex area 1 and the secondary motor cortex 

(Paxinos and Franklin, 2001) in sections cut at 500 µm. Note that the protocol variant that 

includes cresyl violet staining allows for the identification of cortical cell layers, for 

example as seen for cortical Layer 1 along the pial surface of the sections in Figure 1B1. 

Note also the similar appearance of stained sections when using the main protocol using 

all-fresh tissue (Figure 1A1) and the protocol variant in which brains are frozen part way 

through for long-term storage (Figure 1C1). 

 

The use of a high-resolution 30x 1.05 N.A. silicone oil-immersion objective allows for the 

capture of image stacks that are larger in the X and Y axes than those captured using a 

higher-magnification objective, thus requiring fewer total stacks to image a given area of 

interest. The particular objective employed has an 800 µm working distance, which is 

more than sufficient to image thick brain sections. Image montages of two-dimensional 

Z-projections captured using this objective and 1 µm steps in the Z axis are shown in 

Figure 1 (A2-C2) within the anterior cingulate cortex area 1, and two-dimensional Z-

projections of tracings for the indicated neurons are shown in Figure 1 (A3-C3). Note the 

high resolution images that allow for the visualization of neurons and their dendrites 

through the depth of each image stack.  
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Figure 1: Exemplary photomicrographs of stained neurons in the anterior cingulate 

area 1.  

A1-C1, Merged Z-projections of image stacks acquired using a 10x objective are shown 

for one hemisphere of the cerebral cortex that includes the anterior cingulate cortex area 

1 and secondary motor cortex at approximately Bregma +1.18 mm(Paxinos and Franklin, 

2001). These sections were cut at 500 µm. Photomicrographs are shown using the main 
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all-fresh protocol (A1), for the fresh protocol variant with cresyl violet staining (B1) and for 

the protocol variant in which brains are frozen following Golgi-Cox impregnation (C1). 

Scale bars are 500 µm. Higher-resolution merged Z-projection image stacks acquired 

using a 30x silicon oil-immersion objective are shown in A2-C2 for each area indicated by 

the red square in the photomicrographs in A1-C1. Scale bars are 100 µm. Two-

dimensional Z-projections of neuron tracings are shown in A3-C3 for the neurons 

indicated by the red arrow in the photomicrographs in the A2-C2. The diameter of all 

dendrites were set to 2 µm for ease of illustration. Scale bars are 100 µm. 
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The protocol variant using cresyl violet adds purple Nissl staining across the slice, 

however with the parameters employed this cellular staining is only observed near the top 

of the slice. The protocol variant that includes the optional freezing step produces neuron 

staining that is similar to the main protocol, however it also introduces a diffuse 

background staining that creates the appearance of haze by diffracting light below the 

surface of the slice. This haze is most apparent when imaging deeper into the slice and 

is apparent in the Z-projection image in Figure 1C2. Images captured using the 30x 

objective may also be used to visualize and quantify fine neuronal structures such as 

dendritic spines. Single-plane images are shown in Figure 2 for dendrites stained using 

the main protocol and its two variants, with one image taken near the top of the section 

and one image taken near the bottom of the section. Note the purple cresyl violet staining 

of Nissl substance within individual neuronal nuclei near the top of the section in Figure 

2B1, which is seen as diffuse purple background / scattered light near the bottom of the 

section in Figure 2B2. Note also that although dendrites and their spines are well-stained 

using the protocol with the freezing step, the previously-mentioned background haze that 

is apparent near the bottom of the slice in Figure 2C2 makes it more difficult to visualize 

spines by limiting the contrast between them and the adjacent background. Higher-

magnification objectives can also be used to characterize dendritic spine morphology, as 

show in Figure 2A3-C3 where spines of differing types are clearly visible in sections 

stained using each of the three protocols. Here, a 60x 1.42 N.A. oil-immersion objective 

was used. We also employed this staining protocol and its variants to stain neurons within 

the hippocampus of sections cut at 400 µm. As shown in Figure 3, neuron dendrites and 

spines can be visualized both toward the more-medial areas of the section (e.g. the 
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hippocampus dentate gyrus region in Figure 3A2-C2) and the more-lateral areas of the 

section (e.g. the hippocampus CA3 region in Figure 3A3-C3). It should also be noted that 

in the hippocampus, each staining condition produced similar results to those shown in 

Figures 1 and 2 for the cerebral cortex. These staining conditions have the same 

advantages and disadvantages in both brain regions.  
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Figure 2: Exemplary photomicrographs of dendrite spines for stained neurons.  

Photomicrographs captured using a 30x silicon oil-immersion objective are shown in one 

focal plane for neuron dendrites located within layer 1 of the anterior cingulate cortex area 

1. These sections were cut at 500 µm. Neurons were stained using the fresh protocol (A1, 

A2), the protocol variant with cresyl violet staining (B1, B2) and for the protocol variant in 

which brains are frozen following Golgi-Cox impregnation (C1, C2). Photomicrographs 

were taken near the top of the slice (A1-C1) and near the bottom of the slice next to the 

microscope slide (A2-C2). Scale bars for A1-2, B1-2 and C1-2 are 50 µm. 

Photomicrographs are shown in A3, B3 and C3 for one focal plane using a higher-

magnification 60x oil-immersion objective, in order to identify different spine types. Scale 

bars for A3, B3 and C3 are 10 µm. 
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Figure 3: Exemplary photomicrographs of stained neurons in the hippocampus.  

Photomicrographs captured using a 4x objective are shown in one focal plane for neurons 

stained using the fresh protocol (A1), the protocol variant with cresyl violet staining (B1) 

and for the protocol variant in which brains are frozen following Golgi-Cox impregnation 

(C1). Sections were cut at 400 µm and are shown at approximately Bregma -2.18 mm 

(Paxinos and Franklin, 2001). Scale bars are 500 µm for A1-C1. Higher magnification 

photomicrographs were captured using a 30x silicon oil-immersion objective and are 

shown in one focal plane for neuron dendrites located within the dentate gyrus region of 

the hippocampus (A2-C2) and the CA3 region of the hippocampus (A3-C3). Scale bars 

are 50 µm for A2-C2 and A3-C3. 
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The final thickness of processed brain sections depends on the specific protocol variant 

employed. As shown in Figure 4A for sections containing the cerebral cortex and cut at 

500 µm, there was a significant effect of protocol variant on the measured thickness of 

processed and mounted/coverslipped sections (one-way ANOVA, p < 0.0001). Here, the 

thickness of sections made using the main protocol (251.0 ± 12.5 (SEM) µm (n=6)) and 

the protocol variant involving cresyl violet (219.3 ± 8.5 µm (n=6)) was smaller than the 

thickness of sections made using the protocol variant involving the freezing step (340.6 ± 

17.1 µm (n=6)) (Bonferroni post-hoc test, each comparison p £ 0.0006). Very similar 

effects of protocol variant were observed for sections containing the hippocampus cut at 

400 µm (Figure 4B, one-way ANOVA, p < 0.0001). Here, the thickness of sections made 

using the main protocol (217.6 ± 19.2 µm (n=6)) and the protocol variant involving cresyl 

violet (198.0 ± 14.8 µm (n=6)) was smaller than the thickness of sections made using the 

protocol variant involving the freezing step (313.5 ± 8.4 µm (n=6)) (Bonferroni post-hoc 

test, each comparison p £ 0.001). 
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Figure 4: Thickness of mounted sections.  

The measured thickness of mounted sections is shown in A for sections containing the 

cerebral cortex at approximately Bregma +1.18 mm (Paxinos and Franklin, 2001) and cut 

at 500 µm thickness, and in B for sections containing the hippocampus at approximately 

Bregma -2.18 mm (Paxinos and Franklin, 2001) and cut at 400 µm thickness. Measured 

sections were stained using either the fresh protocol, the protocol variant with cresyl violet 

staining, or the protocol variant in which brains are frozen following Golgi-Cox 

impregnation. For both brain regions, there was a significant effect of processing protocol 

(one-way ANOVA, p < 0.0001), where sections from brains that were frozen part way 

through the protocol were significantly thicker than those that were not frozen (Bonferroni 

post-hoc test, all p < 0.001). Data are shown as mean ± SEM for six sections in each 

group, and data sets with different letters indicate significant differences. 
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4.5 Discussion 

We describe here a Golgi-Cox staining protocol along with two useful variants for 

visualizing neurons within thick brain sections. As shown in the Representative Results, 

the use of a high-resolution objective that has a long 800 µm working distance allows for 

the reliable visualization of entire neurons throughout the depth of brain sections cut at 

500 µm. This study of relatively thick brain sections increases the probability that stained 

neurons of any type are fully contained within the slice, which is especially important for 

pyramidal neurons with long and complicated apical dendrite trees. For example, in 

coronal sections of rodent brain, this allows for the inclusion of neurons that extend farther 

in the rostral or caudal direction, and also increases the room for error when blocking the 

brain squarely at the sectioning step. Although we describe brain sectioning in the coronal 

plane only, this protocol may be adapted for sectioning in other planes as required to fully 

contain labeled neurons within single sections. The plane of sectioning employed will 

depend on the morphological properties of the neuron population under investigation. 

Dendritic spines can be visualized and quantified using this protocol, although higher-

magnification objectives are required to assess spine type/morphology such as the 60x 

oil-immersion objective used to produce the photomicrographs in Figure 2 (A3, B3 and 

C3). This can be employed in thick sections but is limited to the top of the slice within the 

working distance of the objective. This protocol can also be adapted for use in different 

species of similar brain size, as we have found that a standard 25-day impregnation 

period will fully stain neurons throughout the mouse, rat and cowbird brain without leading 

to excess non-specific staining or background that may occur with impregnation periods 

beyond one month (data not shown). Shorter impregnation periods may be sufficient for 
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species with smaller brains or in dissected samples of brains from the above-mentioned 

species, which could be optimized by the individual investigator. 

 

Of the three variants presented for this staining protocol, the main protocol using fresh 

brain samples that are not counterstained yields the best results. Photomicrographs in 

Figure 2A demonstrate that this main protocol produces well-labeled dendrites and spines 

that are easily visible near the top and bottom of mounted thick sections. Adding the cresyl 

violet counterstain has the advantage of facilitating the definition of brain regions and 

cerebral cortex layers, but also added a diffuse purple background when visualizing deep 

into thick sections. However, since this protocol variant only stains the surface of mounted 

thick sections with cresyl violet, dendrites and their spines were clearly visible near the 

bottom of sections (Figure 2B). This also appears to produce a clearer pattern of Nissl 

staining near the surface of thick sections than that shown in previous reports, even when 

using much thinner sections (Ha, 1966; Swanson, 1976; Pilati et al., 2008). The protocol 

variant that includes the freezing step yields acceptable results for the analysis of 

dendritic tree morphology. However, the background staining is much darker than that in 

fresh tissue, which is most noticeable when imaging deeper into the slice thus making it 

more difficult to visualize and quantify dendrite spines (Figure 2C). We attempted the 

cresyl violet counterstain in sections from brains that had been frozen, and this produced 

an even-darker purple background haze that made it extremely difficult to visualize and 

quantify spines near the bottom of the section (data not shown). Another unsuccessful 

protocol variant that was assessed included freezing mouse brains prior to Golgi-Cox 
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impregnation. This resulted in the staining of cellular objects that may have been glia, but 

did not stain any type of neuron (data not shown). 

 

There are two critical steps in this protocol that must be followed to obtain successful 

results. (1) It is critical to verify the drying time of sections within each laboratory, because 

this is highly dependent on temperature and humidity. If the drying time is too short, 

sections will fall off of the slides during the dehydration process; if the drying time is too 

long, sections will crack. It would be advantageous to verify drying time in a set of “test” 

brains just prior to preforming a research study, as this can vary by season even with the 

same laboratory. (2) All excess agar must be removed from the section and microscope 

slide before the dehydration steps. If this is not done, the agar will deform and may pull 

the section off of the slide. 

 

Another important factor for the histological analysis of biological samples is tissue 

shrinkage. We found that after processing, mounting, dehydrating and coverslipping brain 

sections using the main Golgi-Cox protocol that the final section thickness was reduced 

by approximately half of the original cut value (Figure 4). Also note that the sections 

processed using the protocol variant that included the freezing step were significantly 

thicker than the fresh sections that were processed via the main protocol (Figure 4). This 

was both interesting and unexpected because both protocols involved the same 

cryoprotection and processing steps, and only differed by the actual freezing of brains. It 

therefore is critical to account for potential differences in protocols when comparing 

neuron morphology data generated using Golgi-Cox staining from different studies or 
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from different laboratories. Although we were not able to find data for final section 

thickness in the literature, it would be beneficial for investigators to report this data and/or 

correct for tissue shrinkage when reporting measures of neuron morphology. It should 

also be noted that although the final thickness of >200 µm for sections cut at 500 µm is 

greater than the working distance of most high-magnification objectives, this is still well 

within the working distance of the 30x objective used in our laboratory. Since dendrites 

and spines are clearly visible near the bottom of these slices using the main Golgi-Cox 

protocol, it may be possible to visualize neurons contained within sections cut at a much 

greater thickness up to and including the 1 mm range. 

 

Although this protocol offers a number of advantages including the ability to trace long 

dendritic arbors within single sections, the option to delay slicing and processing of 

impregnated brains, and the option of counterstaining with cresyl violet to better identify 

brain structures, there are some disadvantages that should be considered. The 25-day 

incubation period may be considered too long for some investigators. The ability to image 

deep into mounted sections depends on access to a high-resolution immersion objective 

with a long working distance, which is relatively expensive. In addition, the ability to 

visualize fine structures with high resolution decreases as one images near the bottom of 

the mounted slice. The implementation of this protocol therefore depends on the 

morphological properties of the neurons and brain region to be studied, and the 

equipment available to the investigator. We recommend the use of “test” samples to 

optimize protocol variables prior to running a research study, such as Golgi-Cox 
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impregnation time for the size of the brain and region of interest, and the plane and 

thickness of sectioning for the dendritic arbor to be visualized. 
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Chapter 5 
 

Characterization of medial prefrontal cortex neuron morphology in adult mice exposed to 
ethanol during development 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the publication: Louth E.L., Luctkar H.D., Heney, K.A. and Bailey, C.D.C. 
Developmental ethanol exposure alters the morphology of mouse prefrontal neurons in 
a layer-specific manner. Submitted for publication. 
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5.1 Abstract  

Chronic developmental exposure to ethanol can lead to a wide variety of teratogenic 

effects, which in humans are known as fetal alcohol spectrum disorders (FASD). 

Individuals affected by FASD may exhibit persistent impairments to cognitive functions 

such as learning, memory and attention, which are highly dependent on medial prefrontal 

cortex (mPFC) circuitry. The objective of this study was to determine long-term effects of 

chronic developmental ethanol exposure on mPFC neuron morphology, in order to better-

understand potential neuronal mechanisms underlying cognitive impairments associated 

with FASD. C57BL/6-strain mice were exposed to ethanol or an isocaloric/isovolumetric 

amount of sucrose (control) via oral gavage, administered both to the dam from 

gestational day 10-18 and directly to pups from postnatal day 4-14. Brains from male mice 

were collected at postnatal day 90 and neurons were stained using a modified Golgi-Cox 

method. Pyramidal neurons within layers II/III, V and VI of the mPFC were imaged, traced 

in three dimensions, and assessed using Sholl and branch structure analyses. 

Developmental ethanol exposure differentially impacted adult pyramidal neuron 

morphology depending on mPFC cortical layer. Neurons in layer II/III exhibited increased 

size and diameter of dendrite trees, whereas neurons in layer V were not affected. Layer 

VI neurons with long apical dendrites had trees with decreased diameter that extended 

farther from the soma, and layer VI neurons with short apical dendrite trees exhibited 

decreased tree size overall. These layer-specific alterations to mPFC neuron morphology 

may represent a novel morphological mechanism underlying long-term mPFC 

dysfunction and resulting cognitive impairments in FASD.  
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5.2 Introduction 

Chronic exposure to ethanol during development can lead to a wide variety of teratogenic 

effects, which in humans are known collectively as Fetal Alcohol Spectrum Disorders 

(FASD) (Sokol et al., 2003; Chudley et al., 2005). Significant costs to individuals and 

societies resulting from FASD are seen in educational, medical and social services 

(Lupton et al., 2004; Popova et al., 2016), as FASD continues to persist in the United 

States and Canada with an estimated prevalence of approximately 31-34 per 1000 live 

births (Roozen et al., 2016). One of the most common and persistent components of 

FASD brain dysfunction is deficits in cognition, which can manifest as impaired learning, 

memory and attention (Olson et al., 1998). These cognitive deficits may impact an 

individual’s ability to succeed in school as a child, and in the workforce as an adult, 

necessitating an appropriate support strategy throughout one’s lifespan (Streissguth et 

al., 1996). It therefore is important to understand the neurobiological mechanisms 

underlying cognitive deficits that result from chronic developmental ethanol exposure, in 

order to develop more effective treatment and support strategies than those currently 

available. 

 

Rodent models of developmental ethanol exposure have been employed to study 

mechanisms of cognitive deficits associated with FASD. For example, rat and mouse 

studies testing chronic developmental ethanol exposure have reproduced impaired 

performance on tasks measuring attention (Brys et al., 2014; Louth et al., 2016), working 

memory (Nagahara and Handa, 1997; Thomas et al., 2010) and associative learning 

(Riley et al., 1984; Barron et al., 1988). These higher-order cognitive functions are highly 
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dependent on appropriate neurotransmission within the prefrontal cortex (PFC) 

(Seamans et al., 1995; Granon et al., 1998; Dalley et al., 2004; Corcoran and Quirk, 2007; 

Horst and Laubach, 2009; Groblewski et al., 2012). Previous work in our laboratory has 

demonstrated that chronic developmental ethanol exposure in mice alters 

neurotransmitter receptor function and basic electrophysiological properties of pyramidal 

neurons located within layer VI of the adult medial PFC (mPFC) in a manner consistent 

with decreased neuron cell membrane (Louth et al., 2016). This finding prompted us to 

test whether developmental ethanol exposure alters the morphology of mPFC pyramidal 

neurons, as morphological alterations may affect neuron physiology and signal 

processing within cortical networks that are responsible for higher-order cognitive 

functions. Developmental ethanol exposure has been demonstrated previously to alter 

neuron morphology in a number of brain regions (Abel et al., 1983; Ferrer et al., 1988; al-

Rabiai and Miller, 1989; Cui et al., 2010; Hamilton et al., 2010a). Within the mPFC, 

consequences of developmental ethanol exposure on neuron morphology have been 

reported for layer II/III pyramidal neurons in juvenile-equivalent rats (Whitcher and 

Klintsova, 2008; Hamilton et al., 2010b; Lawrence et al., 2012), which is a time period of 

cerebral cortex maturation that involves normal refinements to dendrite trees, (Berardi et 

al., 2000; Hensch, 2004; Bailey et al., 2012), and also in adult rats (Hamilton et al., 

2010a). To the best of our knowledge, long-term effects of developmental ethanol 

exposure on mPFC pyramidal neuron morphology have not been reported in layer II/III of 

the mouse, or in layers V and VI for any species at any age. 
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We find in this present study that chronic developmental binge-like ethanol exposure in 

mice alters the dendrite morphology of adult mPFC pyramidal neurons in a layer-specific 

manner. Ethanol treatment was found to increase the tree size and diameter of layer II/III 

dendrites, but had no effect on the dendrites of layer V neurons. Developmental ethanol-

induced alterations to layer VI neuron dendrites followed a pattern in which neurons with 

long apical dendrites (terminating in layer I) extended farther but had a smaller diameter, 

and neurons with short apical dendrites (terminating below layer I) had a decreased tree 

size. These results demonstrate the complex nature of developmental ethanol-induced 

alterations to mPFC pyramidal neuron morphology, and provide novel insight into 

potential structural mechanisms of altered prefrontal signaling associated with cognitive 

deficits in FASD.  

 

5.3 Methods 

5.3.1 Animals and Developmental Drug Treatments 

Breeding and drug treatment protocols are described fully in Chapter 3. C57BL/6 mice 

were purchased from Charles River Canada (Saint-Constant, QC, Canada) and bred as 

young adults in a secure vivarium at the University of Guelph. Each nulliparous female 

mouse was pair-housed with one male mouse and inspected daily for a vaginal copulatory 

plug. The day following the identification of a plug was designated gestational day 1 (G1), 

at which point the female mouse was placed in its own cage and randomly assigned to 

receive either ethanol or sucrose daily via oral gavage. All treatments were delivered over 

two equally divided daily doses two hours apart starting at 8:00 am. Ethanol 

administration began on G10 with a dose of 2.0 g/kg/d [24.4% (w/v)] on G10 and G11, 
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and 4.0 g/kg/d [48.9% (w/v)] from G12 to G18. Mice in the sucrose treatment group 

received a daily dose that was isocaloric and isovolumetric to that of the ethanol 

treatment. Both groups received ad libitum access to water. Mice in the ethanol treatment 

group received ad libitum access to food and mice in the sucrose treatment group were 

pair-fed according to the amount of food eaten by the ethanol pair on each day of 

gestation. Mice were left undisturbed between G19 and postnatal day 4 (P4), when 

postnatal treatment consistent with the prenatal treatment (ethanol or sucrose) began. 

Ethanol was administered to individual pups by oral gavage at a dose of 1.5 g/kg/d [7.5% 

(w/v)] on P4 and P5, and 3.0 g/kg/d [15% (w/v)] from P6 to P14. Mice in the sucrose 

treatment group received a daily dose that was isocaloric and isovolumetric to that of the 

ethanol treatment. Solutions administered to pups were made with Similac milk-based 

infant formula (Abbott Laboratories, Saint-Laurent, QC, Canada) prepared to the 

manufacturer’s instructions, with the exception of the formula concentration being 

doubled on P4 and P5 to mitigate any decrease in nursing that may result from the ethanol 

dosing protocol. This treatment protocol mimics a binge-pattern of ethanol exposure 

during the approximate equivalents of the human second (prenatal treatment) and third 

(postnatal treatment) trimesters for brain development (Dobbing and Sands, 1979; Clancy 

et al., 2001). Mice were weighed and monitored for general health daily throughout the 

dosing period, and blood was collected on G15 from pregnant female mice and on P10 

from three separate litters to determine blood ethanol concentration (BEC). Pups were 

weaned and separated based on sex at P28. All experimental animals in this study were 

cared for according to the principles and guidelines of the Canadian Council on Animal 
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Care, and the experimental protocol was approved by the University of Guelph Animal 

Care Committee. 

 

5.3.2 Golgi-Cox Staining of Prefrontal Cortex Sections 

Full details of the Golgi-Cox straining procedure are described in Chapter 4 and its 

resulting publication (Louth et al., 2017). Briefly, one male mouse from each litter was 

killed at P90 and its brain was placed in Golgi-Cox impregnation solution. After a 25-day 

incubation in the dark, brains were placed in sucrose cryoprotectant (30% (w/v) sucrose 

in phosphate buffer (PB), pH 7.4) for 48 hours. Brains were then rapidly frozen using 

isopentane pre-cooled on dry ice and stored at -80ºC until processing. Brains were 

thawed in sucrose cryoprotectant at 4ºC for 48 hours and 500 µm-thick sections 

containing the prefrontal cortex, from approximately Bregma +1.44 to +1.94 (Paxinos and 

Franklin, 2001), were made using a Leica VT1000S vibrating microtome (Leica 

Microsystems, Richmond Hill, ON, Canada). Sections were placed into 6% (w/v) sucrose 

in PB at 4ºC overnight and then fixed in 4% (w/v) paraformaldehyde in PB for 10 mins. 

Sections were washed twice in water for 5 mins, incubated in 2.7% (v/v) ammonium 

hydroxide for 15 mins, washed twice in water for 5 mins, incubated in Kodak Fixative A 

for 20 mins, and washed twice in water for 5 mins. Sections were then mounted onto 

microscope slides and left to air dry for 45 min – 1 hour. Slides were incubated twice in 

clearing agent and then processed through descending steps of ethanol (100%, 100%, 

95%, 75%, 50%) followed by water for two minutes each. Slides were counterstained with 

0.5% (w/v) cresyl-violet for 7 minutes, washed twice in water for 2 mins, and processed 

through ascending steps of ethanol (50%, 75%, 95% for 2 mins each; 100%, 100% for 5 
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mins each) followed by two incubations in clearing agent for 5 mins each. Slides were 

then coverslipped using an anhydrous mounting medium.  

 

5.3.3 Imaging of Medial Prefrontal Neurons 

All researchers involved in imaging and tracing were blind to the treatment group. Bright 

field imaging was performed using an upright BX53 microscope (Olympus, Richmond Hill, 

ON, Canada) fitted with a motorized stage and integrated with Neurolucida software 

(version 10, MBF Bioscience, Williston, VT). High resolution z axis image stacks were 

acquired using an Olympus UPlanSApo 30X, 1.05 NA silicone oil-immersion objective, 

and each image stack measured 395 µm (x axis) by 296 µm (y axis) with a z axis step 

size of 1 µm. For an individual Golgi-Cox-stained neuron of interest, its image stacks 

overlapped in the x and y axes so that when stitched together in three dimensions, they 

contained the entire neuron. Neurons were sampled from the prelimbic and infralimbic 

regions of the mPFC, and neurons were equally sampled from both hemispheres. A 

sampled neuron was fully traced and analyzed only if it was fully contained within the slice 

(i.e. no dendrite branches were cut off), was not occluded by another neuron, and all of 

its dendrite branches were fully intact. Selected pyramidal neurons had a distinguishable 

apical dendrite and were sampled from cortical layers II/III, V and VI based on the cresyl 

violet counterstain (see Figure 1C for example staining showing distinct cortical layers). 

Three to six neurons were imaged from each cortical layer for each mouse, and these 

neurons were traced and analyzed using Neurolucida Software.  
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5.3.4 Statistical Analysis 

The BEC data are presented as dam/litter mean ± SEM. Measures of neuron morphology 

were calculated for each mouse as the average of its three to six neurons traced within 

each cortical layer, and data are presented here as mean ± SEM for five to seven mice 

in each treatment group. Statistical analyses were performed using GraphPad Prism 6 

(GraphPad Software, La Jolla, CA). Modified three-dimensional Sholl analyses were 

conducted in which the total length of dendrite matter, total number of dendrite 

intersections, and average dendrite diameter were measured within concentric spheres 

that radiate outward from the soma, with each sphere having a radius 25 µm larger than 

the previous one (25 µm radius steps). Sholl data were analyzed using a two-way 

repeated-measures ANOVA to assess main effects of distance from the soma and 

developmental treatment, and potential interaction between these two variables. All 

branch structure analyses were analyzed using a two-tailed unpaired t test. The width of 

the mPFC was analyzed using a two-tailed unpaired t test and the percent contribution of 

each cortical layer toward total mPFC width was analyzed using a two-way repeated-

measures ANOVA. A level of p < 0.05 was required to indicate statistical significance. 

 

5.4 Results 

In order to determine effects of chronic developmental ethanol exposure on pyramidal 

neuron morphology, developing mice were exposed to ethanol or an 

isocaloric/isovolumetric amount of sucrose from G10 to G18 and P4 to P14. Young adult 

male mice were killed at P90 and their brains were processed using the Golgi-Cox 
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staining technique to label neurons for three-dimension morphological analysis.  

Pregnancy outcome data and BEC for the dams and litters in this study have been 

reported previously (Louth et al., 2016). The BEC for pregnant female mice at G15 was 

234.8 ± 34.2 mg/dl one hour after the second daily ethanol dose and the BEC for mouse 

pups at P10 was 255.2 ± 43.0 mg/dl one hour after the second daily ethanol dose. There 

was no effect of treatment on the amount of food eaten by dams or litters, length of 

gestation, litter size or offspring body weight (Louth et al., 2016). 

 

5.4.1 The width of the mPFC is not affected by developmental ethanol exposure 

We measured the width of the mPFC for each mouse by averaging the distance from the 

pial surface to (i) the apex of the white matter (dorsal measurement), (ii) the 

prelimbic/infralimbic border at the white matter (medial measurement) and (iii) the ventral 

end of the infralimbic area at the white matter (ventral measurement). There was no effect 

of developmental treatment on the resulting average mPFC width (Fig. 1A, p = 0.1). 

Cortical layers were identified using the cresyl violet counterstain and the general mPFC 

organization was assessed by measuring the percent contribution of each layer toward 

the total mPFC width. As shown in Fig. 1B, this measure was affected by the layer type 

(F(3,30) = 338.90, p < 0.0001) but not by developmental treatment (F(1,10) = 3.24, p = 

0.1). There was no interaction between distance and treatment (F(3,30) = 1.63, p = 0.2). 
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Fig. 1. The width and organization of the medial prefrontal cortex was not affected by 

developmental treatment. (A) The average width of the medial prefrontal cortex as 

measured from the pial surface to the medial edge of the white matter was not affected 

by developmental treatment (two-tailed unpaired t-test, p = 0.1). The percent contribution 

of each cortical layer toward the total width of the medial prefrontal cortex (B) was affected 

by layer type (two-way ANOVA, (p < 0.0001) but not by developmental treatment (p = 

0.1). Exemplar low magnification photomicrographs are shown for the mPFC from one 

mouse each in the sucrose (C1) and ethanol (C2) treatment groups, showing Golgi-Cox 
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and cresyl violet staining in one focal plane. The pial (medial) surface is located on the 

right and the white matter is located on the left of each photomicrograph. The white 

vertical lines indicate the boundaries between cortical layers, which are labeled at the 

bottom of each photomicrograph. w.m. = white matter; VI = cortical layer VI; V = cortical 

layer V; II/III = cortical layer II/III; I = cortical layer I. Data are shown as the mean ± SEM 

for five (sucrose) or seven (ethanol) mice per treatment group. 
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5.4.2 Layer II/III neuron dendrite tree size is increased by developmental ethanol 

exposure 

Previous studies have reported varying effects of developmental ethanol exposure on 

layer II/III pyramidal neuron morphology in the juvenile mPFC (Whitcher and Klintsova, 

2008; Hamilton et al., 2010b; Lawrence et al., 2012). In this current study, we sought to 

determine long-term effects of developmental ethanol exposure on these neurons in 

adulthood. Neurolucida software was used to create a three-dimensional representation 

of each neuron, which was then assessed using modified Sholl and branch structure 

analyses. Exemplar two-dimension projections of traced layer II/III neurons are shown in 

Fig. 2A, and data from Sholl and branch structure analyses for apical dendrites are shown 

in Fig. 2B-F. The length of dendrite matter within each concentric Sholl sphere (Fig. 2B) 

was affected by distance from the soma (F(13,140) = 41.22, p < 0.0001) and by treatment 

(F(1,140) = 11.99, p = 0.0007), where there was greater length overall in neurons from 

mice in the ethanol treatment group. There was no interaction between distance and 

treatment (F(13,140) = 0.94, p = 0.5). Similar effects of distance from soma (F(1, 130) = 

41.12, p < 0.0001), treatment (F(1, 130) = 12.15, p=0.0007) and interaction (F(12,130) = 

1.42, p = 0.2) were found using the traditional Sholl analysis of dendrite intersections at 

each sphere (Supplemental Fig. 1A). The average dendrite diameter within each sphere 

(Fig. 2C) was affected by distance from the soma (F(13,140) = 200, p < 0.0001) and by 

treatment (F(1,140) = 12.30, p = 0.0006), where there was a greater dendrite diameter in 

neurons from mice in the ethanol treatment group. There was no interaction between 

distance and treatment (F(13,140) = 0.63, p = 0.8). As a consequence of the increased 

dendrite length and diameter, the total apical dendrite volume was greater in neurons 
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from mice in the ethanol treatment group (sucrose: 1110.0 ± 101.3 μm3, n = 5, ethanol: 

1498.0 ± 119.4 μm3, n = 7, p = 0.04). Measures of dendritic complexity including the total 

number of dendrite terminals (Fig. 2D, p = 0.1) and the highest dendrite branch order (Fig. 

2E, p = 0.1) were not affected by developmental treatment. The distance along the apical 

dendrite from the soma to the farthest terminal was also not affected by developmental 

treatment (Fig 2F, p = 0.1). 

 

The morphology of layer II/III pyramidal neuron basal dendrites was also affected by 

developmental ethanol treatment in a manner similar to that for apical dendrites. The 

length of all basal dendrite matter within each Sholl sphere (Supplemental Fig. 1B) was 

affected by distance from the soma (F(7,72) =36.02, p < 0.0001) and by treatment 

(F(1,72) = 4.36, p = 0.04), where there was greater length overall in neurons from mice 

in the ethanol treatment group. There was no interaction between distance and treatment 

(F(7,72) = 0.38, p = 0.9). Traditional Sholl analysis (Supplemental Fig. 1C) of dendrite 

intersections at each sphere was affected by distance from the soma (F(7,72) =32.62, p 

< 0.0001), however, there was no significant effect of treatment (F(1,72) = 2.64, p = 0.1) 

and no interaction between distance and treatment (F(7,72) = 0.21, p = 1.0), The largest 

two-dimension cell body perimeter identified for each neuron was not affected by 

developmental treatment (sucrose: 48.5 ± 1.5 μm, n = 5, ethanol: 50.4 ± 1.2 μm, n = 7, p 

= 0.3). 
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Fig. 2. Morphological analysis of medial prefrontal layer II/III pyramidal neuron apical 

dendrites. Representative z-projections of traced layer II/III neurons are shown in (A) for 

mice exposed to sucrose or ethanol during development and collected at postnatal day 

90. (B) Three-dimensional Sholl analysis measuring the length of dendrite matter within 

concentric spheres radiating outward from the soma indicates greater dendrite tree size 

in mice from the ethanol group (two-way ANOVA, effect of treatment: p = 0.0007). (C) 

Three-dimensional Sholl analysis measuring the average dendrite diameter within 

concentric spheres radiating outward from the soma indicates thicker dendrites in mice 
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from the ethanol group (effect of treatment: p = 0.0006). There were no significant effects 

of treatment on the number of dendrite terminals ((D), two-tailed unpaired t-test, p=0.08), 

the highest dendrite branch order ((E), p = 0.1) or the distance from the soma to the 

farthest dendrite terminal ((F), p = 0.1). Three to six neurons were traced per mouse and 

data are shown as the mean ± SEM for five (sucrose) or seven (ethanol) mice per 

treatment group. 
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5.4.3 Layer V neuron morphology is not affected by developmental ethanol exposure  

We are not aware of previous investigation into effects of developmental ethanol 

exposure on the morphology of mPFC layer V pyramidal neurons. Unlike layer II/III above, 

we observed no treatment effects on the morphology of layer V neurons. Exemplar two-

dimension projections of traced layer V neurons are shown in Fig. 3A, and data from Sholl 

and branch structure analysis of apical dendrites are shown in Fig. 3B-F. As shown in 

Fig. 3B, the length of dendrite matter within each Sholl sphere was affected by distance 

from the soma (F(24,250) = 16.61, p < 0.0001) but not by treatment (F(1,250) = 0.81, p = 

0.4). There was no interaction between distance and treatment (F(24,250) = 0.53, p = 

1.0). Similar effects of distance from soma (F(23, 240) = 16.77, p < 0.0001), treatment 

(F(1, 240) = 1.25, p=0.3) and interaction (F(23,240) = 0.50, p = 1.0) were found using the 

traditional Sholl analysis of dendrite intersections at each sphere (Supplemental Fig. 2A). 

The average dendrite diameter within each Sholl sphere (Fig. 3C) was also affected by 

distance from the soma (F(24,250) = 75.72, p < 0.0001) but not by treatment (F(1,250) = 

0.30; p = 0.6). There was no interaction between distance and treatment (F(24,250) = 

0.31, p = 1.0). Total apical dendrite volume was also not affected by treatment (sucrose: 

1539 ± 250.4 μm3, n = 5, ethanol: 1716 ± 167.3 μm3, n = 7, p = 0.6). The number of 

dendrite terminals (Fig. 3D, p = 0.7), highest branch order (Fig. 3E, p = 0.2) and the 

distance along the apical dendrite to the farthest terminal (Fig. 3F, p = 0.5) were not 

affected by developmental treatment. 

 

Similar to the apical dendrite trees, there was an effect of distance from the soma (F(7,80) 

= 35.33, p < 0.0001) but no effect of developmental treatment (F(1,80) = 0.93, p = 0.3) on 
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the length of all basal dendrite matter within each Sholl sphere (Supplemental Fig. 2B). 

There was no interaction between distance and treatment (F(7,80) = 0.28, p = 1.0). Similar 

effects of distance from soma (F(7,80) =37.48, p < 0.0001), treatment (F(1,80) = 0.95, p 

= 0.3) and interaction (F(7,80) = 0.21, p = 1.0) were observed using the traditional Sholl 

analysis of intersections at each Sholl sphere (Supplemental Fig. 2C). The largest two-

dimension cell body perimeter identified for each neuron was not affected by 

developmental treatment (sucrose: 57.7 ± 2.3 μm, n = 5, ethanol: 57.9 ± 1.1 μm, n = 7, p 

= 0.9). 
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Fig. 3. Morphological analysis of medial prefrontal layer V pyramidal neuron apical 

dendrites. Representative z-projections of traced layer V neurons are shown in (A) for 

mice exposed to sucrose or ethanol during development and collected at postnatal day 

90. Developmental ethanol exposure did not affect any morphological measure made for 

layer V neurons. (B) Three-dimensional Sholl analysis measuring the length of dendrite 

matter within concentric spheres radiating outward from the soma identified no effect of 

treatment (two-way ANOVA, p = 0.4). (C) Three-dimensional Sholl analysis measuring 
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the average dendrite diameter within concentric spheres radiating outward from the soma 

also identified no effect of treatment (p = 0.6). There were no significant effects of 

treatment on the number of dendrite terminals ((D), two-tailed unpaired t-test, p = 0.7), 

the highest dendrite branch order ((E), p = 0.2) or the distance from the soma to the 

farthest dendrite terminal ((F), p = 0.5). Three to six neurons were traced per mouse and 

data are shown as the mean ± SEM for five (sucrose) or seven (ethanol) mice per 

treatment group. 
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5.4.4 Layer VI neuron dendrite tree morphology is differentially altered by developmental 

ethanol exposure in long and short neurons 

Pyramidal neurons within layer VI of the mPFC may be classified into two broad classes 

based on the termination layer of the apical dendrite. Neurons classified as “long” have 

apical dendrites that extend across the mPFC to terminate within layer I and neurons 

classified as “short” have apical dendrites that terminate in a cortical layer deeper than 

layer I. It has been observed previously that there is an approximately-equal proportion 

of long versus short neurons in the adult mouse mPFC (Bailey et al., 2012; Bailey et al., 

2014). Given that these two types of layer VI neurons are positioned to receive distinct 

afferent inputs within the cortical column, we divided their morphological analysis in this 

current study based on apical dendrite type. Exemplar two-dimension projections of 

traced neurons are shown in Fig. 4A (long neurons) and Fig. 5A (short neurons). 

 

The morphological analysis of apical dendrites from long layer VI pyramidal neurons is 

shown in Fig. 4B-F. The length of dendrite matter within each Sholl sphere (Fig. 4B) was 

affected by distance from the soma (F(25,156) = 7.33, p < 0.0001) but not by treatment 

(F(1,156) = 0.32, p = 0.6). There was a significant interaction between these two effects 

(F(25,156) = 1.7, p = 0.02), indicating an overall different pattern of dendrite morphology 

characterized by neurons from mice in the ethanol treatment group having less matter 

proximal and distal to the soma, but also extending farther toward the pial surface, 

compared with neurons from mice in the sucrose treatment group. This last observation 

was confirmed statistically as the distance along the apical dendrite from the soma to the 

farthest terminal was greater in neurons from the ethanol group (Fig. 4F, p = 0.045). 
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Similar effects of distance from soma (F(23,144) = 6.59, p < 0.0001), treatment (F(1, 144) 

= 0.30, p = 0.6) and interaction (F(23, 144) = 1.67, p = 0.04) were observed using the 

traditional Sholl analysis of dendrite intersections at each sphere (Supplemental Fig. 3A). 

The average dendrite diameter within each Sholl sphere (Fig. 4C) was affected by 

distance from the soma (F(24,150) = 13.94, p < 0.0001) and by treatment (F(1,150 = 4.45, 

p = 0.04). There also was a significant interaction between the two effects (F(24,150) = 

1.83), p = 0.02), as the neurons from mice in the ethanol group had smaller diameter 

dendrites in the mid-distance from the soma (approximately 100-350 µm) and then 

extended farther toward the pial surface. These treatment effects on dendrite length and 

diameter did not affect the total volume of apical dendrites (sucrose: 1558.6 ± 489.2 μm3, 

n = 4, ethanol: 1027.6 ± 314.7 μm3, n = 4, p = 0.4). There was no effect of developmental 

treatment on measures of apical dendrite complexity, including the number of terminals 

(Fig. 4D, p = 0.4) and the highest branch order (Fig. 4E, p = 0.8). 

 

The morphology of long layer VI neuron basal dendrites was not affected by 

developmental ethanol exposure. The length of all basal dendrite matter within each Sholl 

sphere (Supplemental Fig. 3B) was affected by distance from the soma (F(6,35) = 12.82, 

p < 0.0001) but not by developmental treatment (F(1,35) = 2.63, p = 0.1). There was no 

interaction between distance and treatment (F(6,35) = 0.50, p = 0.8). Similar effects of 

distance from soma (F(6,35) =16.00, p < 0.0001), treatment (F(1,35) = 2.23, p = 0.1) and 

interaction (F(6,35) = 0.28, p = 0.9) were observed using the traditional Sholl analysis of 

intersections at each Sholl sphere (Supplemental Fig. 3C). The largest two-dimensional 

cell body perimeter measured for each long layer VI neuron was not affected by 
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developmental treatment (sucrose: 58.7 ± 3.7 μm, n = 4, ethanol: 51.1 ± 2.9 μm, n = 4, p 

= 0.2). 
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Fig. 4. Morphological analysis of long medial prefrontal layer VI pyramidal neuron apical 

dendrites. Representative z-projections of traced long layer VI neurons are shown in (A) 

for mice exposed to sucrose or ethanol during development and collected at postnatal 

day 90. (B) Three-dimensional Sholl analysis measuring the length of dendrite matter 

within concentric spheres radiating outward from the soma identified a distinct pattern of 

dendrite tree size/shape between the treatment groups. Although there was no significant 

effect of treatment overall (two-way ANOVA, p = 0.6), there was a significant interaction 

between effects of treatment and the distance from the soma (p = 0.02). (C) Three-

dimensional Sholl analysis measuring the average dendrite diameter within concentric 
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spheres radiating outward from the soma indicates that although dendrites from the 

ethanol group extended farther than dendrites from the sucrose group, these ethanol-

treated dendrites were thinner overall (effect of treatment: p = 0.04). Developmental 

treatment did not affect the number of dendrite terminals ((D), two-tailed unpaired t-test, 

p = 0.4) or the highest dendrite branch order ((E), p = 0.8). The distance from the soma 

to the farthest apical dendrite terminal (F) was greater in mice from the ethanol treatment 

group than in mice from the sucrose treatment (p = 0.045). Three to six neurons were 

traced per mouse and data are shown as the mean ± SEM for five (sucrose) or seven 

(ethanol) mice per treatment group. *p < 0.05 for the difference between developmental 

treatment groups. 
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The morphology of short layer VI neurons was affected by developmental ethanol 

exposure in a manner that is distinct from alterations to long layer VI neurons reported 

above. Analysis of short layer VI neuron apical dendrites is shown in Fig. 5B-F. The length 

of dendrite matter within each Sholl sphere (Fig. 5B) was affected by distance from the 

soma (F(14,135) = 18.97, p < 0.0001) and by developmental treatment (F(1,135) = 12.33, 

p = 0.0006). There was no interaction between distance and treatment (F(14,135) = 1.30, 

p = 0.2). Similar effects of distance from soma (F(13, 126) = 14.07, p < 0.0001), treatment 

(F(1, 126) = 7.52, p=0.007) and interaction (F(13,126) = 0.93, p = 0.5) were observed 

using the traditional Sholl analysis of dendrite intersections at each Sholl sphere 

(Supplemental Fig. 4A). Apical dendrite diameter within each Sholl sphere (Fig. 5C) was 

affected by distance from the soma (F(14,135) = 19.71, p <0.0001) but not by 

developmental treatment (F(1,135) = 0.01, p = 0.9). There was no interaction between 

distance and treatment (F(14,135) = 0.37, p = 1.0). There was no effect of treatment on 

the total apical dendrite volume (sucrose: 678.5 ± 221.5 μm3, n = 5, ethanol: 571.5 ± 73.7 

μm3, n = 6, p = 0.6). Consistent with the Sholl analysis, there was a decreased number 

of dendrite terminals (Fig. 5D, p = 0.04) and a decreased highest branch order (Fig. 5E, 

p = 0.03) in neurons from mice exposed to ethanol during development. The distance of 

the farthest dendrite terminal was not affected by treatment (Fig. 5F, p = 0.3). 

 

The morphology of short layer VI neuron basal dendrites was affected by developmental 

ethanol exposure in a manner similar to their apical dendrites reported above, with smaller 

and less-complex dendrite trees in neurons from the ethanol treatment group. The length 

of all basal dendrite matter within each Sholl sphere (Supplemental Fig. 4B) was affected 



	

 
 

170	

by distance from the soma (F(6,63) = 45.19, p < 0.0001)  and by developmental treatment 

(F(6,63) = 45.19, p < 0.0001). There was no interaction between distance and treatment 

(F(6,63) = 0.93, p = 0.5) Similar effects of distance from soma (F(6,63) =55.92, p < 

0.0001), treatment (F(1,135) = 12.33, p = 0.0006) and interaction (F(6,63) = 2.02, p = 

0.08) were observed using the traditional Sholl analysis of dendrite intersections at each 

sphere (Supplemental Fig. 4C). The largest two-dimension cell body perimeter identified 

for each neuron was not affected by developmental treatment (sucrose: 52.8 ± 1.4 μm, n 

= 5, ethanol: 50.9 ± 1.6 μm, n = 6, p = 0.4). 
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Fig. 5. Morphological analysis of short medial prefrontal layer VI pyramidal neuron apical 

dendrites. Representative z-projections of traced short layer VI neurons are shown in (A) 

for mice exposed to sucrose or ethanol during development and collected at postnatal 

day 90. (B) Three-dimensional Sholl analysis measuring the length of dendrite matter 

within concentric spheres radiating outward from the soma indicates decreased dendrite 

tree size in mice from the ethanol group (two-way ANOVA, effect of treatment: p = 

0.0006). (C) Three-dimensional Sholl analysis measuring the average dendrite diameter 

within concentric spheres radiating outward from the soma indicates no effect of 

developmental treatment (p = 0.9). There were significant effects of treatment on the 
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number of dendrite terminals ((D), two-tailed unpaired t-test, p = 0.04) and the highest 

dendrite branch order ((E), p = 0.03). There was no effect of treatment on the distance 

from the soma to the farthest dendrite terminal (p = 0.3). Three to six neurons were traced 

per mouse and data are shown as the mean ± SEM for five (sucrose) or seven (ethanol) 

mice per treatment group. *p < 0.05 for the difference between developmental treatment 

groups. 

 

  



	

 
 

173	

5.5 Discussion 

This study reports differential effects of chronic binge-like developmental ethanol 

exposure on pyramidal neuron morphology within each layer of the adult mouse mPFC. 

The developmental ethanol exposure regimen increased dendrite diameter and tree size 

for pyramidal neurons located in layer II/III of the mPFC but did not affect any measure of 

morphology for pyramidal neurons located in layer V of the mPFC. The two major 

morphological classes of layer VI pyramidal neurons (long and short) were differentially 

affected by developmental ethanol exposure, as long layer VI neurons had apical 

dendrites with a smaller diameter that extended farther from the soma, and short layer VI 

neurons exhibited decreased overall tree size for both apical and basal dendrites. There 

was no effect of developmental ethanol exposure on soma size for any class of neuron 

examined within the mouse mPFC. Developmental ethanol-induced alterations to neuron 

morphology likely did not result from aberrant migration of pyramidal neurons during 

development, as all traced neurons exhibited morphological characteristics (e.g. shape 

of apical dendrite tufts) that were consistent with their respective cortical layers, and the 

cresyl violet counterstain showed normal overall laminar organization consistent with a 

previous study in guinea pig somatosensory cortex (Bailey et al., 2004). Normal laminar 

organization could be confirmed in future studies using immunohistological markers 

specific to the pyramidal neurons located within each cortical layer. Given the importance 

of the mPFC toward higher-order cognitive functions such as learning, memory and 

attention, this study provides novel insight into long-term structural alterations that may 

dysregulate the contribution of mPFC signaling to support these cognitive functions in 

FASD. 
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5.5.1 Medial prefrontal layer II/III neuron morphology and function  

Neurons in layer II/III of the mPFC primarily receive signal input from the mediodorsal 

thalamus (Rotaru et al., 2005) and modulate cortical neurotransmission through cortico-

cortical connections (Gabbott et al., 2005; Hoover and Vertes, 2007). They also make 

efferent projections to the basolateral amygdala and striatum (Gabbott et al., 2005). 

Following developmental ethanol exposure, we observed an increase in the size of both 

apical and basal dendrite trees for layer II/III pyramidal neurons, which may result from 

decreased dendrite pruning that normally occurs as the mPFC matures (Sadrian et al., 

2013). Increased dendrite tree size following developmental ethanol exposure was 

observed previously in layer V of the young adult rat primary somatosensory cortex (Miller 

et al., 1990). The larger dendrite trees that result from developmental ethanol exposure 

likely provide additional opportunities for mPFC layer II/III neurons to form synaptic 

connections within the cortical column, which could alter the total number of excitatory 

and/or inhibitory connections to modify the excitatory/inhibitory balance received. We also 

observed that developmental ethanol exposure increased the diameter of layer II/III 

neuron apical dendrites, which likely would decrease axial resistance to alter the kinetics 

of input traveling along the dendrite toward the soma. Electrophysiological analysis of 

these neurons would be necessary to determine the net effect of developmental ethanol-

induced alterations to dendritic morphology on neuron physiology.  

 

A number of previous reports have investigated effects of developmental ethanol 

exposure on the morphology of layer II/III pyramidal neurons, although there is little 

consistency among findings. One study in 21 day-old rats observed decreased size for 
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the apical dendrite tree, no effect on basal dendrites and decreased spine density 

following developmental ethanol exposure (Lawrence et al., 2012). In 26-30 day-old rats, 

it was reported that ethanol treatment did not affect the size of the apical dendrite tree but 

decreased spine density on apical dendrites (Whitcher and Klintsova, 2008), and also 

decreased the size of basal dendrite trees without altering spine density on basal 

dendrites (Hamilton et al., 2010b). This same group also found in 42 day-old rats that 

developmental ethanol exposure decreased the size of basal dendrite trees and also 

decreased spine density on basal dendrites (Hamilton et al., 2015). One potential 

contribution to the lack of consistency among studies is the different ages of experimental 

animals, as rats were examined during a critical period of cerebral cortical neuron 

morphological refinement (Berardi et al., 2000; Hensch, 2004) when an age difference of 

two weeks could have a significant impact on the effects of developmental ethanol 

exposure. It is not surprising that our observed long-lasting effects of developmental 

ethanol exposure in adult 90 day-old mice differ from those observed in younger rodents 

while the mPFC was still maturing. Another potential contribution to the differing results 

across studies is the specific timing of the developmental ethanol treatment protocol 

employed, as the timing of ethanol exposure during development is known to affect CNS 

teratogenic outcomes (Sadrian et al., 2014). In this current study, we administered 

ethanol during the second half of gestation and first two postnatal weeks, whereas 

Lawrence et al. (2012) administered ethanol throughout gestation and up until postnatal 

day 10. The studies reported by Whitcher and Klintsova (2008),  (Hamilton et al., 2010b) 

and Hamilton et al. (2015) administered ethanol only from postnatal days 4 to 9. Potential 

species differences should not be excluded when comparing our present work in mouse 
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with the previous studies described above, which were all performed in rat. It should be 

noted that one study in adult male rats observed increased basal dendrite length following 

developmental ethanol exposure by liquid diet, which is consistent with our results, 

although there was no effect of treatment observed for the apical dendrite tree (Hamilton 

et al., 2010a). 

 

5.5.2 Medial prefrontal layer V neuron morphology and function  

Pyramidal neurons in layer V of the mPFC receive afferent signal input from the midline 

thalamus (Vertes et al., 2006) and hippocampus (Jay and Witter, 1991), in addition to the 

more-superficial layers of the cortical column. Layer V is the primary signal output layer 

of the mPFC and its pyramidal neurons project to a wide variety of brain regions including 

the lateral hypothalamus, striatum, basolateral amygdala, ventral tegmental area, 

mediodorsal/midline thalamus, septum and spinal cord (Vertes, 2002; Gabbott et al., 

2005). We observed no effect of developmental ethanol exposure on any morphological 

measure for layer V pyramidal neurons. This result differs from a previous study in which 

the dendrite tree size was increased in layer V of the primary somatosensory cortex of 

young adult rats following developmental ethanol exposure (Miller et al., 1990). In addition 

to the different cortical regions examined, technical differences between that study and 

ours include species (rat versus mouse) and the delivery of ethanol only during the 

prenatal period via a liquid diet, which produces a lower BEC than that achieved using 

the binge-like administration employed in this present study. A recent study found an 

increased density of GABAergic interneurons in the mPFC layer V, in addition to an 

increased iPSC frequency at mPFC layer V pyramidal neurons, in adult mice following 
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developmental ethanol exposure (Skorput et al., 2015). Thus, even though the 

morphology of mPFC layer V pyramidal neurons themselves may not be affected by 

developmental ethanol exposure, increased inhibitory tone may alter the net role of these 

neurons in mPFC cognitive networks. 

 

5.5.3 Medial prefrontal layer VI neuron morphology and function  

Pyramidal neurons in layer VI of the mPFC receive afferent signal input from the midline 

thalamus (Vertes et al., 2006) and hippocampus (Jay and Witter, 1991), in addition to the 

more-superficial layers of the cortical column. These neurons modulate signal gain for 

mPFC output through efferent projections to the mediodorsal thalamus via the thalamic 

reticular nucleus, and may also project to the midline thalamus, lateral hypothalamus, 

striatum and basolateral amygdala (Vertes, 2002; Gabbott et al., 2005; Zikopoulos and 

Barbas, 2006). The proper function of layer VI neurons is necessary for normal cognitive 

functions such as attention (Guillem et al., 2011). We observed that developmental 

ethanol exposure differentially altered the morphology of long and short pyramidal 

neurons, in that long layer VI neurons had apical dendrites that extended farther but had 

a smaller diameter, whereas short layer VI neurons had smaller apical and basal dendrite 

trees. These alterations to the morphology of long layer VI neurons may affect the type 

and kinetics of currents traveling toward the soma. The smaller dendrite trees of short 

layer VI neurons provide less support for synaptic inputs within the column. Given that 

interneurons often directly innervate the soma of pyramidal neurons (Spruston, 2008), the 

decreased dendrite tree size for short layer VI neurons would potentially shift the 

excitatory/inhibitory balance toward inhibition for these neurons. Each of these proposed 



	

 
 

178	

physiological outcomes of altered layer VI neuron morphology would need to be 

confirmed by electrophysiological analysis. Moreover, since it is hypothesized that long 

and short layer VI neurons serve distinct functions through unique efferent projections 

(van Aerde and Feldmeyer, 2015), future study is warranted to determine the effects of 

observed developmental ethanol-induced morphological alterations on the role that each 

neuron type plays within mPFC cognitive circuits. To our knowledge, this is the first study 

to report effects of developmental ethanol exposure on neurons within mPFC layer VI. It 

is interesting that like the short layer VI neurons in this study, decreased size of dendrite 

trees is a common finding in a number of pyramidal neuron types of multiple brain regions 

following developmental ethanol exposure (Davies and Smith, 1981; Granato et al., 2003; 

Hamilton et al., 2010b; Lawrence et al., 2012). 

 

5.5.4 Implications for mPFC function 

We observed long-term alterations to mPFC pyramidal neuron morphology following  

developmental ethanol exposure, which were specific to the cortical layer. This, along 

with previous findings of altered interneuron function within the mPFC in adult mice 

(Skorput et al., 2015) suggest that exposure to ethanol during development may disrupt 

the excitatory/inhibitory balance of mature mPFC circuits. Disruption of the cortical 

excitatory/inhibitory balance has been linked to cognitive deficits associated with FASD 

(Sadrian et al., 2013), in addition to schizophrenia and autism (Gao and Penzes, 2015). 

Moreover, the mPFC is important for multiple cognitive functions including learning 

(Corcoran and Quirk, 2007; Groblewski et al., 2012), working memory (Seamans et al., 

1995; Horst and Laubach, 2009) and attention (Granon et al., 1998; Dalley et al., 2004). 
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Dysregulation of mPFC signaling may for example alter a signal loop in which neurons of 

the mPFC project to midline thalamic nuclei (the nucleus reuniens and rhomboid nucleus) 

directly onto neurons that in turn project to the hippocampus (Vertes et al., 2007), which 

then provides feedback to the deep mPFC cortical layers V and VI (Vertes et al., 2006). 

Disrupted signaling to the hippocampus, a brain region that is also important for cognitive 

functions such as learning (Brasted et al., 2003), working memory (Spellman et al., 2015) 

and attention (Kim, 2015), may also contribute to the cognitive deficits that occur in 

individuals affected by FASD. It will therefore be beneficial in future studies to determine 

long-term effects of developmental ethanol exposure on pyramidal neuron physiology and 

glutamatergic signaling across mPFC and hippocampus cognitive networks. In addition, 

the specificity of developmental ethanol exposure to alter neuron morphology within the 

mPFC should be determined by comparing results from this present study with those in 

other cortical regions.  

 

5.5.5 Conclusions 

This study presents a comprehensive analysis of long-term alterations to mPFC 

pyramidal neuron morphology in adult mice following developmental ethanol exposure. 

Primary alterations included layer II/III neurons having larger apical dendrite trees, long 

layer VI neurons having apical dendrite trees that extend farther from the soma, and short 

layer VI neurons having smaller apical and basal dendrite trees. Given the impact of 

dendrite morphology to shape afferent input to mPFC cognitive circuits, this work provides 

novel insight into potential morphological mechanisms involving the prefrontal cortex that 

may underlie persistent deficits to cognitive function in FASD (Kerns et al., 1997; Connor 
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et al., 1999; Connor et al., 2000) that may require treatment and support into adulthood 

(Streissguth et al., 1991; Moore and Riley, 2015). 
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Chapter 6 
 

Characterization of medial prefrontal cortex layer VI pyramidal neuron function and 
morphology in young postnatal mice exposed to ethanol during development 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Based on the publication: Louth E.L., Sutton, C.D., Spatafora, L.K., Tsang, B., Gerlai, R. 
and Bailey, C.D.C. Effects of developmental ethanol exposure on the physiology and 
morphology of medial prefrontal layer VI neurons in young postnatal mice. Manuscript in 
preparation.
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6.1 Abstract 

Exposure to ethanol during development can lead to teratogenic outcomes that are 

collectively referred to as fetal alcohol spectrum disorders (FASD) in humans. One of the 

most common neurocognitive impairments associated with FASD are attention deficits. 

Previous research in our laboratory has shown that adult male mice exposed to ethanol 

during development exhibit impaired attention along with alterations to the physiology and 

morphology of medial prefrontal cortex (mPFC) layer VI pyramidal neurons, which are 

known to be important for normal attention. The mechanisms by which this adult 

phenotype arises remain unknown. Here, we assessed layer VI pyramidal neuron 

physiology and morphology in young postnatal mice at postnatal day (P)15 (at the end of 

developmental treatment) and P25 (ten days following the end of developmental 

treatment) to determine the near-term effects of developmental ethanol exposure on this 

neuronal population. Developing mice were exposed to ethanol vapour or room air 

(control) during the equivalent of the human second and third trimesters for brain 

development. Whole-cell electrophysiology revealed no effect of developmental ethanol 

exposure on basic electrophysiological properties or α-amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid receptor (AMPAR) receptor-mediated signaling. Nicotinic 

receptor function was found to be increased in female mice only. Morphological analysis 

of neurons at P15 revealed sexually dimorphic effects of developmental ethanol exposure 

on dendrite length, but no alterations in dendrite complexity. These results provide insight 

into the near-term effects of developmental ethanol exposure on the prefrontal cortex and 

suggest that ethanol may alter the developmental trajectory of layer VI pyramidal neurons.  
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6.2 Introduction 

In humans, drinking during pregnancy is known to cause a variety of teratogenic effects 

which are diagnosed as fetal alcohol spectrum disorders (FASD; Sokol et al., 2003). 

These teratogenic effects can manifest as craniofacial abnormalities, growth deficiencies 

and neurocognitive deficits (Chudley et al., 2005). In Canada, the prevalence of FASD is 

estimated to be approximately 30 per 1000 live births (Roozen et al., 2016) and is 

estimated to cost Canadian society over $1.8 billion dollars annually through healthcare, 

legal and educational expenses in addition to decreased economic productivity (Popova 

et al., 2016). Attention deficits are one of the most common comorbidities associated with 

FASD as 41-95% of children with FASD are diagnosed with comorbid attention deficits 

(Bhatara et al., 2006; Fryer et al., 2007a; Rasmussen et al., 2010). Decreased attention 

in FASD makes it more diffiult for children to succeed in school and to be productive at 

work later in life (Streissguth et al., 1991).  

 

Currently available medications for attention deficits are less effective in children 

diagnosed with FASD (O'Malley et al., 2000) and the underlying neural mechanisms of 

these attention deficits remain unclear. Our laboratory has previously shown that adult 

mice exposed to ethanol during development exhibit attention deficits similar to those 

seen in humans, making them a useful model to better-understand the neural 

mechanisms underlying these attention deficits. In these same adult mice with impaired 

attention, we have also identified alterations to the basic electrophysiological properties 

and function of nicotinic acetylcholine receptors (nAChRs) and α-amino-3-hydroxy-5-

methyl-4-isoxazolepropionic acid receptors (AMPARs) in medial prefrontal layer VI 
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pyramidal neurons (Louth et al., 2016), which are known to be important for attention 

(Bailey et al., 2010; Guillem et al., 2011). We have also identified changes to the 

morphology of these medial prefrontal layer VI pyramidal neurons in adulthood following 

developmental ethanol exposure, in that neurons from ethanol-treated mice exhibited 

less-complex dendrite trees (Louth et al., 2017, submitted). Given that our laboratory has 

identified long-term alterations to medial prefrontal layer VI pyramidal neuron physiology 

and morphology in adulthood following developmental ethanol exposure, we sought here 

to determine whether these same effects were present in young postnatal mice at the end 

of developmental treatment (postnatal day (P) 15) and/or ten days later (P25) mice. This 

information will provide insight into whether developmental ethanol exposure simply 

creates an insult in these neurons from which they never recover, or if this phenotype 

develops as mice mature in to adulthood.  

 

Cholinergic signaling by nAChRs is not only important for the function of mature layer VI 

pyramidal neurons but also plays an important role in the development of these neurons 

within attention circuits. The subunits for nAChRs are present in the earliest stages of 

development (Howard et al., 1995; Zoli et al., 1995) and in humans, can be seen as early 

as 4 weeks into gestation (Hellström-Lindahl et al., 1998). This suggests that these 

receptors may play a role in early gene expression and development (Role and Berg, 

1996). It is at approximately P14 in rodents that there is a peak in the expression of 

nAChR receptor subunits in the brain (Shacka and Robinson, 1998) and shortly thereafter 

near P14-20 that these receptors reach peak function (Bailey et al., 2012) and change 

their distribution in different brain regions (Tribollet et al., 2004). This corresponds with 
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the beginning of the critical period in cortical circuit maturation (Berardi et al., 2000; 

Hensch, 2004), characterized by increased synaptic formation and changes to pyramidal 

cells such as the lengthening and increased branching of dendrites of neurons in the PFC 

(Bayer et al., 1993; Mechawar and Descarries, 2001; Kolb et al., 2012). Analysis of 

neuron physiology and morphology during this critical period of cortical circuit maturation 

may provide insight into the origins of previously-observed long-term effects of 

developmental ethanol exposure on layer VI pyramidal neurons.  

 

The nAChR is thought to play an important role in the maturation of neuronal circuits 

because it is permeable to calcium ions (Lohmann et al., 2002) and local calcium signaling 

is one of the main regulators of dendrite, spine and synapse formation (Korkotian and 

Segal, 1999; Rose and Konnerth, 2001). Acetylcholine acting at nAChRs has been shown  

in vitro to influence neurite outgrowth and retraction, and growth cone direction (Lipton et 

al., 1988; Pugh and Berg, 1994; Zheng et al., 1994). Studies using both physical and 

chemical lesions have shown that cholinergic projections from the basal forebrain are 

important for the normal maturation of the cerebral cortex (Hohmann et al., 1988). By 

lesioning these cholinergic projections during development, abnormal patterns of 

neuronal organization and less-complex neuron morphology were found in the cerebral 

cortex of mature mice (Hohmann et al., 1988; Robertson et al., 1998).  

 

The α4β2* nAChR isoform is of particular interest for neuron maturation, as it has been 

found that mice lacking the β2 nAChR subunit exhibit abnormal patterns of neuronal 

organization (Grubb et al., 2003) and a decrease in spine density on pyramidal cells in 
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the cerebral cortex (Ballesteros-Yáñez et al., 2010; Lozada et al., 2012). The α5 nAChR 

subunit is known to incorporate into layer VI pyramidal neuron α4β2* receptors as the fifth 

accessory subunit (Wada et al., 1990; Salas et al., 2003; Bailey et al., 2012). It has also 

been shown to also contribute to neuron maturation as a study in mice lacking the α5 

subunit found immature neuron morphology in layer VI of the mPFC in mature mice 

(Bailey et al., 2012). Since α4β2* nAChRs are important for neuronal maturation, 

dysregulation of this receptor system by developmental ethanol exposure early in 

postnatal life could provide a mechanism leading to altered neuron morphology in the 

mature brain.  

 

The developmental role of AMPARs is less well characterized. In humans, AMPARs are 

expressed in the cerebral cortex 8 weeks into gestation, but may be present before this 

point as earlier stages have not been assessed (Ritter et al., 2001). After birth, AMPAR 

GluR2 subunit expression has been shown in the cortex, first at relatively low levels and 

reaching a peak in expression in early adolescence (Siu et al., 2017). In rats, the AMPAR 

GluR1 subunit is known to be present by gestational day (G) 15 and its expression level 

increases until approximately P20 where expression is equivalent to adult levels (Martin 

et al., 1998). These receptors are known to play an important role in synaptic activation 

and long-term potentiation (LTP). In early postnatal life the number of synapses that 

contain only NMDA glutamatergic receptors is high and this decreases with development 

(Ben-Ari et al., 1997). The ratio of NMDA to AMPA receptor expression shifts and it is 

believed that synapses remain silent until AMPARs are incorporated, at which point the 

synapses are activated (Petralia et al., 1999; El-Husseini et al., 2000; Renger et al., 2001; 
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Siu et al., 2017). Therefore, disruption of AMPAR signaling or AMPAR trafficking by 

developmental ethanol exposure could impact synapse activation and therefore circuit 

maturation.  

 

Many AMPARs contain the GluR2 subunit that makes them calcium impermeable 

(Hollmann et al., 1991) and may limit their involvement in the regulation of neuron 

morphology. However, in rat cortical neurons most AMPARs do not incorporate the GluR2 

subunit before postnatal day (P) 16 and it is after this time that these receptors go through 

a developmental change. Pyramidal neurons begin expressing AMPARs that incorporate 

the GluR2 subunit after P16 (Kumar et al., 2002) and in the adult cortex GluR2 is found 

in abundance (Kondo et al., 1997). Since these receptors are permeable to calcium 

before P16, AMPARs may influence early dendrite morphology in pyramidal neurons of 

the cerebral cortex.  

 

The research in this chapter assesses the effects of developmental ethanol exposure on 

layer VI pyramidal neuron basic electrophysiological properties in addition to nAChR and 

AMPAR function at P15 and P25 in both male and female mice. We also characterize 

pyramidal neuron morphology in P15 mice only. These time points correspond to major 

developmental changes in both neurotransmitter systems and correspond to the 

beginning of the critical period for cortical circuit maturation (Bayer et al., 1993; Kolb et 

al., 2012). We demonstrate that developmental ethanol exposure had no effect on the 

basic electrophysiological properties of layer VI pyramidal neurons in the mPFC. 

Developmental treatment also had no effect on neurotransmitter receptor function in male 
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mice, and increased nAChR-mediated inward currents in female mice only. Sexually 

dimorphic effects of developmental ethanol exposure were identified for neuron 

morphology, as male mice exhibited an increase in dendrite length whereas female mice 

exhibited a decrease in dendrite length following developmental ethanol exposure. These 

results provide novel insight into the near-term teratogenic effects of ethanol on layer VI 

pyramidal neurons in the mPFC, a population of neurons important for normal attention 

functioning (Bailey et al., 2010; Guillem et al., 2011). 

 

6.3 Materials and Methods 

6.3.1 Experimental animals and breeding 

C57BL/6 strain mice were purchased from Charles River Canada (Saint-Constant, QC) 

and bred in the central animal facility at the University of Guelph. Nulliparous female mice 

aged 3-4 months were bred in pairs with male mice aged 5-6 months. Female mice were 

checked each morning at the beginning of the light cycle (8:00 A.M.) for a vaginal 

copulatory plug. Following the identification of a copulatory plug, the female mouse was 

then separated from the male and placed in her own cage measuring 29 cm X 19 cm X 

13 cm, the following day was considered to be gestational day (G) 1. All experimental 

animals in this study were cared for according to the principles and guidelines of the 

Canadian Council on Animal Care, and the experimental protocol was approved by the 

University of Guelph Animal Care Committee. Every effort was made to minimize animal 

suffering and to limit the number of mice used in this study. 
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6.3.2 Developmental treatment regimens 

Pregnant female mice were randomly assigned to receive treatment of either ethanol 

vapour or room air (control) using dedicated vapour chambers. Large vapour chambers 

measuring 81 cm x 56 cm x 36 cm were constructed using ¼ inch clear polycarbonate 

according to Morton et al. (2014). Airflow for both chambers was set to 0.2 m3/hour. The 

concentration of ethanol in the ethanol treatment chamber was approximately 100 mg/L 

and this was measured/confirmed on each day of treatment using an Alco-Sensor II 

breathalyzer (Intoximeters Inc, MI, USA). The control chamber received room air at an air 

exchange rate equal to that of the ethanol chamber. The home cage for each pregnant 

female mouse was placed in the appropriate vapour chamber for four hours each day 

beginning at 9:00 A.M. from G10 to G18. Pregnant mice and their litters were left 

undisturbed from G19 until P4. The day of birth was considered to be P0. The dam and 

its litter then received vapour treatment consistent with the prenatal treatment for that litter 

(ethanol or room air) by placing the home cage containing the dam and its litter into the 

appropriate chamber for four hours each day beginning at 9:00 A.M. from P4 to P14. Mice 

received ad libitum access to water and pellet food (Tekland Global 18% Protein Rodent 

Maintenance Diet, Harlan Laboratories, Mississauga, ON) throughout this study. Pair 

feeding was not employed because it had been shown previously that this developmental 

ethanol administration protocol does not result in body weight discrepancies between 

ethanol and room air treatment groups (Morton et al., 2014). Pregnant female mice were 

weighed daily throughout gestation and food intake was measured. Offspring were 

weighed daily from G4 to G15, and were weighed once more on P25. Food intake from 

P4 to P14 was also measured and normalized to the number of pups for each litter. 
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6.3.3 Blood ethanol concentration 

Blood ethanol concentration (BEC) was measured for all dams on G15. Fifty µL of blood 

was collected from the saphenous vein immediately following the four-hour treatment. 

BEC was measured in one litter. Pups were killed immediately following the four-hour 

treatment on P14 by decapitation under isoflurane anesthesia, and at least 50 µL trunk 

blood was collected. For all analyses, blood samples were stored at 4°C overnight. Fifty 

µL of blood was centrifuged at 3,000 g for 10 min at 4°C, and the serum supernatant was 

transferred to a new microfuge tube and then stored at -80°C for later analysis. The 

concentration of alcohol in the serum was measured using an AM1 Alcohol Analyser 

(Analox Instruments, London, UK).  

 

6.3.4 Electrophysiology  

Electrophysiology was completed as described previously in chapter 3 (Louth et al., 

2016). In brief, mouse offspring were anesthetized using isoflurane and killed by 

decapitation on P15 or P25. The brains were removed rapidly and cooled for 2 min in 4°C 

oxygenated sucrose artificial cerebral spinal fluid (ACSF; 254 mM sucrose, 10 mM D-

glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl and 1.25 mM NaH2PO4, 

pH 7.4) and 400 μm thick coronal slices containing the mPFC were cut using a Leica VT 

1200 vibrating microtome (Leica Microsystems, Concord, ON, Canada). Slices were 

placed in a recovery chamber (Scientific Systems Design Inc., Mississauga, ON, Canada) 

with 30°C oxygenated ACSF (128 mM NaCl, 10 mM D-glucose, 26 mM NaHCO3, 2 mM 

CaCl2, 2 mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, pH 7.4) for at least two hours before 

the beginning of electrophysiological recording. Following the two hour recovery period, 
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brain slices were transferred to a modified recording chamber (Warner Instruments, 

Hamden, CT) mounted onto the stage of an Axioskop FS2 microscope (Carl Zeiss 

Canada, Toronto, ON) and using infrared differential interference contrast microscopy 

layer VI pyramidal neurons were identified Whole-cell recording was performed using 

borosilicate glass pipette electrodes (2-5 MW; Sutter Instrument Company, Novato, CA) 

containing patch solution with biocytin (120 mM K-gluconate, 5 mM KCl, 2 mM MgCl2, 4 

mM K2-ATP, 400 μM Na2-GTP, 10 mM Na2-phosphocreatine, 10 mM HEPES buffer, and 

0.3% (w/v) biocytin (adjusted to pH 7.3 with KOH)). Recordings were made using a 

Multiclamp 700B amplifier, acquired at 20 kHz and lowpass filtered at 2 kHz using a 

Digidata 1440A data acquisition system (Molecular Devices, Sunnyvale, CA).  

 

Burst-firing neurons and fast-spiking interneurons were not recorded for receptor function 

because they respond primarily to indirect nicotinic stimulation (Kassam et al. 2008). 

Neurons were first recorded in current-clamp mode to assess passive and active 

electrophysiological properties. Afterhyperpolarization (AHP) amplitude was measured by 

initiation of 32, 2 ms, 2 nA pulse bursts at 50 Hz and measuring from baseline (before the 

pulse bursts) to the peak of the AHP to determine amplitude. Spontaneous excitatory 

postsynaptic currents (sEPSCs) were then recorded by holding neurons at -75 mV in 

voltage-clamp mode. Neurons remained at -75 mV in voltage-clamp for the measurement 

of nAChR- and AMPAR-mediated inward current responses. Nicotinic responses were 

elicited by the addition of 1 mM ACh (Sigma-Aldrich Canada) and AMPA glutamatergic 

responses were elicited by the addition of 2 μM (S)-AMPA (Tocris Bioscience). All 

agonists were applied in the bath for 15 s. Atropine (200 nM) and MLA (10 nM) were 
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included in the ACSF bath at all times to block muscarinic- and a7 nAChR-mediated 

responses, respectively. Following nicotinic inward current responses, nicotine 

desensitization of the nAChR was also measured from a subset of neurons by applying 

300 nM nicotine for 10 min followed by a 10 min washout, and probing nAChR-mediated 

inward currents again using 1 mM ACh for 15 s. Desensitization was calculated as the 

percent decrease of the nAChR-mediated inward current response from the first to the 

second application of ACh. For ACh and (S)-AMPA, inward current responses were 

measured as the change in holding current from baseline to the peak of the response. 

Both nAChR- and AMPAR-mediated acceleration of action potential firing was measured 

in current-clamp mode by first creating an approximate 1 Hz baseline firing frequency by 

injecting positive current. Following a minimum 30 s of stable baseline, each agonist was 

applied in the bath as described above. The percent increase in firing frequency in 

response to agonist application was measured for each neuron as [(frequency at the peak 

of the drug response – frequency at baseline) / frequency at baseline x 100]. All responses 

were measured using Clampfit 10.3 software (Molecular Devices). 

 

6.3.5 Neuron Morphology 

During electrophysiological recordings, the patch solution contained 0.3% (w/v) biocytin 

(Vector Laboratories, Burlington, ON, Canada). Neurons were held for at least 30 min to 

allow for sufficient dispersal of biocytin throughout the neuron. Following recordings, brain 

slices were transferred to wells of a 12-well plate containing 500 µL of 4% 

paraformaldehyde (PFA) in 0.1M phosphate buffer at 4°C overnight. Sections were then 

washed in tris-buffered saline (TBS, pH 7.4), incubated in blocking buffer (10% (w/v) 
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bovine serum albumin and 0.25% (v/v) triton-X-100 in TBS) for two hours at room 

temperature. Sections were then washed again in TBS and incubated in a solution with a 

1:500 dilution of streptavidin conjugated with Alex Fluor-594 (Jackson ImmunoResearch 

Laboratory, West Grove, PA, USA) in TBS overnight at 4°C. Sections were washed again 

in TBS and incubated with 1 µg/mL 4',6-diamidino-2-phenylindole (DAPI) in TBS for two 

hours at room temperature. Sections were then washed in TBS and mounted onto 

microscope slides in aqueous mounting medium and coverslipped. Slides were stored at 

4°C until time of analysis. 

 

Neurons sampled from P15 mice only, were imaged using an Olympus Fluoview FV1200 

laser-scanning confocal system equipped with an inverted IX83 Olympus microscope and 

controlled using Olympus Fluoview software (FV10-ASW version 4.0; Olympus, Ontario, 

Canada). Using an HeNe(G) laser (Olympus) tuned to wavelength 543 nm, high 

resolution z axis image stacks were acquired using an Olympus UPlanSApo 30X, 1.05 

NA silicone oil-immersion objective with a z axis step size of 1 µm. The image stacks 

overlapped in the x and y axes so that when stitched together in three dimensions, they 

would contain an entire neuron. A filled neuron was only analyzed if it was fully contained 

within the slice, its dendritic branches were intact and the apical dendrite projected toward 

the pial surface. Two to three layer VI pyramidal neurons were imaged per mouse. 

Neurons were reconstructed in three dimensions and analyzed using Neurolucida 

software (version 10, MBF Bioscience, Williston, VT). 
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6.3.6 Statistical Analysis 

Litter size was analyzed by two-tailed unpaired t test. Pregnant female and offspring body 

weights were analyzed by two-way ANOVA and Bonferroni’s post hoc test. To determine 

the effect of developmental treatment and age on electrophysiological measures, male 

and female mice were analyzed separately by two-way ANOVA and Bonferroni’s post hoc 

test. Neuron morphology was completed in P15 mice only. Data for Sholl analysis were 

analyzed by two-way ANOVA in male and female mice separately, to determine effects 

of treatment and distance from soma on neuron morphology. Data for branch structure 

analyses were analyzed by two-tailed unpaired t test for male and female mice separately. 

All electrophysiology and morphology measurements were made at the level of the 

individual neuron recorded. These measures were then averaged for each individual 

mouse, which is the unit of sample employed for data analysis and presentation. 

 

6.4 Results 

The objective of this study was to determine the near-term effects of developmental 

ethanol exposure on medial prefrontal layer VI pyramidal neuron electrophysiological and 

morphological properties. Developing mice were exposed to either ethanol or room air 

(control) from G10-G18 and P4-P14 via vapour chamber. Electrophysiological recordings 

were made on P15 and P25 in male and female mice (see Fig 1 for schematic). During 

these recordings, neurons were filled with biocytin and these neurons were later 

reconstructed in three dimensions in order to analyze their dendritic tree structure (see 

Fig 1 for an example of a filled neuron). Summarized in Table 1 are the pregnancy 

outcome and body weight data for pregnant female mice and their offspring. 
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Developmental ethanol exposure was found to have no effect on litter size or body weight. 

In pregnant female mice on G15, BEC was found to be 163 ± 45 mg/dL and in one 

separate litter not included in this study 766 ± 38 mg/dL immediately following the four-

hour vapour chamber administration. 

	
 
 
Table 1. Pregnancy outcome and body weight 
Characteristic Control Ethanol p-value 
Number of litters 11 10  
Number of offspring per litter 7.1 ± 0.4 6.7 ± 0.7 0.6a 
Pregnant female body weight (g)    
     G10 25.9 ± 0.7 25.9 ± 0.7 1.0b 
     G18 38.6 ± 1.5 39.0 ± 1.3 1.0b 
Offspring body weight (g)    
     P5 3.3 ± 0.1 3.2 ± 0.1 1.0b 
     P15 7.2 ± 0.2 6.7 ± 0.2 0.2b 
     P25 13.6 ± 0.3 13.2 ± 0.3 0.7b 

Data are presented as mean ± SEM. Data sets were analyzed by two-tailed unpaired t testa or 
Bonferroni’s post hoc testb 

 
 



	

 196	

 

 

Figure 1. Schematic illustration of study design. (A) Timeline for ethanol administration 

to pregnant female mice and offspring via vapour chamber and experimental time points 

for electrophysiological analysis with biocytin filling of neurons. (B) Exemplar z-projection 

of a biocytin-filled neuron labelled with Alexa Fluor-594 and imaged using a confocal 

microscope. The coronal slice diagram was modified from (Paxinos and Franklin, 2001). 

Timelines are not drawn to scale.  
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6.4.1 Developmental ethanol exposure does not affect basic electrophysiological 

properties of young postnatal prefrontal layer VI neurons 

We sought to determine if the effects of developmental ethanol exposure found on layer 

VI pyramidal neurons in adulthood (Louth et al., 2016) are present at younger ages. Here, 

developmental ethanol exposure was found to have no effect on measures of basic 

electrophysiological properties including capacitance, input resistance, resting membrane 

potential, spike amplitude and rheobase in either age and in either sex (summarized in 

Tables 2 and 3). Although there was no effect of treatment at either age in control and 

ethanol treatment groups, there was an effect of age in ethanol treated male mice for two 

electrophysiological measures. Spike amplitude was found to be lower at P25 in male 

mice in the ethanol treatment group only (males: F(1, 28) = 9.2, p = 0.5, Bonferroni’s post 

hoc test control: p = 0.8, ethanol: p = 0.003).  As well, rheobase was found to be higher 

at P25 in male ethanol treatment groups only (males: F(1, 28) = 2.6, p = 0.8, Bonferroni’s 

post hoc test control: p = 1, ethanol: p = 0.04). However, at both ages these measures 

were not affected by treatment. In female mice, AHP amplitude was lower at P25 than at 

P15 in control mice (Two-way ANOVA effect of age in females: F(1, 27) = 13.3, p = 

0.0001, Bonferroni’s post hoc test control: p = 0.01, ethanol: p = 0.09). Both male and 

female mice in both treatment groups had a lower capacitance at P25 as compared to 

P15 (Two-way ANOVA effect of age: males: F(1, 28) = 7.5 p = 0.01, females: F(1, 27) = 

13.4 p = 0.001). In male mice this effect was not significant by Bonferroni’s post hoc test 

in either treatment group (control: p = 0.06, ethanol: p = 0.3). In female mice this effect 

was significant by Bonferroni’s post hoc test in both treatment groups (control: p = 0.02, 

ethanol: p = 0.04).  
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Table 2. Basic electrophysiological properties of layer VI pyramidal neurons in 
male mice 

Data sets were analyzed by two-way ANOVA and are presented as mean ± 1 SEM.  
	
	
	
	
	
	
	
	
	
	 	

 Control Ethanol Effect of 
treatment 
p value 

Effect of 
age p 
value  P15 P25 P15 P25 

Number of Mice 
 

8 8 8 8   

Number of Neurons 
 

46 52 56 54   

Capacitance (pF) 
 

70.9 ± 2.6 64.1 ± 1.1 68.5 ± 2.0 63.9 ± 2.3 0.5 0.01* 

Input Resistance (MΩ) 
 

192.3 ± 9.8 202.0 ± 7.4 208.7 ± 9.7 194.1 ± 9.8 0.6 0.8 

Resting Membrane 
Potential (mV) 

 

-76.5 ± 0.5 -76.1 ± 0.6 -75.1 ± 1.1 -76.6 ± 0.8 0.6 0.5 

Spike Amplitude (mV) 
 

97.7 ± 1.0 96.3 ± 1.1 100.9 ± 1.6 94.8 ± 1.1 0.5 0.005* 

Rheobase (pA) 62.5 ± 3.3 61.3 ± 3.6 54.3 ± 3.6 67.7 ± 4.4 0.8 0.1 

AHP amplitude (pA) 4.5 ± 0.4 4.0 ± 0.5 4.5 ± 0.3 3.6 ± 0.3 0.6 0.08 

Table 3. Basic electrophysiological properties of layer VI pyramidal neurons in 
female mice 
	

Data sets were analyzed by two-way ANOVA and are presented as mean ± 1 SEM. 
	
	
	
 
 
 
 
 
 
 
 
  

 Control Ethanol Effect of 
treatment 
p value 

Effect of 
age p 
value  P15 P25 P15 P25 

Number of Mice 
 

8 8 7 8   

Number of Neurons 
 

49 50 47 49   

Capacitance (pF) 
 

69.3 ± 1.4 61.4 ± 2.5 69.3 ± 2.4 62.0 ± 2.0 0.9 0.0001* 

Input Resistance (MΩ) 
 

202.7 ± 8.1 214.1 ± 11.2 206.4 ± 11.4 213.7 ± 5.8 0.9 0.3 

Resting Membrane 
Potential (mV) 

 

-77.5 ± 0.6 -72.2 ± 3.7 -75.4 ± 1.2 -76.6 ± 1.0 0.4 0.2 

Spike Amplitude (mV) 
 

97.1 ± 0.8 97.5 ± 1.6 98.1 ± 1.0 95.3 ± 0.9 0.6 0.3 

Rheobase (pA) 63.2 ± 3.8 58.2 ± 3.0 61.5 ± 4.3 59.3 ± 2.0 0.9 0.3 

AHP amplitude (pA) 4.6 ± 0.3 3.3 ± 0.3 4.6 ± 0.2 3.6 ± 0.4 0.7 0.001* 
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6.4.2 Developmental ethanol exposure does not affect neurotransmitter receptor function 

in young postnatal male mice 

We next sought to determine whether developmental ethanol exposure affects layer VI 

pyramidal neuron nAChR or AMPAR function. In male mice, we found that there was no 

effect of developmental treatment on nAChR-mediated inward currents (Fig. 2A; F(1, 28) 

=  0.3 p = 0.6). There was also no change in the augmentation of firing frequency in 

neurons stimulated to fire action potentials at a frequency of 1 Hz by current injection that 

were then further stimulated by a 15 s application of ACh (Fig. 2C; F(1, 28) = 0.04 p = 

0.8). There was also no effect of age on either nAChR-mediated inward currents (F(1, 28) 

= 3.5 p = 0.07) or augmentation of firing frequency in male mice (F(1, 28) = 2.4 p = 0.1).  

 

Furthermore, we sought to determine whether developmental ethanol exposure 

modulates nicotine-induced desensitization of nAChRs in these neurons and found no 

effect of developmental treatment (Fig. 2E; F(1, 28) =  0.3 p = 0.6). Also, the magnitude 

of desensitization was not different at P15 compared to P25 (Two-way ANOVA effect of 

age: F(1, 28) =  3.1 p = 0.09, Bonferroni’s post hoc test, control p = 0.5, ethanol p = 0.3). 

There was no effect of treatment on AMPAR-mediated inward currents (Fig 2B; F(1, 28) 

=  0.3 p = 0.6) or firing frequency in neurons stimulated to fire action potentials at a 

frequency of 1 Hz by current injection that were then further stimulated by a 15 s 

application of AMPA (Fig. 2D; F(1, 28) = 0.008 p = 0.9). There was however an effect of 

age in the control mice where the AMPAR-mediated change in firing frequency was higher 

at P25 than at P15 (F(1, 28) = 10.9 p = 0.003, Bonferroni’s post hoc test, control p = 0.02, 
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ethanol p = 0.2) but this effect was not found with AMPA inward current (F(1, 28) = 0.8 p 

= 0.4, Bonferroni’s post hoc test, control p = 0.5, ethanol p = 1.0) 
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Figure 2. Nicotinic and AMPA receptor currents in layer VI pyramidal neurons in male 

mice. (A) nicotinic receptor-mediated inward currents in response to a 15 s ACh 

application in both P15 and P25 male mice was unaffected by developmental ethanol 
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treatment (p = 0.6) and exemplary voltage-clamp traces are shown on the right for one 

neurons from each age and developmental treatment group. (B) AMPA receptor mediated 

inward currents in response to a 15 s AMPA application in both P15 and P25 male mice 

was also unaffected by developmental ethanol treatment (p = 0.6) and exemplary voltage-

clamp traces are shown on the right for one neurons from each age and developmental 

treatment group. (C) No effect of developmental treatment was found on nicotinic receptor 

mediated increase in firing frequency of neurons induced to fire action potentials at a 

frequency of 1 Hz by injection of current that were then further stimulated by a 15 s 

application of ACh (p = 0.8). (D) No effect of developmental treatment was found on 

AMPA receptor mediated increase in firing frequency of neurons induced to fire action 

potentials at a frequency of 1 Hz by injection of current that were then further stimulated 

by a 15 s application of AMPA (p = 0.9). (E) No effect of developmental treatment was 

found on nicotine-induced desensitization of nicotinic receptors. The nicotinic response 

to ACh was measured before and after ten-minute exposure to 300 nM nicotine and data 

are presented as percent decrease from baseline response (p = 0.6). Data are shown as 

mean ± SEM for 8 control and 8 ethanol male mice 
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6.4.3 Developmental ethanol exposure alters nAChR function in young postnatal female 

mice 

In female mice, nAChR-induced currents were greater in ethanol-exposed mice (Fig. 3A; 

F(1, 27) = 13.48, p = 0.001) and Bonferroni post hoc test revealed that this effect was in 

P25 female mice specifically (P15: p = 0.1, P25: p = 0.006). This effect of developmental 

treatment did not however, translate to the firing frequency experiment where neurons 

were induced to fire action potentials at a frequency of 1 Hz by current injection and were 

then further stimulated by a 15 s application of ACh (Fig. 3C; F(1, 27) = 1.64, p = 0.2). 

Unlike in the male mice, there was an effect of age on nAChR-mediated inward currents 

where in both treatment groups, nAChR response was lower at P25 compared to P15 

(two-way ANOVA of age: F(1, 27) = 51.4, p = 0.0001, Bonferroni post hoc test: control p 

= 0.0001, ethanol p = 0.0003). However, there was no effect of age on nAChR-mediated 

augmentation of firing frequency (two-way ANOVA of age: F(1, 27) = 0.3, p = 0.6).  

 

There was also no effect of developmental ethanol exposure on nicotine-induced 

desensitization in female mice (Fig. 3E; F(1, 27) = 0.3, p = 0.6) although ethanol exposed 

female mice had greater desensitization at P15 than at P25 (two-way ANOVA effect of 

age: F(1, 27) = 11.9, p = 0.002, Bonferroni post hoc test: control p = 0.2, ethanol p = 

0.007). There was also no effect of developmental treatment on AMPAR-induced inward 

currents (Fig 3; F(1, 27) = 0.03, p = 0.9) or firing frequency in neurons stimulated to fire 

action potentials at a frequency of 1 Hz by current injection that were then further 

stimulated by a 15 s application of AMPA (Fig. 3D; F(1, 27) = 0.2 p = 0.7). Unlike in the 

male mice, there was no effect of age on AMPA inward current (two-way ANOVA effect 
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of age: F(1, 27) = 0.01 p = 0.9, Bonferroni’s post hoc test: control p = 1.0, ethanol p = 1.0) 

or AMPAR-mediated change in firing frequency (two-way ANOVA effect of age: F(1, 27) 

= 1.3 p = 0.3, Bonferroni’s post hoc test: control p = 0.3, ethanol p = 1.0) 
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Figure 3. Nicotinic and AMPA receptor currents in layer VI pyramidal neurons in female 

mice. (A) nicotinic receptor-mediated inward currents in response to a 15 s ACh 

application in both P15 and P25 male mice was increased in P25 female mice exposed 
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to ethanol during development (two-way ANOVA: p = 0.001, Bonferroni post hoc test: 

P15: p = 0.1, P25: p = 0.006). Exemplary voltage-clamp traces are shown on the right for 

one neuron from each age and developmental treatment group. (B) AMPA receptor 

mediated inward currents in response to a 15 s AMPA application in both P15 and P25 

female mice was also unaffected by developmental ethanol treatment (p = 0.9) and 

exemplary voltage-clamp traces are shown on the right for one neurons from each age 

and developmental treatment group. (C) No effect of developmental treatment was found 

on nicotinic receptor mediated increase in firing frequency of neurons induced to fire 

action potentials at a frequency of 1 Hz by injection of current that were then further 

stimulated by a 15 s application of ACh (p = 0.2). (D) No effect of developmental treatment 

was found on AMPA receptor mediated increase in firing frequency of neurons induced 

to fire action potentials at a frequency of 1 Hz by injection of current that were then further 

stimulated by a 15 s application of AMPA (p = 0.7). (E) No effect of developmental 

treatment was found on nicotine-induced desensitization of nicotinic receptors. The 

nicotinic response to ACh was measured before and after ten-minute exposure to 300 nM 

nicotine and data are presented as percent decrease from baseline response (p = 0.6). 

Data are shown as mean ± SEM for 8 control and 7 ethanol female mice 
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6.4.4 Developmental ethanol exposure does not affect AMPAR-mediated spontaneous 

EPSCs in male or female mice 

During the above experiments, we also analyzed glutamatergic AMPA/kainate receptor-

mediated spontaneous EPSCs and the results are summarized in Tables 4 and 5 for male 

and female mice, respectively. There were effects of age in male mice such that EPSC 

amplitude was lower, rise time was slower and slope was less steep at P25 than at P15, 

whereas these measures predominantly showed trends for effects of age in female mice.  

 

 

	

 

Table 4. properties of spontaneous EPSCs in layer VI pyramidal neurons in male 
mice 
	

Data sets were analyzed by two-way ANOVA and are presented as mean ± 1 SEM. 
	
	
	
	
	
	 	

 Control Ethanol Effect of 
treatment p 

value 

Effect of 
age p value  P15 P25 P15 P25 

Number of Mice 
 

8 8 8 8   

Number of Neurons 
 

39 36 40 39   

Frequency (Hz) 
 

1.7 ± 0.3 1.3 ± 0.1 1.3 ± 0.2 1.8 ± 0.3 0.9 0.4 

Amplitude (pA) 
 

12.9 ± 1.0 10.9 ± 0.5 12.3 ± 0.7 10.5 ± 0.5 0.5 0.01* 

10-90 Rise (ms) 
 

1.8 ± 0.06 1.9 ± 0.08 1.8 ± 0.05 2.0 ± 0.06 0.5 0.02* 

10-90 Slope (pA/ms) 
 

-8.5 ± 1.2 -6.6 ± 0.8 -8.2 ± 0.8 -6.0 ± 0.6 0.6 0.03* 

Decay (ms) 4.9 ± 0.2 5.0 ± 0.2 5.1 ± 0.3 5.4 ± 0.5 0.3 0.5 
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6.4.5 Developmental ethanol exposure decreases dendrite length and diameter of layer 

VI pyramidal neurons in postnatal day 15 male mice  

Given the alterations to neuron morphology of layer VI pyramidal neurons observed in 

adult mice exposed to ethanol during development (Louth et al., 2017, submitted), we 

next sought to determine whether similar changes were present at an earlier age. The 

same neurons assessed for electrophysiological recordings were subsequently 

reconstructed in three dimensions, and Sholl and branch structure analyses were 

conducted. Due to a technical issue the neurons from one male mouse in the ethanol 

treatment group could not be traced, leaving 8 control and 7 ethanol-treated male mice in 

these analyses. Exemplar z-projections of traced neurons are shown in Fig. 4A and data 

from Sholl and branch structure analyses are shown in Fig. 4B-F. For all Sholl analyses 

there was a significant effect of distance from the soma (p = 0.0001). The length of 

Table 5. properties of spontaneous EPSCs in layer VI pyramidal neurons in 
female mice 
	

Data sets were analyzed by two-way ANOVA and are presented as mean ± 1 SEM. 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	 	

 Control Ethanol Effect of 
treatment 
p value 

Effect of 
age p 
value  P15 P25 P15 P25 

Number of Mice 
 

8 8 7 8   

Number of Neurons 
 

40 34 29 41   

Frequency (Hz) 
 

1.4 ± 0.1 1.5 ± 0.2 1.3 ± 0.1 1.6 ± 0.09 0.6 0.2 

Amplitude (pA) 
 

13.0 ± 0.6 11.1 ± 0.5 12.4 ± 0.6 11.7 ± 1.0 1.0 0.08 

10-90 Rise (ms) 
 

1.8 ± 0.1 1.9 ± 0.06 1.9 ± 0.05 2.0 ± 0.04 0.1 0.06 

10-90 Slope (pA/ms) 
 

-8.9 ± 1.2 -7.3 ± 0.7 -7.7 ± 0.8 -6.0 ± 0.3 0.2 0.046* 

Decay (ms) 4.8 ± 0.4 5.1 ± 0.3 5.2 ± 0.3 5.3 ± 0.2 0.3 0.5 
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dendrite in concentric Sholl spheres in apical dendrites was affected by treatment (Fig. 

4B1; F(1, 494) = 20.5, p = 0.0001) and there was an interaction between developmental 

treatment and distance from the soma (F(37, 494) = 1.5, p = 0.04). Basal dendrite length 

from 0-700 μm was unaffected by treatment (Fig. 4B2; F(1, 364) = 0.2, p = 0.8) and no 

interactions were found (F(27, 364) = 0.3, p = 1.0). Similar effects of treatment were found 

using the traditional Sholl analysis of number of intersections per Sholl sphere (apical: 

F(1, 481) = 12.7, p = 0.0004, basal: F(1, 364) = 0.08, p = 0.8, data not shown). Average 

dendrite diameter in concentric Sholl spheres was also affected by developmental 

treatment in both apical (Fig. 4C1; F(1, 494) = 16.2, p = 0.0001) and basal dendrites from 

0-700 μm (Fig. 4C2; F(1, 364) = 6.3, p = 0.01) where dendrites from ethanol exposed 

male mice had thinner dendrites. For basal dendrite Sholl analyses shown in Fig. 4 (B2 

and C2), comparisons were made only from 0-700 μm from the soma, this was because 

one neuron from the ethanol exposure group had a long basal dendrite that extended to 

950 μm whereas the remainder of basal dendrites in both groups terminated by 700 μm. 

When analyzed from 0-950 μm there is no effect of treatment on basal dendrite length (p 

= 0.7) or basal dendrite diameter (p = 0.1). Cell body volume and measures of dendrite 

complexity including the number of dendrite terminals and the highest dendrite branch 

order were unaffected by developmental ethanol treatment (Fig. 4D-F). These alterations 

along the dendrites did not affect total neuron volume (cell body and dendrite total volume, 

control: 13244 ± 1559 μm3, ethanol: 10348 ± 2456 μm3, p = 0.3, data not shown). 
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Figure 4. Morphological analysis of medial prefrontal layer VI pyramidal neurons in 15-

day old male mice. Representative z-projections of traced neurons are shown in (A). (B) 

Three-dimensional Sholl analysis measuring the length of dendrite within concentric Sholl 

spheres radiating out from the soma indicate that mice exposed to ethanol during 

development have less dendrite length along the apical dendrite (B1; p = 0.0001) and 

there is an interaction effect between developmental treatment and distance from the 

soma (p = 0.04). However, there was no difference in basal dendrite length (B2; analyzed 

from 0-700 μm only, p = 0.8). (C) Three-dimensional Sholl analysis measuring the 

average dendrite diameter within concentric Sholl spheres radiating out from the soma 

indicate that mice exposed to ethanol during development have both a thinner apical (C1; 
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p = 0.0001) and basal dendrite (C2; analyzed from 0-700 μm only, p = 0.01) as compared 

to neurons from mice in the control group. (D) Cell body volume was unaffected by 

developmental treatment (p = 0.3). Measures of dendrite complexity (E-F), number of 

apical terminals (E1; p = 0.3), number of basal terminals (E2; p = 0.4), highest apical 

branch order (F1; p = 0.4) and highest basal branch order (F2; p = 0.4) were also 

unaffected by developmental treatment. Two to four neurons were traced per mouse and 

data are shown as mean ± SEM for 8 control and 7 ethanol male mice. 
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6.4.6 Developmental ethanol exposure increases dendrite length and diameter of layer 

VI pyramidal neurons in postnatal day 15 female mice  

We are aware of only two studies that have analyzed neuron morphology in female 

animals following developmental ethanol exposure, which identified minor sexually 

dimorphic alterations to neuron morphology (Hamilton et al., 2010a; Lawrence et al., 

2012).  We analyzed layer VI pyramidal neuron morphology in the same neurons that 

were used for electrophysiological recordings in the 8 control and 7 ethanol-treated 15 

day-old female mice. Exemplar z-projections of traced neurons are shown in Fig. 5A and 

data from Sholl and branch structure analyses are shown in Fig. 5B-F. For all Sholl 

analyses there was a significant effect of distance from the soma (p = 0.0001). The length 

of dendrite in concentric Sholl spheres in apical dendrites was not affected by treatment 

(Fig. 5B1; F(1, 494) = 1.3, p = 0.3). Basal dendrite length was found to be increased in 

mice exposed to ethanol during development (Fig. 5B2; F(1, 390) = 13.4, p = 0.0003).  

 

Similar effects of treatment were found using the traditional Sholl analysis of number of 

intersections per Sholl sphere (apical: F(1, 481) = 0.5, p = 0.5, basal: F(1, 390) = 11.5, p 

= 0.0008, data not shown). This is contrary to the effects found in male mice where the 

neurons had decreased dendrite length. Average dendrite diameter in concentric Sholl 

spheres was also affected by developmental treatment in both apical (Fig. 5C1; F(1, 494) 

= 5.6, p = 0.02) and basal dendrites (Fig. 5C2; F(1, 390) = 15.3, p = 0.0001). This effect 

is also contrary to what was found in the neurons from male mice where thinner dendrites 

were observed, as neurons from female mice exposed to ethanol during development 

exhibit thicker dendrites. Cell body volume and measures of dendrite complexity number 



	

 213	

of terminals and highest branch order were unaffected by developmental ethanol 

treatment (Fig. 5D-F). These alterations along the dendrites did not affect total neuron 

volume (cell body and dendrite total volume, control: 12246 ± 1453 μm3, ethanol: 14583 

± 1556 μm3, p = 0.3, data not shown). 
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Figure 5. Morphological analysis of medial prefrontal layer VI pyramidal neurons in 15-

day old female mice. Representative z-projections of traced neurons are shown in (A). 

(B) Three-dimensional Sholl analysis measuring the length of dendrite within concentric 

Sholl spheres radiating out from the soma showed no effect of developmental treatment 

along the apical dendrite (B1; p = 0.3), but did show an increase in dendrite length along 

the basal dendrites (B2; p = 0.0003). (C) Three-dimensional Sholl analysis measuring the 

average dendrite diameter within concentric Sholl spheres radiating out from the soma 

indicate that mice exposed to ethanol during development have both a thicker apical (C1; 

p = 0.02) and basal dendrite (C2; p = 0.0001) as compared to neurons from mice in the 

control group. (D) Cell body volume was unaffected by developmental treatment (p = 0.5). 
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Measures of dendrite complexity (E-F), number of apical terminals (E1; p = 1.0), number 

of basal terminals (E2; p = 0.2), highest apical branch order (F1; p = 0.5) and highest basal 

branch order (F2; p = 0.7) were also unaffected by developmental treatment. Two to four 

neurons were traced per mouse and data are shown as mean ± SEM for 8 control and 7 

ethanol female mice. 
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6.5 Discussion 

This study provides novel insight into the near-term effects of developmental binge-

pattern ethanol exposure on mouse mPFC layer VI pyramidal neuron physiology and 

morphology. We found at P15 and P25 that developmental ethanol exposure has no 

impact on basic electrophysiological properties of layer VI pyramidal neurons, no impact 

on AMPAR function and little impact on nAChR function. We found sex-specific 

alterations to neuron morphology in P15 mice, where neurons from male mice exposed 

to ethanol during development had decreased dendrite tree length along the apical 

dendrite and female mice exposed to ethanol during development had increased dendrite 

tree length along both the apical and basal dendrite. Given that robust alterations to 

mPFC layer VI pyramidal neuron physiology and morphology have been reported in adult 

male mice following developmental ethanol exposure (Louth et al., 2016; Louth et al., 

2017, submitted), these results may provide insight into the timing of delayed-onset long-

term teratogenic effects of ethanol on this neuronal population	and inform future research 

for identifying therapeutic interventions to prevent this adult phenotype from developing.   

 

6.5.1 Neurotransmitter receptor function in layer VI pyramidal neurons 

Given the importance of nAChRs in the mPFC for neuron development (Bailey et al., 

2012) and attention (Bailey et al., 2010; Guillem et al., 2011), we sought to determine 

how developmental ethanol exposure affects their normal function directly following 

exposure (P15) and ten days later during the critical period for cortical circuit maturation 

(P25). As described in Chapter 3 (Louth et al., 2016) adult male mice exposed to ethanol 

during development demonstrate an increase in nAChR function (Louth et al., 2016) 
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whereas here, we found no effect of developmental ethanol exposure in young postnatal 

male mice at P15 or P25. In female mice however, we did observe an increase in nAChR 

inward currents at P25. It has been previously shown by Alves et al. (2010) that at P25 

female mice have lower nAChR inward currents than male mice and this is replicated in 

the data presented here. The P15 time point represents a peak in nAChR currents in 

female mice and this then declines with age. In male mice however, this peak is longer 

and is expected to last through both developmental time points in this study (Alves et al., 

2010). The increased nAChR function in young postnatal female mice exposed to ethanol 

in this current study may be indicative of ethanol-mediated alterations to nAChR function 

occurring earlier in female mice than in male mice, or ethanol altering the developmental 

trajectory of nAChRs so that their functional peak has a less dramatic decline with age. 

However, further study of the effects of developmental ethanol exposure in adult female 

mice would need to be conducted for proper comparison.  

 

AMPARs are another excitatory receptor found on mPFC layer VI pyramidal neurons 

(Vickers et al., 1993), which may contribute to neuron development through their calcium 

permeability at early ages (Hollmann et al., 1991; Kumar et al., 2002) and attention 

through excitatory mPFC signaling (Dalley et al., 2004). Again, unlike the results 

presented in Chapter 3 (Louth et al., 2016), in adult male mice no effect of developmental 

ethanol exposure on AMPAR function or AMPAR-mediated sEPSCs was observed. 

Another laboratory found that acute ethanol exposure was capable of decreasing AMPA 

inward currents and AMPAR-mediated EPSCs in hippocampal sections (Mameli et al., 

2005), however in rats of a similar age to those in this study, this group found no effect of 
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developmental ethanol exposure on AMPAR-mediated sEPSCs in hippocampal CA3 

pyramidal neurons (Baculis and Valenzuela, 2015).  

 

Here, we demonstrate developmental changes to AMPAR-mediated sEPSC kinetics in 

mPFC layer VI neurons, where sEPSCs at P15 have a larger amplitude, faster rise time 

and faster slope than at P25. This is contrary to previous reports in layer IV 

somatosensory cortical neurons (Crocker-Buque et al., 2015) and mossy fibre granule 

cells (Wall et al., 2002), where sEPSCs become faster and larger with age. In the study 

of layer IV pyramidal neurons in the somatosensory cortex, it was shown that layer VI 

pyramidal neurons did not follow the same developmental pattern and EPSC amplitude 

did not change significantly between P3 and P21 (Crocker-Buque et al., 2015). As well, 

sEPSCs have also been reported to slow with age in layer II/III neocortical neurons (Brill 

and Huguenard, 2008). Since sEPSCs in cortical neurons are mediated by both AMPA 

and kainate receptors (Kidd and Isaac, 1999), changes to sEPSC kinetics could be 

indicative of a change in the AMPA to kainate receptor ratio, as AMPA receptors are 

known to generate faster sEPSCs (Cossart et al., 2002). The kinetics of AMPAR-

mediated sEPSC are also determined by association with transmembrane regulatory 

proteins (Kato et al., 2010), AMPAR subunit composition and splice variants of those 

subunits (Lambolez et al., 1996). For example, each of the GluR1-4 AMPAR subunits has 

a flip and flop variant and it is known that the flop variant generally results in sEPSCs with 

faster kinetics than the flip variant (Lambolez et al., 1996). Therefore, the results 

presented here demonstrate a developmental change in the kinetics of AMPAR-mediated 

sEPSCs in mPFC layer VI pyramidal neurons. However, further research on the subunit 
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composition and splice variants of AMPARs in layer VI pyramidal neurons would be 

beneficial to better understand these age-related changes.  

 

It is interesting that compared to the study presented in Chapter 3 that showed robust 

effects of developmental ethanol exposure in adult male mice on basic 

electrophysiological properties and increases in nAChR and AMPAR function in layer VI 

pyramidal neurons (Louth et al., 2016), there were no effects of developmental ethanol 

exposure in young postnatal male mice and only a limited increase in nAChR function in 

young postnatal female mice here. This suggests that developmental ethanol exposure 

may not simply create an insult in mPFC layer VI pyramidal neurons from which they 

never recover, but that developmental ethanol exposure may alter the developmental 

trajectory of mPFC layer VI pyramidal neurons and their receptors, eventually resulting in 

the adult phenotype that is altered by the developmental insult. There are a number of 

factors to consider when comparing the findings here to the findings from Chapter 3. 

Although both studies employed a binge-pattern of developmental ethanol exposure, the 

current study employed the use of an ethanol vapour chamber whereas the previous 

study utilized ethanol oral gavage. However, blood alcohol concentrations in both studies 

were high enough to be considered “binge-pattern” (West et al., 1989; Kelly and 

Lawrence, 2008) and administration occurred over a similar period of time (four hours). 

Therefore, differences in ethanol administration would likely not have affected the results 

significantly. Oral gavage is a stressful procedure as animals are restrained for drug 

administration, whereas vapour chamber exposure allows mice stay undisturbed in their 

cage. Both maternal and postnatal stress has been shown to alter neuron morphology 



	

 220	

(Cook and Wellman, 2004; Brown et al., 2005; Muhammad et al., 2012a) and receptor 

expression (Takita and Muramatsu, 1995; Schulz et al., 2013) in rats. In some cases, 

stress has been shown to exacerbate the teratogenic outcomes of developmental ethanol 

exposure (Schneider et al., 2001; Comeau et al., 2014). Therefore, it cannot be ruled out 

that stress due to oral gavage could have exacerbated the effects of developmental 

ethanol exposure in adult mice in previous work. 

 

6.5.2 Morphology of layer VI pyramidal neurons 

Morphological analysis of the layer VI pyramidal neurons used for electrophysiological 

analysis revealed sexually dimorphic effects of developmental ethanol exposure. Similar 

to our previous work in adult male mice (Louth et al., 2017, submitted), the young 

postnatal male mice exposed to ethanol during development in the present study had less 

dendrite length along the apical dendrite. However, the previous study also demonstrated 

a decrease in dendrite complexity of layer VI pyramidal neurons in adult male mice (Louth 

et al., 2017, submitted) that was not seen here. Given that P15 is near the beginning of 

the critical period for cortical circuit maturation (Bayer et al., 1993), dendritic pruning 

events have yet to occur (Kolb et al., 2012; Koss et al., 2014) and it may be during this 

time that developmental treatment effects on dendrite complexity emerge. 

 

Female mice exposed to ethanol exhibited an increase in both apical and basal dendrite 

length. Given that data for female mice is not often reported, it is difficult to predict whether 

sexually dimorphic effects would be expected. A study in adult rat layer II/III pyramidal 

neurons showed that male rats have larger dendritic trees as compared to female rats 
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and that this effect did not develop in gonadectomised mice (Kolb and Stewart, 1991), 

which demonstrates a general difference between male and female neuron morphology. 

However, developmental ethanol exposure has not been shown to produce sexually 

dimorphic effects in two studies of layer II/III pyramidal neuron morphology in mice 

(Hamilton et al., 2010a; Lawrence et al., 2012), suggesting that this finding may be 

specific to layer VI.  

 

Neuron development is generally governed by intracellular calcium signaling which is 

influenced by a number of factors (Korkotian and Segal, 1999; Rose and Konnerth, 2001). 

Our original hypothesis was that changes to neuron morphology following developmental 

ethanol exposure may be due to alterations to nAChR and potentially AMPAR function. 

However, given that we found no effect of developmental ethanol exposure on these 

receptors it is likely that these morphological changes are being governed by another 

factor or combination of factors that control calcium signaling for example, NMDA 

receptors which are permeable to calcium (Rajan and Cline, 1998), intracellular calcium 

signaling and calcium-calmodulin-dependant protein kinases (Wu and Cline, 1998; 

Chang and Berg, 2001). The alterations to dendrite morphology could also be related to 

neurotrophic factors such as brain derived neurotrophic factor (BDNF) which has been 

shown to inhibit dendrite growth in layer VI neurons (McAllister et al., 1997). Analysis of 

the P25 mouse neuron morphology is underway and will provide insight into 

morphological changes later in the critical period. Alterations to neuron morphology such 

as those shown in this study could alter the excitatory/inhibitory (E/I) input to these 

neurons. Alterations to E/I input would not only affect signaling within the cortical columns 
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(Mountcastle, 1997) but also to other areas in the brain such as with the layer VI 

projections to the thalamus which modulate the gain of the signal from the mPFC 

(Zikopoulos and Barbas, 2006; Olsen et al., 2012). Therefore, any changes to the E/I 

balance in mPFC layer VI pyramidal neurons could ultimately impact mPFC related 

behaviour (Sadrian et al., 2013).  

 
6.5.3 Conclusions 
 
The mPFC is known for its importance in higher order cognitive functions (Seamans et 

al., 1995; Dalley et al., 2004; Corcoran and Quirk, 2007) and layer VI pyramidal neurons 

in particular have been implicated in being important for normal attention (Bailey et al., 

2010; Guillem et al., 2011). As well, attention deficits and long-term alterations to layer VI 

pyramidal neuron physiology and morphology have been observed in adult male mice 

exposed to ethanol during development (Louth et al., 2016; Louth et al., 2017, submitted). 

Here, we demonstrate that young postnatal mice exposed to ethanol during development 

do not exhibit the same electrophysiological dysregulation of layer VI pyramidal neuron 

function observed in adult male mice exposed to ethanol during development. Although 

there are morphological changes in young postnatal mice exposed to ethanol during 

development, there were no changes to dendrite complexity like those found in adult male 

mice (Louth et al., 2017, submitted). The emergence of more severe teratogenic effects 

in adulthood compared to early postnatal life suggests that developmental ethanol 

exposure alters the developmental trajectory of mPFC layer VI pyramidal neurons, which 

also implies the ability to intervene and prevent alterations to the electrophysiological 

properties, receptor function and neuron morphology of these neurons. Future work 

should look to prevent these long-term alterations and determine if intervention can 
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ameliorate altered mPFC layer VI neuron physiology and morphology, and cognitive 

dysfunction in mice exposed to ethanol during development.	 	
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Over 1% of children in Canada are diagnosed with FASD, a major component of which 

are persistent neurocognitive deficits (Roozen et al., 2016). Attention deficits rank among 

the most common of these neurocognitive deficits (Streissguth et al., 1996), however their 

underlying neural mechanisms remain unclear. The goal of this work was to gain a better 

understanding of the neural mechanisms underlying attention deficits associated with 

FASD by assessing the effects of developmental ethanol exposure on layer VI pyramidal 

neurons within the medial prefrontal cortex (mPFC). These layer VI pyramidal  neurons 

are known to support normal attention (Bailey et al., 2010; Guillem et al., 2011). This work 

was divided into three main objectives: 

 

1. To determine whether developmental ethanol exposure impairs attention 

performance in adult mice. The identification of impaired attention performance 

will establish this mouse model of FASD. 

2. To determine whether developmental ethanol exposure alters the function 

and/or morphology of mPFC layer VI neurons in adult mice. These results will 

identify the long-term teratogenic outcomes of developmental ethanol exposure on 

these neurons. 

3. To determine whether developmental ethanol exposure alters the function 

and/or morphology of mPFC layer VI pyramidal neurons in young postnatal 

mice. These results will identify near-term teratogenic outcomes of developmental 

ethanol exposure on these neurons and will provide insight into the mechanism by 

which the long-term teratogenic outcomes arise. 
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7.1 Objective 1 

The purpose of objective 1 was to determine whether mice are an appropriate model for 

the attention deficits associated with FASD. Although mouse brain development differs 

from human brain development, for example the mouse equivalent of the human third 

trimester being the first two weeks of postnatal life (Dobbing and Sands, 1979; Clancy et 

al., 2001),  there are numerous practical advantages to using a mouse model of FASD, 

such as the short gestation length, number of offspring and low husbandry costs (Patten 

et al., 2014). Therefore, mice are often used as a starting point for investigation into 

mechanisms underlying cognitive dysfunction (Wagner et al., 2014; Schambra et al., 

2016). We chose to administer ethanol via oral gavage because this results in high blood 

ethanol concentrations that model human binge drinking, which is known to produce 

teratogenic effects (Kelly and Lawrence, 2008; Thomas et al., 2010) and allows for 

precise control over the administered dose. Ethanol was administered over the equivalent 

of the human second and third trimesters (Dobbing and Sands, 1979; Clancy et al., 2001) 

as dosing across all three trimesters proved to be impractical in mice (see Chapter 2) and 

the focus of this work was on the medial prefrontal cortex, which is known to develop later 

in gestation (Rodier, 1980).	As described in Chapter 3, following developmental ethanol 

exposure we trained adult male offspring on the 5-CSRTT for sustained visual attention 

and found that mice exposed to ethanol during development exhibited sustained attention 

deficits in adulthood (Louth et al., 2016).	We therefore concluded that this mouse model 

would be suitable for this work.  
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7.2 Objective 2 

The purpose of objective 2 was to determine the long-term effects of developmental 

ethanol exposure on a population of neurons that are known to be important for attention. 

Cholinergic signaling in the mPFC (Robbins et al., 1989; Passetti et al., 2000; McGaughy 

et al., 2002), specifically at nAChRs in layer VI pyramidal neurons (Guillem et al., 2011), 

has been shown to be necessary for normal attention. Therefore, we hypothesized that 

nAChR signaling in these neurons may be dysregulated in mice exposed to ethanol 

during development. Following behavioural testing, the same offspring were used for 

electrophysiological analysis of mPFC layer VI pyramidal neurons (see Chapter 3). We 

found alterations to basic electrophysiological properties of layer VI pyramidal neurons, 

including decreased intrinsic excitability in neurons from mice exposed to ethanol during 

development. We also found increased nAChR function in these neurons. In order to 

determine if this effect was specific to nAChRs, we assessed AMPAR function as this is 

another excitatory ionotropic receptor found on these neurons. We also found an increase 

in AMPAR signaling in these neurons, suggesting these effects are not specific to 

nAChRs. Given that chronic ethanol exposure has been found to decrease nAChR 

expression and function (Nagahara and Handa, 1999; Duncan et al., 2008) we predicted 

that developmental ethanol exposure would have the same effect and that perhaps 

attention could be improved by augmenting cholinergic signaling in the mPFC. However, 

given that we found an increase in nAChR function, augmentation of cholinergic signaling 

may not ameliorate observed attention deficits. 
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Since the same mice were used for behaviour and electrophysiology experiments, we 

correlated attention performance with nicotinic receptor function and found that mice in 

the control group had a clear correlation where increased nAChR function corresponded 

with better attention performance. However, this relationship was not present in the 

ethanol-exposed animals. This could suggest that there may be a disruption in the 

functional connectivity of the mPFC to other areas of attention circuitry. In mice, 

developmental ethanol exposure was previously shown to impair the functional 

connectivity in the olfacto-hoppocampal pathway important for sensory-dependant 

memory tasks (Wilson et al., 2011; Sadrian et al., 2012). These changes in connectivity 

are thought to be related to alterations to the excitatory/inhibitory (E/I) balance of neurons 

(Sadrian et al., 2013) and are hypothesized to contribute to cognitive deficits seen in 

schizophrenia (Kehrer et al., 2008), Alzheimer’s disease (Verret et al., 2012) and attention 

deficit hyperactivity disorder (Won et al., 2011). One potential mechanism for a change 

to the E/I balance is a change in neuron morphology. A smaller or larger dendrite tree 

could alter the number of either or both excitatory and inhibitory inputs to the neurons. 

Therefore, as described in Chapter 5 (method in Chapter 4) we analyzed neuron 

morphology at P90 and found that there was a significant decrease in dendrite length (the 

amount of dendrite in μm) and complexity (based on number and order of dendrite 

branches) in layer VI pyramidal neurons from mice exposed to ethanol during 

development (Louth et al., 2017, submitted). The decreased dendrite length was 

expected, as we had found during electrophysiological analysis in Chapter 3, that neurons 

from mice exposed to ethanol during development exhibit decreased capacitance (Louth 
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et al., 2016), which is generally proportional to the amount of membrane (Kandel et al., 

2000).  

 

Compared with other drugs of abuse, developmental ethanol exposure produces a unique 

pattern of change to dendrite morohology in the mPFC. Developmental nicotine exposure 

has been found to increase distal dendrite length of layer VI pyramidal neurons in mouse 

(Bailey et al., 2014) and increase dendrite complexity and length of layer III neurons in 

rat (Muhammad et al., 2012b). This would suggest that developmental nicotine exposure 

affects all the layers of the mPFC in a similar manner, whereas we report layer-specifc 

effects of developmental ethanol exposure in Chapter 5. There are fewer studies 

assessing the effects of developmental exposure of other drugs on mPFC neuron 

morphology. One study of prenatal cocaine exposure in rabbits observed increased 

dendrite length in layer III and V pyramidal neurons, however this observation was not 

quantified (Jones et al., 1996). This observation does align with the effects of cocaine 

administration in adult rats. Repeated administration of cocaine or amphetamine in adult 

rats has been shown to increase dendrite branching (Robinson and Kolb, 1999b), while 

morphine administration was found to decrease branching in layer V pyramidal neurons 

(Robinson and Kolb, 1999a). Again, dendrite morphological alterations produced from 

repeated amphetamine, cocaine and morphine administration do not seem to produce 

the same type of alterations seen in Chapter 5, suggesting that the pattern of 

morphological alterations found in this objective is specific to developmental ethanol 

exposure.  
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The overall decrease in tree size of mPFC layer VI pyramidal neurons reported in Chapter 

5 could result in decreased input from other layers in the cortex, whether this change 

would favour the excitatory or inhibitory input is unclear. Hypothetically, this could shift 

the E/I balance to be more inhibitory. A smaller dendrite tree could result in fewer 

excitatory connections from other neurons, while having less impact on inhibitory 

signaling from interneurons as most interneurons synapse directly onto the cell body 

(Kandel et al., 2000). There are also other factors to consider for example, it has been 

shown previously that developmental ethanol exposure shifts the E/I balance in mPFC 

layer V pyramidal neurons to be more inhibitory due to increased numbers of interneurons 

(Skorput et al., 2015). Further experimentation is needed to determine how these long-

term morphological and physiological alterations found in this objective will affect output 

from layer VI. Signaling from layer VI modulates the gain of the signal coming from the 

mPFC during cognitive tasks including attention and dysregulation of this signaling could 

impact behaviour (Gabbott et al., 2005; Zikopoulos and Barbas, 2006; Olsen et al., 2012). 

 

7.3 Objective 3 

After demonstrating long-term teratogenic outcomes of developmental ethanol exposure 

in Objective 2, the next goal was to gain insight into the timing and mechanisms by which 

the phenotype observed in adult mice exposed to ethanol during development arose. 

Therefore, Objective 3  assessed the near-term effects of developmental ethanol 

exposure on layer VI pyramidal neuron physiology and morphology and this work is 

presented in Chapter 6. Electrophysiological properties were analyzed as in objective 2 

at the end of developmental ethanol treatment (P15) and ten days later near the onset of 
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the critical period for brain maturation (P25). There was no effect of developmental 

treatment on almost all measures. The only effect found was an increase in nAChR 

function in female mice.	It is important to note that Objectives 1 and 2 only analyzed male 

mice, therefore data from adult female mice would be necessary to determine if adult 

female mice develop the same alterations to electrophysiological properties, receptor 

function and neuron morphology as male mice following developmental ethanol exposure. 

However, seeing the increase in nAChR function in female mice only may suggest that 

the teratogenic effects of ethanol on mPFC layer VI pyramidal neurons appears earlier in 

the female mice than in the male mice. It is important to consider that the time points used 

in this experiment were before sexual maturation. In general it is known that male mice 

take longer to reach puberty than female mice (Falconer, 1984), and in C57B/6 mice the 

earliest observable signs of sexual maturation occur at approximately P26 for females 

and at approximately P29 for males (Pinter et al., 2007). Therefore, if the increase in 

nAChR function following developmental ethanol exposure is related to pubertal changes, 

it could be possible that the observations made in Chapter 6 are the beginnings of these 

ethanol-mediated changes in the female mice.  

 

We then analyzed neuron morphology from the young postnatal mice and found sexually 

dimorphic effects on measures of dendrite tree length, which stresses the need for 

including both male and female mice in future work on teratogenic effects of ethanol. As 

in objective 2, young male mice exhibited a decrease in apical dendrite length. Whereas, 

young female mice exhibited an increase in both apical and basal dendrite length. 

However, unlike in the adult male mice in Objective 2, no changes were found in dendrite 
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complexity in either male or female mice following developmental ethanol exposure. 

Given that much of cortical maturation occurs after the P15 time point assessed in this 

study, changes to dendrite complexity may become more prevalent after cortical pruning 

occurs (Kolb et al., 2012). Work is on-going to analyze neuron morphology from mice at 

P25, which will provide further insight into morphological changes during the critical period 

for cortical circuit maturation.  

 

7.4 General Discussion 

Although only limited near-term effects of developmental ethanol exposure were found in 

Objective 3, these results are interesting when compared to the results from Objective 2 

because they suggest that developmental ethanol exposure may alter the developmental 

trajectory of these mPFC layer VI pyramidal neurons as they develop into the adult 

phenotype. However, there are some considerations that should be made when 

comparing results from these two objectives.  First, the method of ethanol administration 

was changed from oral gavage in Objective 2 to vapour chamber in Objective 3. Changing 

to vapour chamber administration was a major refinement to the animal dosing protocol 

as vapour chambers are much less invasive and stressful compared to oral gavage. As 

well, there is a lower morbidity associated with vapour chamber administration which 

allowed us to reduce the number of mice needed for the experiment. Both methods of 

administration model binge drinking  and produce similar blood ethanol concentrations in 

pregnant female mice (Morton et al., 2014; Louth et al., 2016; Louth et al., in preparation). 

However, the pharmacokinetics of these two methods differ, as oral gavage 

administration will result in two peaks in BEC (Livy et al., 2003a), whereas vapour 



	

 233	

chamber administration will result in a steady increase in blood alcohol concentration over 

the administration period (Morton et al., 2014).  

 

Oral gavage is a labour-intensive process that involves high levels of stress for the animal, 

and while vapour chamber administration is not stress free, the animals do not have to 

be restrained during the process and are able to remain in their home cage throughout 

administration. Thus, ethanol administration via vapour chamber is significantly less 

stressful than oral gavage. Chronic restraint stress has been shown to decrease nAChR 

expression in the cortex of typically developing rats (Takita and Muramatsu, 1995), while 

maternal stress has been shown increase ɑ4β2* nAChR expression in the hippocampus 

(Schulz et al., 2013). Both acute and chronic restraint stress has also been shown to 

decrease distal dendrite branching in layer II/III pyramidal neurons (Cook and Wellman, 

2004; Brown et al., 2005), whereas maternal and early developmental stress has been 

shown to increase dendrite tree size (Muhammad et al., 2012a). It is clear that the effects 

of stress are complex and highly dependent on developmental timing of the stressor. In 

the research presented here, both the control and ethanol treatment groups would have 

received the same amount of maternal and early developmental stress, however, stress 

in combination with developmental ethanol exposure has sometimes been shown to 

exacerbate the associated teratogenic outcomes. In non-human primates (Schneider et 

al., 2001) and rats (Comeau et al., 2014) the combination of stress and developmental 

ethanol exposure has been shown to exacerbate learning deficits. Conversely, other 

studies in primates have found no interaction between stress and developmental ethanol 

exposure on striatal dopamine receptor expression (Roberts et al., 2004) and 
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hypothalamic-pituitary-axis response (Schneider et al., 1997). Therefore, it cannot be 

ruled out that the reason few effects of developmental ethanol exposure were observed 

in young mice in Objective 3, but robust effects were observed in the adult male mice in 

Objective 2, could be due to the stress of oral gavage exacerbating the teratogenic effects 

of ethanol on mPFC layer VI pyramidal neuron electrophysiological properties, receptor 

function and neuron morphology. Research on the potential interactions of stress and 

developmental ethanol exposure on mPFC neurotransmitter systems would be beneficial.  

 

One final consideration when comparing objectives 2 and 3 is the potential confounding 

effect of enrichment. The mice that underwent electrophysiological analysis in objective 

2 (Chapter 3) were the same mice used for attention testing, which could be considered 

environmental enrichment. Environmental enrichment in typically-developing animals has 

been shown to increase adult neurogenesis in the hippocampus (Gould et al., 1999) and 

improve performance on the Morris water maze task (Hannigan et al., 1993; Wainwright 

et al., 1993). It has also been shown to increase dendrite tree size (Faherty et al., 2003) 

and spine density (Berman et al., 1996) in the hippocampus but have no effect on cortical 

layer V pyramidal neurons (Faherty et al., 2003). In animals exposed to ethanol during 

development, environmental enrichment can improve performance on the Morris water 

maze task to the same extent it improves performance in control animals (Hannigan et 

al., 1993; Wainwright et al., 1993). Enrichment can also improve deficits in spontaneous 

and evoked activity in barrel cortex neurons, but not back up to control animal levels 

(Rema and Ebner, 1999). Unlike in typically-developing rats, enrichment does not 

increase dendritic spine density in hippocampal neurons of rats exposed to ethanol during 
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development (Berman et al., 1996). Therefore, environmental enrichment has not been 

shown to exacerbate the teratogenic effects of ethanol, in fact it has been shown to 

ameliorate some teratogenic effects such as performance on the Morris water maze 

(Wainwright et al., 1993). This suggests that training for the 5-CSRTT is likely not the 

reason effects of developmental ethanol exposure are only seen in adult mice. It is also 

important to consider that in the research presented here, adult male mice used for 

morphological analysis presented in Chapter 5 did not undergo training for the 5-CSRTT. 

Untrained mice in Chapter 5 exhibited decreased dendrite tree size, which corresponded 

to decreased capacitance (a basic electrophysiological property generally proportional to 

neuron membrane (Kandel et al., 2000)) observed in trained mice in Chapter 3. Since 

these two measures are related, this further suggests that enrichment by behavioural 

training did not interfere with mPFC layer VI pyramidal neuron physiology/morphology.  

 

7.5 Future Directions 

Although this research provides a better understanding of the effects of developmental 

ethanol exposure on layer VI pyramidal neurons of the mPFC, it also leaves us with a 

number of questions and opportunities for further research. In order to ameliorate 

attention deficits and alterations to mPFC layer VI pyramidal neuron physiology and 

morphology following developmental ethanol exposure, research can focus on preventing 

the delayed effects of developmental ethanol exposure from emerging and/or treating the 

effects after they have emerged in the mature adult brain.   
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The results presented in this thesis demonstrate that developmental ethanol exposure 

alters the physiology and morphology of mPFC layer VI pyramidal neurons in adulthood 

but these effects do not occur in young postnatal mice, suggesting that developmental 

ethanol exposure may have altered the developmental trajectory of mPFC layer VI 

pyramidal neurons. Altered developmental trajectory could be attributed to epigenetic 

alterations. Differential gene expression is often reported in mouse models of 

developmental ethanol exposure (Hard et al., 2005; Zhou et al., 2011; Kleiber et al., 2013; 

Kleiber et al., 2014) and it is known that developmental ethanol exposure can alter DNA 

methylation (Garro et al., 1991; Portales-Casamar et al., 2016), histone acetylation 

(Shukla et al., 2008) and miRNA expression (Sathyan et al., 2007; Wang et al., 2009; 

Balaraman et al., 2013; Ignacio et al., 2014). One example of a miRNA that has been 

implicated in FASD is miR-9. In a miR-9 knockout model, microcephaly and growth 

deficiencies similar to those seen in FASD have been observed (Shibata et al., 2011) and 

developmental ethanol exposure has been shown to decrease miR-9 expression in early 

stages of gestation (Balaraman et al., 2012; Tal et al., 2012) which suggests that 

alteration of miR-9 expression by developmental ethanol exposure may underlie some of 

the growth deficiencies seen in FASD. In a more recent study, miR-9 was also shown to 

impact dendrite growth, where mice lacking miR-9 had smaller dendrite trees (Giusti et 

al., 2014) which suggest that miR-9 may also contribute to changes in neuron morphology 

observed in animal models of developmental ethanol exposure. Other miRNAs that 

regulate cannabinoid, glutamate and GABA receptor expression have been found to be 

increased following developmental ethanol exposure and are therefore thought to be 

involved in ethanol-mediated decreases in the expression of these receptors (Stringer et 
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al., 2013; Ignacio et al., 2014). To my knowledge, expression of miRNAs associated with 

nAChR and AMPA receptor function have not been assessed following developmental 

ethanol exposure and  future research into the expression of miRNAs related to this thesis 

research would be beneficial to determine if developmental ethanol exposure alters 

miRNAs that contribute to the delayed teratogenic effects of ethanol seen in adulthood.  

 

It would also be beneficial to fully understand when the ethanol-mediated alteration in 

adult phenotype emerges. A comprehensive study using both male and female mice, with 

more time points during/after sexual maturation would allow us to pinpoint when these 

delayed teratogenic outcomes of ethanol emerge. Once the time-course is established, 

potential therapeutic interventions could be assessed  to determine if the ethanol-induced 

adult phenotype can be prevented. Studies of choline supplementation have found that 

working memory deficits associated with developmental ethanol exposure in rats can be 

prevented with choline supplementation either prenatally (Thomas et al., 2010) or 

perinatally from postnatal days 4 to 30 (Thomas et al., 2004). Choline supplementation 

has been shown to increase ACh release in the hippocampus and prefrontal cortex 

(Napoli et al., 2008), and enhances long-term potentiation in the hippocampus (Pyapali 

et al., 1998; Li et al., 2004), however, the mechanism behind these choline-mediated 

changes remains unknown. Lithium in combination with developmental ethanol exposure 

has also been found to decrease neurodegeneration in the hippocampus and prevent 

spatial working memory deficits (Sadrian et al., 2012). It is hypothesized that lithium 

prevents apoptosis by blocking ethanol-induced activation of glycogen synthase kinase 

3β (Chakraborty et al., 2008; Saito et al., 2010). Recent research has also evaluated ways 
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to prevent epigenetic alterations for example, supplementation with S-

adenosylmethionine has been shown to reduce hypermethylation of DNA in liver cells of 

adult mice following chronic ethanol exposure (Khachatoorian et al., 2013) and treatments 

to normalize miRNA expression are being researched for other diseases such as multiple 

sclerosis (Waschbisch et al., 2011). In rat models of developmental ethanol exposure, 

ethanol-induced changes in the expression of miRNAs that alter GABA and glutamate 

signaling have been normalized by social enrichment (Ignacio et al., 2014) and choline 

supplementation has been shown to prevent ethanol-induced DNA hypermethylation in 

the hippocampus and PFC (Otero et al., 2012). Together, this suggests that it is possible 

to reverse ethanol-induced epigenetic alterations. In general, if the specific mechanisms 

by which developmental ethanol exposure alters mPFC layer VI pyramidal neuron 

physiology and morphology could be identified, intervention strategies such as dietary 

supplementation to protect against these teratogenic effects could be developed. 

 

Finally, the question remains as to how to treat the adult long-term teratogenic outcomes 

to improve attention. In order to identify therapeutic targets, a better understanding of how 

the alterations to mPFC layer VI pyramidal neurons affect signaling within the attention 

circuit is required. For example, measuring signal output from mPFC layer VI neurons to 

the thalamic reticular nucleus (Gabbott et al., 2005; Zikopoulos and Barbas, 2006) and 

determining functional coherence of this circuit. Optogenetic manipulation of the 

connection between the mPFC and the mediodorsal thamalus is known to affect 

performance on a working memory task (Bolkan et al., 2017) and a similar study on 

attention performance following developmental ethanol exposure could provide further 
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insight into the mechanism by which developmental ethanol exposure disrupts attention. 

Neural oscillations have also been found to be important for selective attention as 

entrainment of low frequency oscialltion in the visual cortex during response to visual 

stimuli increases response gain (Lakatos et al., 2008) and more recently, lack of 

oscillation entrainment has been hypothesized to underly deficits in selective attention 

(Calderone et al., 2014). With a better understanding of the underlying neural mechanism 

by which developmental ethanol exposure disrupts attention, therapeutic targets to 

ameliorate these deficits may be identified.   

 

7.6 Conclusions 

This research has demonstrated that mice exposed to ethanol during development 

exhibited attention deficits in adulthood. It has further characterized the effects of 

developmental ethanol exposure on mPFC layer VI pyramidal neurons that are known to 

support attention (Bailey et al., 2010; Guillem et al., 2011). Long-term alterations to 

electrophysiological properties, receptor function and morphology were found in 

adulthood, however these effects were not present in the near-term during early postnatal 

life. Taken together, these results suggest that developmental ethanol exposure may alter 

the developmental trajectory of these neurons resulting in the adult phenotype.  
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APPENDICES  
 
Chapter 4 Materials Table 
	
Name of Material/ 
Equipment Company Catalog 

Number Comments/Description 

    
potassium 
dichromate Fisher Scientific P188-100 Hazardous 

potassium 
chromate Fisher Scientific P220-100 Hazardous 

mercuric chloride Fisher Scientific S25423 Hazardous 
Whatman grade 1 
filter paper Fisher Scientific 1001-185  

isoflurane 
Pharmaceutical 
Partners of 
Canada 

CP0406V2  

20 mL scintillation 
vial Fisher Scientific 03-337-4  

sucrose Bioshop 
Canada SUC700.1  

sodium phosphate 
monobasic Sigma Aldrich S5011-500G  

sodium phosphate 
dibasic Sigma Aldrich S9390-500G  

50 mL conical 
tube Fisher Scientific 12-565-271  

isopentane Fisher Scientific AC126470010 also known as 2-methylbutane. 
Hazardous 

agar Sigma Aldrich A1296-100G  
small weigh dish Fisher Scientific 02-202-100  
vibratome Leica VT1000 S  
6 well tissue 
culture plates Fisher Scientific 08-772-1b  

mesh bottom 
tissue culture 
inserts 

Fisher Scientific 07-200-214  

paraformadelhyde, 
16% 

Electron 
Microscope 
Sciences 

15710-S Hazardous 

ammonium 
hydroxide Fisher Scientific A669S-500 Hazardous 

Kodak Fixative A Sigma Aldrich P7542  
superfrost plus 
slides Fisher Scientific 12-550-15  

CitroSolv clearing 
agent Fisher Scientific 22-143-975  
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anhydrous ethyl 
alcohol 

Commercial 
Alcohols N/A  

cresyl violet Sigma Aldrich C1791  
permount Fisher Scientific SP15-100  
upright 
microscope Olympus BX53 model  

colour camera, 12 
bit 

MBF 
Biosciences DV-47d QImaging part 01-MBF-2000R-F-

CLR-12 
three-dimensional 
motorized 
microscope stage, 
controller and 
enoders 

MBF 
Biosciences N/A Supplied and integrated with 

microscope by MBF Biosciences 

4x microscope 
objective Olympus 4x 0.16 N.A. 

UplanSApo  

10x microscope 
objective Olympus 10x 0.3 N.A. 

UPlan FL N  

30x microscope 
objective Olympus 30x 1.05 N.A. 

UPlanSApo  

60x microscope 
objective Olympus 60x 1.42 N.A. 

PlanAPO N  

silicone immersion 
oil Olympus Z-81114  

Neurolucida 
software 

MBF 
Biosciences Version 10  

ImageJ software 
U. S. National 
Institutes of 
Health 

Current 
version 

With the OME Bio-Formats plugin 
installed 

Photoshop 
software Adobe version CS6  
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Chapter 5: Characterization of medial prefrontal cortex neuron morphology in 

adult mice exposed to ethanol during development 

Supplemental Information 

 

Supplemental Figures: 

Supplemental Fig 1. Supplemental morphological analysis of medial prefrontal layer 

II/III pyramidal neuron dendrites.  

Supplemental Fig 2. Supplemental morphological analysis of medial prefrontal layer V 

pyramidal neuron dendrites. 

Supplemental Fig 3. Supplemental morphological analysis of long medial prefrontal 

layer VI pyramidal neuron dendrites. 

Supplemental Fig 4. Supplemental morphological analysis of short medial prefrontal 

layer VI pyramidal neuron dendrites. 
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Supplemental Fig 1. Supplemental morphological analysis of medial prefrontal layer 

II/III pyramidal neuron dendrites. (A) Three-dimensional Sholl analysis measuring the 

number of apical dendrites that intersect each concentric sphere radiating outward from 

the soma indicates greater apical dendrite tree size in mice from the ethanol group (two-
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way ANOVA, main effect of treatment: F(1, 130) = 12.15, p=0.0007). The number of 

apical dendrite intersections was also affected by distance from soma (two-way 

ANOVA, main effect of distance from soma: F(12, 130) = 41.12, p < 0.0001). There was 

no interaction between distance and treatment (two-way ANOVA, interaction effect: 

F(12,130) = 1.42, p = 0.2). (B) Three-dimensional Sholl analysis measuring the length of 

basal dendrite matter within concentric spheres radiating outward from the soma 

indicates greater basal dendrite tree size in mice from the ethanol group (two-way 

ANOVA, main effect of treatment: (F(1,72) = 4.36, p = 0.04). Basal length was also 

affected by distance from soma (two-way ANOVA, main effect of distance from soma: 

F(7,72) =36.02, p < 0.0001). There was no interaction between distance and treatment 

(two-way ANOVA, interaction effect: F(7,72) = 0.38, p = 0.9). (C) Three-dimensional 

Sholl analysis measuring the number of basal dendrites that intersect each concentric 

sphere radiating outward from the soma identified no main effect of treatment (two-way 

ANOVA, main effect of treatment: F(1,72) = 2.64, p = 0.1). Number of basal 

intersections was affected by distance from soma (two-way ANOVA, main effect of 

distance from soma: F(7,72) =32.62, p < 0.0001). There was no interaction between 

distance and treatment (two-way ANOVA, interaction effect: F(7,72) = 0.21, p = 1.0). 

Three to six neurons were traced per mouse and data are shown as the mean ± 1 SEM 

for five (sucrose) or seven (ethanol) mice per treatment group. 
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Supplemental Fig 2. Supplemental morphological analysis of medial prefrontal layer V 

pyramidal neuron dendrites. (A) Three-dimensional Sholl analysis measuring the 

number of apical dendrites that intersect each concentric sphere radiating outward from 
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the soma identified no main effect of treatment (two-way ANOVA, main effect of 

treatment: F(1, 240) = 1.25, p=0.3). The number of apical dendrite intersections was 

also affected by distance from soma (two-way ANOVA, main effect of distance from 

soma: F(23, 240) = 16.77, p < 0.0001). There was no interaction between distance and 

treatment (two-way ANOVA, interaction effect: F(23,240) = 0.50, p = 1.0). (B) Three-

dimensional Sholl analysis measuring the length of basal dendrite matter within 

concentric spheres radiating outward from the soma identified no main effect of 

treatment (two-way ANOVA, main effect of treatment: F(1,80) = 0.93, p = 0.3). Basal 

length was also affected by distance from soma (two-way ANOVA, main effect of 

distance from soma: F(7,80) =35.33, p < 0.0001). There was no interaction between 

distance and treatment (two-way ANOVA, interaction effect: F(7,80) = 0.28, p = 1.0). (C) 

Three-dimensional Sholl analysis measuring the number of basal dendrites that 

intersect each concentric sphere radiating outward from the soma identified no main 

effect of treatment (two-way ANOVA, main effect of treatment: F(1,80) = 0.95, p = 0.3). 

Number of basal intersections was affected by distance from soma (two-way ANOVA, 

main effect of distance from soma: F(7,80) =37.48, p < 0.0001). There was no 

interaction between distance and treatment (two-way ANOVA, interaction effect: F(7,80) 

= 0.21, p = 1.0). Three to six neurons were traced per mouse and data are shown as 

the mean ± 1 SEM for five (sucrose) or seven (ethanol) mice per treatment group. 
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Supplemental Fig 3. Supplemental morphological analysis of long medial prefrontal 

layer VI pyramidal neuron dendrites. (A) Three-dimensional Sholl analysis measuring 

the number of apical dendrites that intersect each concentric sphere radiating outward 
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from the soma identified a distinct pattern of apical dendrite tree size/shape between the 

treatment groups. The number of apical dendrite intersections was affected by distance 

from soma (two-way ANOVA, main effect of distance from soma: F(23,144) = 6.59, p < 

0.0001). Although there was no significant main effect of treatment overall (two-way 

ANOVA, main effect of treatment: F(1, 144) = 0.30, p = 0.6), there was a significant 

interaction between effects of distance and treatment (two-way ANOVA, effect of 

interaction: F(23, 144) = 1.67, p = 0.04). (B) Three-dimensional Sholl analysis 

measuring the length of basal dendrite matter within concentric spheres radiating 

outward from the soma identified no main effect of treatment (two-way ANOVA, main 

effect of treatment: F(1,35) = 2.63, p = 0.1). Basal dendrite length was affected by 

distance from soma (two-way ANOVA, main effect of distance from soma: F(6,35) = 

12.82, p < 0.0001). There was no interaction between distance and treatment (two-way 

ANOVA, interaction effect: F(6,35) = 0.50, p = 0.8) (C) Three-dimensional Sholl analysis 

measuring the number of basal dendrites that intersect each concentric sphere radiating 

outward from the soma identified no main effect of treatment (two-way ANOVA, main 

effect of treatment: F(1,35) = 2.23, p = 0.1). Number of basal intersections was affected 

by distance from soma (two-way ANOVA, main effect of distance from soma: F(6,35) 

=16.00, p < 0.0001). There was no interaction between distance and treatment (two-

way ANOVA, interaction effect: F(6,35) = 0.28, p = 0.9). Three to six neurons were 

traced per mouse and data are shown as the mean ± 1 SEM for five (sucrose) or seven 

(ethanol) mice per treatment group. 
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Supplemental Fig 4. Supplemental morphological analysis of short medial prefrontal 

layer VI pyramidal neuron dendrites. (A) Three-dimensional Sholl analysis measuring 

the number of apical dendrites that intersect each concentric sphere radiating outward 
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from the soma indicates decreased apical dendrite tree size in mice from the ethanol 

group (two-way ANOVA, main effect of treatment: F(1, 126) = 7.52, p=0.007). The 

number of apical intersection was also affected by distance from soma (two-way 

ANOVA, main effect of distance from soma: F(13, 126) = 14.07, p < 0.0001). There was 

no interaction between distance and treatment (two-way ANOVA, interaction effect: 

F(13,126) = 0.93, p = 0.5). (B) Three-dimensional Sholl analysis measuring the length of 

basal dendrite matter within concentric spheres radiating outward from the soma 

indicates decreased basal dendrite tree size in mice from the ethanol group (two-way 

ANOVA, main effect of treatment: F(6,63) = 45.19, p < 0.0001). Basal dendrite length 

was affected by distance from soma (two-way ANOVA, main effect of distance from 

soma: F(6,63) = 45.19, p < 0.0001). There was no interaction between distance and 

treatment (two-way ANOVA, interaction effect: F(6,63) = 0.93, p = 0.5). (C) Three-

dimensional Sholl analysis measuring the number of basal dendrites that intersect each 

concentric sphere radiating outward from the soma indicates decreased basal dendrite 

tree size in mice from the ethanol group (two-way ANOVA, main effect of treatment: 

F(1,135) = 12.33, p = 0.0006). Number of basal intersections was affected by distance 

from soma (two-way ANOVA, main effect of distance from soma: F(6,63) =55.92, p < 

0.0001). There was no interaction between distance and treatment (two-way ANOVA, 

interaction effect: F(6,63) = 2.02, p = 0.08). Three to six neurons were traced per mouse 

and data are shown as the mean ± 1 SEM for five (sucrose) or seven (ethanol) mice per 

treatment group. 

 


