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Abstract 47 
Chronic prenatal exposure to ethanol can lead to a spectrum of teratogenic outcomes that are 48 
classified in humans as Fetal Alcohol Spectrum Disorders (FASD). One of the most prevalent 49 
and persistent neurocognitive components of FASD is attention deficits, and it is now thought 50 
that these attention deficits differ from traditional Attention Deficit Hyperactivity Disorder (ADHD) 51 
in their quality and response to medication. However, the neuronal mechanisms underlying 52 
attention deficits in FASD are not well understood. We show here that following developmental 53 
binge-pattern ethanol exposure, adult mice exhibit impaired performance on the five-choice 54 
serial reaction time test for visual attention, with lower accuracy during initial training and a 55 
higher rate of omissions under challenging conditions of high attention demand. Whole-cell 56 
electrophysiology experiments in these same mice find dysregulated pyramidal neurons within 57 
layer VI of the medial prefrontal cortex, which are critical for normal attention performance. 58 
Layer VI neurons show decreased intrinsic excitability and increased responses to stimulation of 59 
both nicotinic acetylcholine receptors and AMPA glutamate receptors. Moreover, although 60 
nicotinic acetylcholine responses correlate with performance on the five-choice task in control 61 
mice, these relationships are completely disrupted in mice exposed to ethanol during 62 
development. These findings demonstrate a novel outcome of developmental binge-pattern 63 
ethanol exposure and suggest that persistent alterations to the function of prefrontal layer VI 64 
neurons play an important mechanistic role in attention deficits associated with FASD. 65 
 66 
Significance Statement 67 
Children who exhibit Fetal Alcohol Spectrum Disorders (FASD) are often diagnosed with co-68 
morbid Attention Deficit Hyperactivity Disorder (ADHD), even though mechanisms underlying 69 
attention deficits in these two disorders are now believed to differ. We show in mice following 70 
developmental binge-pattern ethanol exposure that deficits on an attention task are 71 
accompanied by dysregulated function of prefrontal cortex layer VI pyramidal neurons, which 72 
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are known to be critical for normal attention. These layer VI neurons show decreased intrinsic 73 
excitability and increased responses to excitatory neurotransmission, and relationships between 74 
their nicotinic signaling and attention performance are disrupted. These findings demonstrate 75 
novel mechanisms and potential therapeutic targets to mitigate attention deficits associated with 76 
FASD. 77 
 78 
Introduction 79 
Chronic prenatal exposure to ethanol can lead to a spectrum of teratogenic outcomes in 80 
humans known collectively as Fetal Alcohol Spectrum Disorders (FASD) (Sokol et al., 2003; 81 
Chudley et al., 2005; Riley et al., 2011). Potential manifestations of FASD include a growth 82 
deficiency, specific craniofacial abnormalities, and persistent neurocognitive deficits (Chudley et 83 
al., 2005). The estimated prevalence of FASD ranges from approximately 31-34 per 1000 live 84 
births in the United States and Canada to 113 per 1000 live births in South Africa (Roozen et al., 85 
2016), and this is known to impart significant costs to individuals and societies within their local 86 
education, judicial and medical systems (Lupton et al., 2004; Popova et al., 2016). Deficits in 87 
attention rank among the most common and persistent neurocognitive components of FASD, for 88 
example as a co-morbid diagnosis of Attention Deficit Hyperactivity Disorder (ADHD) has been 89 
assigned to approximately 41-95 percent of children who are affected by FASD (Bhatara et al., 90 
2006; Fryer et al., 2007). However, recent work suggests that the detailed pattern of attention 91 
deficits is distinct between these two disorders including an earlier onset and greater impairment 92 
to shifting attention in children affected by FASD (Reviewed in: O'Malley and Nanson, 2002; 93 
Mattson et al., 2011; Kingdon et al., 2016). Moreover, although medication indicated specifically 94 
for ADHD that targets dopaminergic and noradrenergic signaling may reduce hyperactivity in 95 
children affected by FASD, it shows limited efficacy to mitigate attention deficits within this same 96 
population (Snyder et al., 1997; Oesterheld et al., 1998; Doig et al., 2008). It therefore is critical 97 
to determine the specific neurobiological mechanisms that underlie attention systems 98 
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dysfunction in FASD, in order to identify appropriate therapeutic strategies for affected children 99 
(Paley and O'Connor, 2009; Peadon and Elliott, 2010; Koren, 2015). 100 

Optimal attention performance depends on pyramidal neurons located within layer VI of 101 
the medial prefrontal cortex (mPFC). Approximately 40 percent of neurons within this population 102 
modulate the gain of corticothalamic signaling through projections to the mediodorsal thalamus 103 
via the thalamic reticular nucleus (Gabbott et al., 2005; Zikopoulos and Barbas, 2006; Olsen et 104 
al., 2012; Sherman, 2016), with the remaining 60 percent of neurons projecting to other targets 105 
including the hypothalamus, striatum, amygdala, and the prefrontal cortex itself (Gabbott et al., 106 
2005; Hoover and Vertes, 2007). Layer VI neurons are stimulated directly by acetylcholine 107 
(ACh) activation of α4β2* type heteromeric nicotinic acetylcholine receptors (nAChRs), which 108 
are heteropentamers composed of two α4 subunits, two β2 subunits and a fifth accessory 109 
subunit denoted by the asterisk that for mPFC layer VI neurons may be either an α4, β2 or α5 110 
subunit (Kassam et al., 2008; Bailey et al., 2010; Bailey et al., 2012; Poorthuis et al., 2013; 111 
Bloem et al., 2014). This action of ACh at mPFC layer VI pyramidal neurons contributes to the 112 
critical role of prefrontal cholinergic signaling to support optimal attention performance in 113 
situations requiring high attentional demand (Dalley et al., 2004; Parikh et al., 2007; Bailey et 114 
al., 2010; Howe et al., 2010; Guillem et al., 2011). Acute ethanol exposure increases ACh 115 
efficacy at α4β2* nAChRs (Aistrup et al., 1999; Cardoso et al., 1999; Zuo et al., 2004) whereas 116 
chronic ethanol exposure decreases α4β2* nAChR content (Robles and Sabria, 2008; Hillmer et 117 
al., 2014) and may also decrease nAChR function in vivo (Majchrzak and Dilsaver, 1992). 118 
Chronic ethanol exposure during rat development impairs memory and attention in adulthood 119 
(Reyes et al., 1989; Nagahara and Handa, 1997; Woolfrey et al., 2005; Brys et al., 2014), and 120 
decreases the beneficial effects of nAChR stimulation to augment these mPFC-dependent 121 
functions (Nagahara and Handa, 1999). However, the long-term consequences of chronic 122 
developmental ethanol exposure to alter the function of mPFC layer VI pyramidal neurons, the 123 
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function of nAChRs located on these neurons, and the ability of nicotinic signaling at these 124 
nAChRs to support attention behaviour have not been determined. We find here that chronic 125 
developmental binge-pattern ethanol exposure in mice decreases performance on the five-126 
choice serial reaction time test for visual attention and dysregulates the function of mPFC layer 127 
VI pyramidal neurons, such that neurons show decreased intrinsic excitability along with 128 
increased responses to stimulation of both α4β2* nAChRs and α-amino-3-hydroxy-5-methyl-4-129 
isoxazolepropionic acid (AMPA) glutamate receptors. Correlations between α4β2* nAChR 130 
function and performance on the five-choice task are present in control mice but absent in mice 131 
exposed to ethanol during development, suggesting that this treatment disrupts the ability of 132 
nicotinic signaling in mPFC layer VI pyramidal neurons to support attention. 133 
 134 
Materials and Methods 135 
Experimental animals and breeding. C57BL/6 strain mice were purchased from Charles River 136 
Canada (Saint-Constant, QC) and bred in a secure vivarium at the University of Guelph. This 137 
facility had an ambient temperature of 21-24°C and lights were maintained on a 12-h reverse 138 
light/dark cycle with lights on at 8:00 pm. Nulliparous female mice aged 3-4 months were bred in 139 
pairs with male mice aged 4-5 months. Upon visual confirmation of a vaginal copulatory plug at 140 
the end of a dark cycle, female mice were separated to individual cages measuring 29 cm X 19 141 
cm X 13 cm and the following day was considered to be gestational day (G) 1. All experimental 142 
animals in this study were cared for according to the principles and guidelines of the Canadian 143 
Council on Animal Care, and the experimental protocol was approved by the University of 144 
Guelph Animal Care Committee. Every effort was made to minimize animal suffering and to limit 145 
the number of mice used in this study. 146 
 147 
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Developmental treatment regimens. Pregnant female mice were randomly assigned to receive 148 
either ethanol or sucrose treatment via oral gavage from G10 to G18. Mice were administered 149 
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% 150 
(w/v)) from G12 to G18. Sucrose was administered in an amount that was isocaloric and 151 
isovolumetric to the ethanol treatment. Ethanol and sucrose solutions were made using tap 152 
water and treatments were administered over two equally divided daily doses two hours apart 153 
starting between 8:00 A.M. and 9:00 A.M.. Mice in the ethanol treatment group received ad 154 
libitum access to water and pellet food (Tekland Global 18% Protein Rodent Maintenance Diet, 155 
Harlan Laboratories, Mississauga, ON). Mice in the sucrose treatment group received ad libitum 156 
access to water and were pair-fed with a mouse in the ethanol treatment group such that each 157 
mouse in the sucrose treatment group received the same amount of food as that eaten by its 158 
ethanol-treated pair for each day of gestation.  159 

Pregnant mice and their litters were left undisturbed from G19 until postnatal day (P) 4. 160 
The day of birth was considered to be P0. Individual pups were administered either ethanol of 161 
sucrose via oral gavage from P4 to P14 using a flexible plastic gavage needle (Instech 162 
Laboratories, Plymouth Meeting, PA). Postnatal treatment (ethanol or sucrose) was consistent 163 
with the prenatal treatment for each litter. Pups were administered ethanol at a dose of 1.5 164 
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 165 
administered in an amount that was isocaloric and isovolumetric to the ethanol treatment. 166 
Ethanol and sucrose solutions were prepared in Similac® milk-based infant formula (Abbott 167 
Laboratories, Saint-Laurent, QC) using tap water. The milk formula within treatment solutions 168 
was prepared according to the manufacturer’s recommendations, except that the concentration 169 
was doubled on P4 and P5 in order to mitigate any decrease in nursing that may occur at the 170 
onset of postnatal treatment. Treatments were administered over two equally divided daily 171 
doses two hours apart starting between 8:00 A.M. and 9:00 A.M.. All mice in this study were 172 
weighed and monitored daily for general health during the breeding and treatment periods. 173 
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Litters were weaned and separated based on sex on P28 into cages measuring 29 cm X 19 cm 174 
X 13 cm with a maximum of five mice per cage. Offspring were provided ad libitum access to 175 
water and pellet food (Tekland Global 16% Protein Rodent Maintenance Diet) and with the 176 
exception of monitoring for general health and body weight, were left undisturbed until 177 
behavioural training began on P60.  178 
 179 
Blood ethanol concentration. Blood ethanol concentration (BEC) was measured for all dams on 180 
G15, which is the day that represents the mid-point for the 4 g/kg/day ethanol dosing regimen 181 
from G12-G18. Ten µL of blood was collected from the saphenous vein one hour after the 182 
second daily gavage administration. BEC was measured in three naïve litters not in this main 183 
study, which received ethanol treatment from P4 to P10. Pups were killed one hour after the 184 
second daily gavage administration on P10 by decapitation under isoflurane anesthesia and 185 
trunk blood was collected. P10 is the mid-point for the 3 g/kg/day ethanol dosing regimen for the 186 
pups from P6-P14. For all analyses, 10 µL of blood was immediately added to 200 µL of 0.53N 187 
perchloric acid, mixed and centrifuged at 14,000 g for 15 min at 4°C. 150 µL of supernatant was 188 
added to 150 µL of 0.53N potassium hydroxide, mixed and stored at -80°C for later analysis. 189 
The concentration of short chain alcohols in processed samples was measured using a 190 
microplate kit from Sigma Aldrich Canada (Oakville, ON; product number MAK076) according to 191 
the manufacturer’s recommendations. 192 
 193 
The five choice serial reaction time test. The five choice serial reaction time test (5-CSRTT) was 194 
performed using the Bussey-Saksida mouse touch screen operant conditioning chambers 195 
(Lafayette Instrument, Lafayette, IN). Trapezoid-shaped chambers with 188 cm2 floor space 196 
housed a perforated stainless steel floor and a thin-film transistor touchscreen display on one 197 
wall. A plastic mask was fixed over the touchscreen that contained five square cut-outs 198 
measuring 4 cm x 4 cm, which created five distinct areas for light stimulus presentation and 199 
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nose poke touch response. The opposite wall contained a reinforcer magazine equipped with a 200 
photodetector, light and reward trough where 7 μL of Neilson strawberry milkshake (Saputo 201 
Dairy Products Canada G.P., Saint-Laurent, QC) could be delivered by a peristaltic pump. 202 
Chambers were controlled by a personal computer running a 5-CSRTT application on the ABET 203 
II interface software (model 89543, Lafayette Instrument), and were housed in sound-204 
attenuating cubicles equipped with a ventilation fan. 205 

Starting at P60, 16 male mice from 9 ethanol-treated litters and 16 male mice from 8 206 
sucrose-treated litters were pair-housed within cages measuring 29 cm X 19 cm X 13 cm with 207 
ad libitum access to water. Mice were randomly sampled as 1-3 mice per litter in the ethanol 208 
treatment group and 1-4 mice per litter in the sucrose treatment group. For the measures in this 209 
study that were significantly affected by developmental treatment, one-way ANOVA followed by 210 
the Dunnett’s post hoc test confirmed that the mean for no single litter was significantly different 211 
from the mean of its treatment group. Mice were food restricted to maintain a body weight of 212 
approximately 85% of their free-feeding body weight. Training on the 5-CSRTT was performed 213 
according to the 89543CAM 5-Choice Serial Reaction Time Task with Cambridge Amendment 214 
Manual (Lafayette Instrument) with minor alterations. Behavioural testing was performed six 215 
days per week (Sunday to Friday) and occurred at a similar time of day for each mouse 216 
between 9 A.M. and 3 P.M. that corresponded with the dark cycle for this study. The house light 217 
remained off for all sessions and only illuminated during timeout periods. Training began with 218 
sessions of habituation to the chamber and reward delivery, which throughout this study was 219 
accompanied by the illumination of the magazine light and the emission of a short tone (3 KHz 220 
for 1 s). This was followed by one session of Pavlovian conditioning to link stimulus presentation 221 
with reward delivery. Daily touch-response training sessions began with a mouse placed in a 222 
chamber with one of five stimulus locations illuminated. A nose poke response in that stimulus 223 
location extinguished its light and resulted in reward delivery. Entrance into the magazine 224 
extinguished the magazine light and initiated a 5 s intertrial interval (ITI) to the next stimulus 225 
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presentation. Stimuli were presented in a pseudo-random order and mice were required to 226 
complete 30 trials within 60 min on two consecutive days to proceed. Daily training sessions for 227 
trial initiation built on the previous scheme with the modification that the magazine light 228 
illuminated at the end of the ITI and a nose poke into the magazine was required to extinguish 229 
its light and start a 5 s delay to the next stimulus presentation. Mice were required to complete 230 
30 trials within 60 min on two consecutive days to proceed. 231 

Training sessions for the complete 5-CSRTT protocol began with a mouse placed in the 232 
chamber with the magazine light illuminated. A nose poke into the magazine extinguished its 233 
light and started the first trial with a 5 s delay to one of the five stimulus locations illuminating for 234 
a brief period. A nose poke response in that stimulus location while it was illuminated or during 235 
the following 5 s limited hold period resulted in reward delivery. Entrance into the magazine to 236 
collect the reward started a 5 s ITI after which the magazine light illuminated and the mouse 237 
was required to re-enter the magazine to extinguish its light and start the next trial. A premature 238 
response made between trial initiation and stimulus presentation was not rewarded and led to a 239 
5 s timeout period with the house light illuminated followed by a 5 s ITI after which that same 240 
trial could be reinitiated by a nose poke into the magazine. An incorrect response in one of the 241 
four stimulus locations that was not illuminated, or an error of omission in which no response 242 
was made by the end of the limited hold period was not rewarded and led to a 5 s timeout 243 
period with the house light illuminated followed by a 5 s ITI after which a magazine response 244 
initiated the next trial. Daily sessions lasted for 60 trials or 60 minutes and each stimulus 245 
location was presented 12 times in a pseudo-random order. Percent accuracy was calculated as 246 
[number of correct responses / (number of correct responses + number of incorrect responses) 247 
x 100]. Percent omissions was calculated as [omissions / total number of trials x 100]. Training 248 
began with an initial stimulus duration of 8 s and this was gradually reduced depending on 249 
performance to a final stimulus duration of 1 s. The criteria to advance to the next stimulus 250 
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duration was a performance of 60 trials with >80 percent accuracy and <20 percent omissions 251 
for three of four consecutive sessions.  252 
 253 
Brain slice preparation for electrophysiology. Mice were left undisturbed with ad libitum access 254 
to food and water for approximately two weeks following the completion of behavioural testing. 255 
Mice were killed by decapitation under isoflurane anesthesia, and brains were removed rapidly 256 
and cooled for 2 min in 4°C oxygenated sucrose artificial cerebral spinal fluid (ACSF; 254 mM 257 
sucrose, 10 mM D-glucose, 26 mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl and 1.25 258 
mM NaH2PO4, pH 7.4). Coronal slices containing the mPFC were cut in 4°C oxygenated 259 
sucrose ACSF at 400 μm thickness using a Leica VT 1200 vibrating microtome (Leica 260 
Microsystems, Concord, ON, Canada). The appearance of white matter and the corpus 261 
callosum were used as anterior and posterior landmarks (Paxinos and Franklin, 2001; Gabbott 262 
et al., 2005). Slices were placed in a recovery chamber (Scientific Systems Design Inc., 263 
Mississauga, ON, Canada) with 30°C oxygenated ACSF (128 mM NaCl, 10 mM D-glucose, 26 264 
mM NaHCO3, 2 mM CaCl2, 2 mM MgSO4, 3 mM KCl, 1.25 mM NaH2PO4, pH 7.4) for at least 2 h 265 
before the beginning of electrophysiological recording. 266 
 267 
Electrophysiology. Brain slices were transferred to a modified recording chamber (Warner 268 
Instruments, Hamden, CT) mounted onto the stage of an Axioskop FS2 microscope (Carl Zeiss 269 
Canada, Toronto, ON) and superfused with oxygenated room temperature ACSF at a rate of 3-4 270 
mL/min. Pyramidal neurons within layer VI were visualized using infrared differential 271 
interference contrast microscopy and identified based on location within seven cell bodies 272 
(approximately 150 μm) from the medial aspect of the white matter and also by the presence of 273 
a prominent apical dendrite (Bailey et al. 2012; Tian et al. 2014). Neurons were sampled from 274 
the anterior cingulate, prelimbic and infralimbic cortical regions and there was no effect of 275 
sampling location on any measure in this study. Whole-cell recording was performed using 276 
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borosilicate glass pipette electrodes (2-5 MΩ; Sutter Instrument Company, Novato, CA) 277 
containing 120 mM K-gluconate, 5 mM KCl, 2 mM MgCl2, 4 mM K2-ATP, 400 μM Na2-GTP, 10 278 
mM Na2-phosphocreatine and 10 mM HEPES buffer (adjusted to pH 7.3 with KOH). Recordings 279 
were made using a Multiclamp 700B amplifier, acquired at 20 kHz and lowpass filtered at 2 kHz 280 
using a Digidata 1440A data acquisition system (Molecular Devices, Synnyvale, CA) and 281 
corrected for the liquid junction potential. Neuron passive and active electrophysiological 282 
properties were first determined in current-clamp mode by measuring changes to membrane 283 
potential from rest in response to positive and negative current steps. Burst-firing neurons and 284 
fast-spiking interneurons were not used for subsequent analyses because they respond 285 
primarily to indirect nicotinic stimulation (Kassam et al. 2008).  286 

Neurons were next held at -75 mV in voltage-clamp mode for 5 min to record their 287 
baseline spontaneous excitatory postsynaptic currents (sEPSCs). Neurons remained at -75 mV 288 
and receptor-mediated inward current responses were measured as follows: Nicotinic 289 
responses were probed by the addition of 1 mM ACh (Sigma-Aldrich Canada) following a 290 
minimum 10 min pre-exposure to 200 nM atropine, muscarinic responses were probed by the 291 
addition of 1 mM ACh following a minimum 10 min pre-exposure to 3 μM dihydro-β-erythroidine 292 
hydrobromide (DHβE; Tocris Bioscience / Biotechne, Minneapolis, MN), and AMPA 293 
glutamatergic responses were probed by the addition of 2 μM (S)-AMPA (Tocris Bioscience). All 294 
agonists were applied in the bath for 15 s. In mPFC layer VI pyramidal neurons, the nicotinic 295 
response to bath application of ACh is inhibited by the α4β2* nAChR antagonist DHβE but not 296 
by the α7 nAChR antagonist methyllycaconitine (MLA) (Kassam et al., 2008; Bailey et al., 2010; 297 
Poorthuis et al., 2013), suggesting that all nicotinic responses in this study were mediated by 298 
α4β2* nAChRs. Current responses were measured using Clampfit 10.3 software (Molecular 299 
Devices) as the change in holding current from baseline to the peak of the response. Receptor-300 
mediated acceleration of action potential firing was measured in current-clamp mode by first 301 
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injecting sufficient positive current to produce an approximate 1 Hz baseline firing frequency. 302 
Following a minimum 30 s of stable baseline, each agonist was applied in the bath as described 303 
above. The percent increase in firing frequency in response to agonist application was 304 
measured for each neuron as [(frequency at the peak of the drug response – frequency at 305 
baseline) / frequency at baseline x 100]. 306 
 307 
Statistical Analysis. The BEC, pregnancy outcome and offspring body weight data are 308 
presented as dam/litter mean ± 1 SEM of 8-9 litters for each treatment group, with the litter as 309 
the unit of determination for statistical analyses. Behavioural data on the 5-CSRTT are 310 
presented as mean ± 1 SEM of 14-16 male offspring from 8-9 litters for each treatment group 311 
and electrophysiological data are presented as mean ± 1 SEM for 12 to 114 neurons from the 312 
same mice that were tested on the 5-CSRTT task. The unit of determination for statistical 313 
analyses was the mouse for behavioural experiments and the neuron for electrophysiology 314 
experiments. Data sets were first analyzed for normality and homogeneity of variance before 315 
statistical comparisons were performed. The statistical test employed for each comparison is 316 
indicated in the Results, Tables and Figure Legends, and all statistical tests along with their 317 
results are compiled within Table 1. These included the two-tailed unpaired t test (for normally-318 
distributed data sets), the Mann-Whitney U test (for non-normally-distributed data sets) and the 319 
two-way repeated-measures analysis of variance (ANOVA) followed by the Bonferroni post-hoc 320 
test. The Pearson correlation coefficient was used to assess relationships between 321 
electrophysiological measures and attention performance on the 5-CSRTT. Statistical analyses 322 
were performed using GraphPad Prism 6 (Graphpad Software, La Jolla, CA).  323 
 324 
Results 325 
The objective of this study was to determine long-term consequences of developmental binge-326 
pattern ethanol exposure on performance in an attention task and on the function of mPFC layer 327 
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VI pyramidal neurons that support attention processing. Developing mice were administered 328 
ethanol or isocaloric/isovolumetric sucrose control from G10-G18 and from P4-P14. Attention 329 
performance was measured in adulthood using the 5-CSRTT, and the function of mPFC layer VI 330 
neurons from these same mice was assessed using whole-cell electrophysiology in acute brain 331 
slices. Refer to Figure 1 for a schematic of the study design. The BEC of pregnant mice 1 hr 332 
after the second daily administration of ethanol on G15 was 234.8 ± 34.2 mg/dL (n = 9). The 333 
BEC of mice from three separate litters that were administered ethanol from P4-P10 (and not 334 
included in the remainder of this study) 1 hr after the second daily administration of ethanol on 335 
P10 was 255.2 ± 43 mg/dL (n = 14). These BEC values are similar to those found in previous 336 
studies following binge-pattern oral administration of ethanol to developing mice (Jiang et al., 337 
2007; Cui et al., 2010; Kane et al., 2011), rats (Maier et al., 1996; Ryan et al., 2008; Brocardo et 338 
al., 2012) and guinea pigs (Bailey et al., 2001; Iqbal et al., 2006; Olmstead et al., 2009), where 339 
neurocognitive and neurological teratogenic effects were observed. It should be noted that 340 
these BEC values are also similar to those predicted in a recent ethanol pharmacokinetic 341 
modeling study for pregnant mice following a single 4 g/kg oral dose of ethanol (Martin et al., 342 
2015). However, this same study found these values to be approximately one-half of those 343 
predicted for pregnant humans following the same ethanol dose (Martin et al., 2015). There was 344 
no effect of ethanol treatment on the amount of food consumed by dams or litters, although 345 
there was a small decrease in the amount of food consumed by dams of both groups on the first 346 
day of treatment only (data not shown). We observed no effect of treatment on the length of 347 
gestation, litter size at P4, or offspring body weight at any point during postnatal development 348 
(all reported in Table 2). 349 
 350 
Developmental ethanol exposure impairs performance on an attention task in adulthood 351 
We first sought to measure performance of adult offspring on the 5-CSRTT (Robbins, 2002) 352 
because deficits in attention comprise one of the most common and persistent neurobehavioural 353 
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consequences of prenatal ethanol exposure in humans (Bhatara et al., 2006; Fryer et al., 2007). 354 
Thirty-two young adult male mice (n = 16 for each developmental treatment group sampled 355 
randomly from eight sucrose-treated litters and nine ethanol-treated litters) were trained to 356 
detect and respond to an illuminating light stimulus presented randomly in one of five locations, 357 
in order to receive a reinforcing food reward. Training on the 5-CSRTT began with a stimulus 358 
duration of 8 s and this was decreased in successive steps to increase attentional demand until 359 
the final stimulus duration of 1 s was reached. Mice were required to meet the criteria of 60 trials 360 
completed within 60 min with >80 percent accuracy and <20 percent omissions on three of four 361 
consecutive daily sessions in order to advance to the next stimulus duration. A full description of 362 
the training procedure is presented in Materials and Methods. One mouse in the sucrose 363 
treatment group stopped performing the task during this behavioural testing and was removed 364 
from all analyses. 365 

The number of days (sessions) required to reach criteria at each stimulus duration was 366 
significantly affected by stimulus duration, where mice required the greatest number of days 367 
both during initial training on the task (8 s) and also at the shorter stimulus durations (1.2 s and 368 
1.0 s) that involve greater attentional demand (Figure 2A, two-way repeated-measures ANOVA, 369 
effect of stimulus duration, F(7,203) = 13.2; p < 0.0001). Mice from the ethanol treatment group 370 
required more days to reach criteria than mice in the sucrose treatment group (effect of 371 
developmental treatment, F(1,29) = 6.9; p = 0.01) and this effect of treatment was most 372 
pronounced at both the initial 8 s (Bonferroni’s post hoc test, p = 0.04) and the shortest 1 s (p 373 
<0.0001) stimulus durations. The remainder of data in Figure 2 are presented as means for all 374 
days up to and including the day when each mouse met criteria for each stimulus duration. Mice 375 
in the ethanol treatment group required more time to complete 60 trials than mice in the sucrose 376 
treatment group at 8 s only (Figure 2B, effect of stimulus duration, F(7,203) = 178.2; p < 0.0001, 377 
effect of developmental treatment, F(1,29) = 2.3; p = 0.1, effect of interaction, F(7,203) = 5.3; p < 378 
0.0001, Bonferroni’s post hoc test at 8 s, p <0.0001). Mice responded with the lowest percent 379 
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accuracy at 8 s (Figure 2C, effect of stimulus duration, F(7,203) = 26.7, p < 0.0001), where mice in 380 
the ethanol treatment group showed a lower percent accuracy than mice in the sucrose 381 
treatment group (main effect of developmental treatment, F(1,29) = 0.2; p = 0.6, effect of 382 
interaction, F(7,203) = 2.8; p = 0.009, Bonferroni’s post hoc test at 8 s, p = 0.005). As shown in 383 
Figure 2D, the percent of omissions (no response) increased as stimulus duration decreased 384 
(effect of stimulus duration, F(7,203) = 38.4; p < 0.0001) and this effect was most pronounced in 385 
mice from the ethanol treatment group as they showed greater percent omissions than mice in 386 
the sucrose treatment group at 1.2 s and 1.0 s (effect of  developmental treatment, F(1,29) = 7.1; 387 
p = 0.01, effect of interaction, F(7,203) = 3.2; p = 0.003, Bonferroni’s post hoc test at 1.2 s, p = 388 
0.04 and at 1.0 s, p < 0.0001). The number of premature responses per session was greatest at 389 
8 s (Figure 2E, effect of stimulus duration, F(7,203) = 58.6; p < 0.0001) but was not affected by 390 
treatment (F(1,29) = 0.8; p = 0.4). Similarly as shown in Figure 2F, correct response latency was 391 
affected by stimulus duration (F(7,203) = 430.1; p < 0.0001) but not by treatment (F(1,29) = 0.01; p = 392 
0.9). The number of responses per session that were perseverative to the correct response was 393 
not affected by stimulus duration (data not shown, F(7,203) = 1.1; p = 0.3) or developmental 394 
treatment (F(1,29) = 2.5; p = 0.1). Reward collection latency was greatest at 8 s compared with 395 
the other stimulus durations (data not shown, effect of stimulus duration, F(7,203) = 12.7; p < 396 
0.0001) but was not affected by developmental treatment (F(1,29) = 0.03; p = 0.9). 397 
 Mice from the ethanol treatment group continued to show impaired performance on the 398 
5-CSRTT even when they were considered to be fully trained. We next analyzed data only for 399 
the three days on which each mouse met training criteria for each stimulus duration. The time 400 
required to complete 60 trials was affected by stimulus duration (Figure 3A, two-way repeated-401 
measures ANOVA, F(7,203) = 73.1; p < 0.0001) and although there was no main effect of 402 
developmental treatment (F(1,29) = 1.3; p = 0.3), there was a significant interaction between 403 
effects (F(7,203) = 2.5; p = 0.02) and mice from the ethanol treatment group require more time to 404 
complete 60 trials at 8 s than mice in the sucrose treatment group (Bonferroni’s post hoc test, p 405 
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= 0.001). As shown in Figure 3B for the percent of omissions, it is most interesting that effects of 406 
stimulus duration (F(7,203) = 42.8; p < 0.0001) and developmental treatment (F(1,29) = 5.6; p = 407 
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 408 
were fully trained on the task. This same analysis for the other measures within the 5-CSRTT 409 
did not show effects of developmental treatment in the trained mice (data not shown). Percent 410 
accuracy (F(7,203) = 3.7; p = 0009), premature responding (F(7, 203) = 22.0; p < 0.0001), correct 411 
response latency (F(7, 203) = 250.2; p < 0.0001) and reward collection latency (F(7, 203) = 8.1; p < 412 
0.0001) were all affected by stimulus duration but not by developmental treatment (all p > 0.05). 413 
The number of responses that were perseverative to the correct response was not affected by 414 
stimulus duration or developmental treatment (both p > 0.05). 415 
 416 
Developmental ethanol exposure decreases the intrinsic excitability of prefrontal layer VI 417 
pyramidal neurons 418 
We next sought to determine whether developmental binge-pattern ethanol exposure influences 419 
the function of adult mPFC layer VI pyramidal neurons because approximately 40 percent of 420 
neurons in this population provide feedback from the mPFC to the thalamus (Gabbott et al., 421 
2005; Zikopoulos and Barbas, 2006) and ACh neurotransmission via their α4β2* nAChRs is 422 
necessary for proper attention performance (Bailey et al., 2010; Guillem et al., 2011). We 423 
prepared acute brain slices from the same mice that had been tested on the 5-CSRTT and first 424 
measured the basic passive and active electrophysiological properties of layer VI neurons. The 425 
brain from one mouse in the sucrose treatment group was lost to a technical issue, leaving 14 426 
mice in the sucrose treatment group and 16 mice in the ethanol treatment group for 427 
experiments. Data and statistical analysis of basic electrophysiological properties are shown in 428 
Table 3. Neurons from mice in the ethanol treatment group showed significantly lower 429 
capacitance (Mann-Whitney U test, p = 0.002) and a trend toward higher input resistance (p = 430 
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0.09) compared with neurons from mice in the sucrose treatment group. There was no effect of 431 
developmental treatment on resting membrane potential or spike amplitude (both p > 0.05). 432 
 Measures of intrinsic excitability for mPFC layer VI pyramidal neurons are shown in 433 
Figure 4. The amount of positive current injection required to reach action potential threshold 434 
from rest (rheobase) was significantly greater in neurons from mice in the ethanol treatment 435 
group (78.9 ± 3.9 pA, n = 90) than in neurons from mice in the sucrose treatment group (66.0 ± 436 
3.1 pA, n = 106) (Figure 4A, two-tailed unpaired t test, p = 0.009). The excitability of neurons 437 
from mice in the ethanol treatment group was also lower at this range of positive current input, 438 
as shown by the input/output curve in Figure 4B. Here, the relationship between the amount of 439 
current injected over 500 ms and the resulting action potential frequency was shifted to the right 440 
for neurons from mice in the ethanol group compared with neurons from mice in the sucrose 441 
treatment group (two-way repeated-measures ANOVA for all data, interaction between effects 442 
of current and developmental treatment, F(10,1930) = 4.7; p < 0.0001). Firing frequency was lower 443 
in neurons from mice in the ethanol treatment group on the rising phase of the input/output 444 
curve between 50 pA to 200 pA (two-way repeated-measures ANOVA, effect of current, F(3,579) = 445 
922.1; p < 0.0001, effect of developmental treatment, F(1,193) = 4.9; p = 0.03, interaction between 446 
effects, F(3,579) = 2.3; p = 0.07), and firing frequency was greater in neurons from the ethanol 447 
treatment group on the descending phase of the input/output curve between 350 pA and 500 pA 448 
(effect of current, F(3,579) = 144.3; p < 0.0001, effect of developmental treatment, F(1,193) = 4.2, p = 449 
0.04, interaction between effects, F(3,579) = 0.3; p = 0.8). Given the influence of developmental 450 
ethanol exposure on neuron excitability, we next analyzed effects of treatment on neuron 451 
afterhyperpolarization (AHP) by measuring the peak AHP following at the end of the action 452 
potential trains generated in the input/output experiment. This measurement was performed at 453 
the 100 pA injection where we observed an effect of developmental treatment on firing 454 
frequency (e.g. as shown in Figure 4C) and at the 250 pA injection where firing frequency was 455 
similar between treatment groups. As shown in Figure 4D, the peak AHP amplitude was greater 456 
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in neurons from mice in the ethanol treatment group than in neurons from mice in the sucrose 457 
treatment group at both levels of current injection (two-way repeated-measures ANOVA on log-458 
transformed data, effect of current, F(1,174) = 56.4; p < 0.0001, effect of developmental treatment, 459 
F(1,174) = 5.2; p = 0.02, interaction between effects, F(1,174) = 0.04; p = 0.8; Mann-Whitney U test 460 
on raw data at each level of current injection, p < 0.04). AHP amplitudes following 100 pA 461 
current injection were 1.1 ± 0.1 mV (n = 92) for neurons in the sucrose treatment group and 1.4 462 
± 0.1 mV (n = 84) for neurons in the ethanol treatment group, and AHP amplitudes following 250 463 
pA current injection were 1.4 ± 0.1 mV (n = 92) for neurons in the sucrose treatment group and 464 
1.7 ± 0.1 mV (n = 84) for neurons in the ethanol treatment group. 465 
 466 
Developmental ethanol exposure increases the response to nicotinic receptor 467 
stimulation in prefrontal layer VI pyramidal neurons 468 
Given the importance of cholinergic signaling within the mPFC (Passetti et al., 2000; Dalley et 469 
al., 2004; Parikh et al., 2007), and specifically at α4β2* nAChRs on mPFC layer VI pyramidal 470 
neurons (Guillem et al., 2011) for normal performance in attention tasks, we next sought to 471 
measure effects of developmental ethanol exposure on nAChR function. Whole-cell current 472 
responses were measured following the application of 1 mM ACh for 15 s in the presence of 473 
200 nM atropine (to block muscarinic receptors). Such nicotinic responses are mediated in 474 
these neurons by α4β2* nAChRs (Kassam et al., 2008; Bailey et al., 2010; Poorthuis et al., 475 
2013; Bloem et al., 2014). As shown in Figure 5A, nAChR current responses were significantly 476 
greater in neurons from mice in the ethanol treatment group (48.5 ± 2.7 pA, n = 62) than in 477 
neurons from mice in the sucrose treatment group (38.9 ± 2.6 pA, n = 58) (two-tailed unpaired t 478 
test, p = 0.01). Nicotinic responses were next assessed in active neurons by injecting positive 479 
current to induce action potential firing at approximately 1 Hz, and then measuring the increase 480 
in firing rate in response to the application of 1 mM ACh for 15 s in the presence of 200 nM 481 
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atropine. Here, the percent by which firing increased over baseline for each neuron was also 482 
greater in neurons from mice in the ethanol treatment group (425 ± 21%, n = 63) than in 483 
neurons from mice in the sucrose treatment group (352 ± 21%, n = 58) (Figure 5B, Mann-484 
Whitney U test, p = 0.008). The magnitude and kinetics for instantaneous firing frequency in this 485 
experiment were also affected by developmental treatment (Figure 5C). Firing frequency was 486 
greater during the ACh response period for neurons from mice in the ethanol treatment group 487 
(Figure 5C1, two-way ANOVA, effect of time, F(11,1419) = 30.5; p < 0.0001, effect of developmental 488 
treatment, F(1,1419) = 35.8; p < 0.0001). The peak firing frequency for each neuron was greater in 489 
neurons from mice in the ethanol treatment group (3.7 ± 0.2 Hz, n = 63) than in neurons from 490 
mice in the sucrose treatment group (2.9 ± 0.2 Hz, n = 58) (Figure 5C2, two-tailed unpaired t 491 
test, p = 0.01). In addition, this peak ACh response occurred at an earlier time in neurons from 492 
mice in the ethanol treatment group (77.0 ± 2.4 s, n = 63) than in neurons from mice in the 493 
sucrose treatment group (81.5 ± 2.3 s, n = 58) (Figure 5C3, Mann-Whitney U test, p = 0.01). 494 

We also measured muscarinic ACh receptor (mAChR) function in these same mice and 495 
found no effect of developmental ethanol exposure. Whole-cell inward current responses 496 
following the application of 1 mM ACh for 15 s (in the presence of 3 μM DHβE to block α4β2* 497 
nAChRs; these neurons are not activated by α7 nAChRs) were 6.0 ± 0.7 pA (n = 28) for 498 
neurons from mice in the sucrose treatment group and 6.8 ± 0.4 pA (n = 35) for neurons from 499 
mice in the ethanol treatment group (two-tailed unpaired t test, p = 0.3). Muscarinic responses in 500 
active neurons were assessed by injecting positive current to induce action potential firing at 501 
approximately 1 Hz and then measuring the increase in firing rate in response to the application 502 
of 1 mM ACh for 15 s in the presence of 3 μM DHβE. The percent increase in firing rate was not 503 
different between neurons from mice in the sucrose treatment group (328 ± 20%, n = 28) and 504 
neurons from mice in the ethanol treatment group (359 ± 22%, n = 35) (Mann-Whitney U test, p 505 
= 0.5). 506 



 

20  

 507 
Developmental ethanol exposure increases the response to AMPA receptor stimulation 508 
in prefrontal layer VI pyramidal neurons 509 
In performing the ACh experiments described above, we observed differences between 510 
experimental groups for the magnitude and kinetics of spontaneous excitatory postsynaptic 511 
currents (sEPSCs) in mPFC layer VI pyramidal neurons. Spontaneous EPSCs were measured 512 
in voltage clamp mode for neurons held at -75 mV, which is near the measured equilibrium 513 
potential for chloride in our preparation of -73.5 mV. This non-pharmacological approach thus 514 
mitigates any influence of GABAA receptor signaling and also is below the voltage threshold for 515 
NMDA glutamatergic receptor activation. Moreover, all sEPSCs in this preparation are blocked 516 
by the AMPA/kainate glutamatergic receptor competitive antagonist CNQX (data not shown). 517 
Data and statistical analyses for all neurons in this study are shown in Table 4. There was no 518 
effect of developmental treatment on the frequency of sEPSCs (Mann-Whitney U test, p = 0.6), 519 
although there was a trend toward a greater amplitude of sEPSCs in neurons from mice in the 520 
ethanol treatment group (p = 0.08). The onset kinetics for sEPSCs were significantly affected by 521 
developmental treatment, as the sEPSC rise time was shorter (p = 0.0008) and rise slope was 522 
greater (p = 0.02) in neurons from mice in the ethanol treatment group than in neurons from 523 
mice in the sucrose treatment group. The sEPSC decay time was not affected by developmental 524 
treatment (p = 0.9). Exemplar and average traces of recorded sEPSCs from neurons of each 525 
developmental treatment group are shown in Figure 6. 526 
 Given the observed effects of developmental binge-pattern ethanol exposure on 527 
AMPA/kainate-mediated EPSCs and the importance of glutamatergic signaling within the mPFC 528 
for attention (Murphy et al., 2005; Quarta et al., 2007; Parikh et al., 2008; Howe et al., 2010; 529 
Parikh et al., 2010), we next measured AMPA receptor function directly in mPFC layer VI 530 
pyramidal neurons. Experiments were performed on a subset of mice from study (ethanol n = 6; 531 
sucrose n = 9). We first measured whole-cell current responses following 15 s application of 2 532 
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μM (S)-AMPA and found the difference between treatment group means to be similar in 533 
magnitude to that for nicotinic currents (Figure 7A, ethanol: 45.5 ± 7.4 pA (n = 12); sucrose: 34.2 534 
± 4.7 pA (n = 17)), although this difference was not significant (Mann-Whitney U test, p = 0.1). 535 
Excitatory responses to AMPA were next assessed in active neurons by injecting positive 536 
current to induce action potential firing at approximately 1 Hz, and then measuring the increase 537 
in firing rate following 15 s application of 2 μM (S)-AMPA. The percent by which firing increased 538 
over baseline for each neuron was significantly greater in neurons from mice in the ethanol 539 
treatment group (365 ± 48%, n = 12) than in neurons from mice in the sucrose treatment group 540 
(270 ± 15%, n = 16) (Figure 7B, two-tailed unpaired t test, p = 0.04). The timing for AMPA 541 
responses in this experiment was also affected by developmental treatment (Figure 7C). Firing 542 
frequency was greater during the AMPA response period for neurons from mice in the ethanol 543 
treatment group (Figure 7C1, two-way ANOVA, effect of time, F(11,311) = 4.0; p < 0.0001, effect of 544 
developmental treatment, F(1,311) = 5.4; p = 0.02). The peak firing frequency for each neuron was 545 
not significant between neurons from mice in the ethanol treatment group (3.3 ± 0.2 Hz, n = 12) 546 
and neurons from mice in the sucrose treatment group (3.0 ± 0.4 Hz, n = 16) (Figure 7C2, two-547 
tailed unpaired t test, p = 0.6). However, the peak response to AMPA occurred at an earlier time 548 
in neurons from mice in the ethanol treatment group (79.8 ± 4.9 s, n = 12) than in neurons from 549 
mice in the sucrose treatment group (96.1 ± 5.7 s, n = 16) (Figure 7C3, p = 0.047). 550 
 551 
Developmental ethanol exposure disrupts the relationship between prefrontal nicotinic 552 
receptor function and performance on an attention task 553 
The analysis of neuron function and performance on the 5-CSRTT within the same experimental 554 
animals provided the opportunity to determine whether specific properties of mPFC layer VI 555 
pyramidal neurons correlate with attention performance. Neuron electrophysiological properties 556 
were compared with two measures of attention processing that were negatively affected by 557 
developmental ethanol exposure: (i) percent accuracy at the 8 s stimulus duration (full 558 
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correlation data are presented in Table 5) and (ii) percent omissions at the 1 s stimulus duration 559 
(full correlation data are presented in Table 6). Mice in the sucrose group showed a positive 560 
correlation between nicotinic inward currents (data from Figure 5A) and percent accuracy (data 561 
from Figure 2C) (p = 0.02), and also a strong trend toward a positive correlation between 562 
nicotinic stimulation of firing neurons (data from Figure 5B) and percent accuracy (data from 563 
Figure 2C) (p = 0.06). This indicates that mice in the sucrose group with greater layer VI neuron 564 
α4β2* nAChR function performed with greater percent accuracy on the 5-CSRTT task. In 565 
contrast, mice in the ethanol group showed no correlation between nicotinic inward currents and 566 
percent accuracy (p = 0.4), or between nicotinic simulation of firing neurons and percent 567 
accuracy (p = 0.8). Mice in the sucrose group showed a negative correlation between nicotinic 568 
inward currents (data from Figure 5A) and percent omissions (data from Figure 2D) (p = 0.05), 569 
and also a negative correlation between nicotinic stimulation of firing neurons (data from Figure 570 
5B) and percent omissions (data from Figure 2D) (p = 0.03). This indicates that mice in the 571 
sucrose group with greater layer VI neuron α4β2* nAChR function performed with fewer 572 
omissions on the 5-CSRTT task. In contrast, mice in the ethanol group showed no correlation 573 
between nicotinic inward currents and percent omissions (p = 0.9), or between nicotinic 574 
stimulation of firing neurons and percent omissions (p = 0.9). There were no additional 575 
correlations in this study between any other electrophysiological measure and attention 576 
performance, suggesting that observed relationships between mPFC layer VI neuron function 577 
and attention performance in the sucrose group were selective to those involving nicotinic 578 
signaling. 579 
 580 
Discussion 581 
This study provides novel insight into the long-term consequences of developmental binge-582 
pattern ethanol exposure on prefrontal attention systems. We found that adult mice exposed to 583 
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ethanol during development showed decreased performance on the 5-CSRTT for visual 584 
attention, as they performed with lower accuracy when first learning the task and with a higher 585 
rate of omissions under conditions that required the greatest attentional demand. We then 586 
measured the function of pyramidal neurons located within mPFC layer VI of these same 587 
experimental animals because cholinergic excitation of this neuronal population is necessary for 588 
normal attention performance (Dalley et al., 2004; Parikh et al., 2007; Guillem et al., 2011), 589 
these neurons are strongly excited by nAChRs to support attention (Kassam et al., 2008; Bailey 590 
et al., 2010; Guillem et al., 2011), and developmental ethanol exposure likely alters the function 591 
of nAChRs within cognitive systems (Nagahara and Handa, 1999). Here, we found that 592 
developmental ethanol exposure dysregulated layer VI pyramidal neurons by decreasing 593 
intrinsic excitability and increasing responses to stimulation of both α4β2* nAChRs and AMPA 594 
glutamate receptors. These effects were observed approximately eight months following ethanol 595 
exposure, demonstrating the persistence of ethanol’s influence on developing prefrontal 596 
circuitry. The developmental ethanol exposure paradigm in this study modeled a binge pattern 597 
of administration characterized by daily oral ethanol doses that achieved relatively high BEC 598 
values, as opposed to alternate approaches that provide sustained access to ethanol in drinking 599 
water or liquid diet that typically result in lower BEC values. Self-reported survey data from 600 
North America suggests that 25-42 percent of women drink alcohol during the first trimester 601 
including 8-20 percent who binge drink, and that 8 percent of women drink alcohol in the third 602 
trimester including 1 percent who binge drink (Ethen et al., 2009; Alshaarawy et al., 2016). In 603 
humans (May et al., 2013; Flak et al., 2014) and rodents (West et al., 1989), the degree of 604 
teratogenic damage to the brain is greater following binge ethanol consumption (higher BEC) 605 
than following mild-to-moderate ethanol consumption (lower BEC), so it will be important in 606 
future work to compare the mPFC data from this study with that following a non-binge pattern of 607 
developmental ethanol exposure. 608 
 609 
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Developmental ethanol exposure and attention 610 
Mice from the ethanol treatment group required more days to meet training criteria on the 5-611 
CSRTT at the initial 8 s stimulus duration because they performed with lower accuracy. Indeed, 612 
while mice from the sucrose treatment group performed with an average of 82.1 ± 1.8 percent 613 
accuracy across all training days at 8 s, the average value of 75.6 ± 2.0 percent for mice in the 614 
ethanol treatment group falls below required criterion cut off of 80 percent. While reduced 615 
accuracy on the 5-CSRTT is considered to indicate impaired attention (Robbins, 2002), it is also 616 
possible that impaired learning contributed to this result because this was the first opportunity 617 
for mice to perform the full version of the task. In support of this learning hypothesis, note that 618 
mice from both treatment groups required more time to complete 60 trials, committed more 619 
premature responses and performed with a longer correct response latency at the 8 s stimulus 620 
duration than at subsequent stimulus durations. 621 

Mice from both groups appear to have learned the task equally well after advancing from 622 
the 8 s stimulus duration, as they met advancement criteria near the minimum number of days 623 
from the 4 s to 1.4 s stimulus durations. An effect of developmental treatment then re-emerged 624 
at the lowest stimulus duration tested of 1 s, as mice from the ethanol treatment group again 625 
required more days to meet training criteria. This dramatic increase in days to criteria for mice 626 
from the ethanol treatment group likely resulted from the average percent omissions across all 627 
training days of 17.5 ± 1.2 (95% C.I. = 14.9 to 20.2 percent) falling close to the criterion cut off of 628 
20 percent. Errors of omission on the 5-CSRTT increased for both treatment groups as stimulus 629 
duration decreased. However, percent omissions was greater overall for mice from the ethanol 630 
treatment group and significantly greater by post-hoc analysis at the lowest 1.2 and 1 s stimulus 631 
durations. In the absence of treatment effects on correct response latency or reward collection 632 
latency, which incorporate potentially-confounding sensory and motor functions in addition to 633 
overall motivation (Robbins, 2002), this suggests that mice from the ethanol treatment group 634 
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exhibited impaired global attention processing (Mar et al., 2013) that was most pronounced at 635 
the lowest stimulus durations requiring the greatest attentional demand. This effect of 636 
developmental ethanol exposure to increase percent omissions is striking because the 5-637 
CSRTT version employed in this study required mice to initiate each trial following a fixed ITI to 638 
self-regulate session pace (Mar et al., 2013) instead of the more widely-employed 5-CSRTT 639 
version originally developed for rats where trials following correct responses / reward collection 640 
are automatically initiated (Bari et al., 2008). We employed this strategy because mice generally 641 
perform this task with a greater percent omissions than rats (Fletcher et al., 2007; Bailey et al., 642 
2010; Mar et al., 2013), and its use suggests that the higher rate of omissions in the ethanol 643 
treatment group cannot be attributed to mice taking longer to collect food reward or missing 644 
initiation of the next trial. Visual sensory processing was not directly tested in this study, so it 645 
remains possible that alterations to visual acuity influenced percent omissions in ethanol-treated 646 
mice. Evidence against this interpretation includes the lack of treatment effects on percent 647 
accuracy below the 8 s stimulus duration or on correct response latency at any stimulus 648 
duration, and a published finding that developmental ethanol exposure does not affect learning 649 
of a visual discrimination task (Marquardt et al., 2014).  650 
 Effects of developmental ethanol exposure on 5-CSRTT performance in this current 651 
study are consistent with the attention deficit profile observed in children affected by FASD. 652 
Studies in children exposed to ethanol prenatally find impairments on continuous performance 653 
tasks for sustained attention, characterised consistently by an increased omission rate (Brown 654 
et al., 1991; Lee et al., 2004; Infante et al., 2015). Moreover, although impulsivity is a major 655 
component of the ADHD behavioural profile, it is not as prevalent within the FASD behavioural 656 
profile (Brown et al., 1991; Infante et al., 2015) and we also found no treatment effect on 657 
premature responding in this study. Developmental ethanol exposure via liquid diet was recently 658 
reported to impart similar effects on rat attention performance. One study found developmental 659 
ethanol to increase percent omissions on the 5-CSRTT (Brys et al., 2014) while another study 660 
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only found this effect in conjunction with developmental stress (Comeau et al., 2014), and 661 
neither study observed changes to premature responding. These studies together with our 662 
results recapitulate main components of the attention deficit profile in FASD, confirming that 663 
rodents comprise appropriate models to determine underlying neuronal mechanisms. 664 
 665 
Developmental ethanol exposure and prefrontal layer VI pyramidal neurons 666 
We studied mPFC layer VI pyramidal neurons because approximately 40 percent of this 667 
neuronal population contributes to attention circuitry through the modulation of corticothalamic 668 
signal gain (Gabbott et al., 2005; Zikopoulos and Barbas, 2006; Olsen et al., 2012; Sherman, 669 
2016) and because of the potential for developmental ethanol exposure to dysregulate nicotinic 670 
support of these processes, as described above. The recording of retrograde-labeled 671 
corticothalamic projection neurons would have provided a more restricted analysis of this mPFC 672 
layer VI pyramidal neuron subtype only, allowing for direct comparisons between 673 
corticothalamic signaling and attention performance. The random sampling of pyramidal 674 
neurons that we employed within layer VI alternatively allowed for the incorporation of additional 675 
pyramidal neuron subtypes that may also contribute to cognitive functions, including attention, 676 
through their projections within the medial prefrontal cortex itself and also to subcortical brain 677 
regions including the striatum, hypothalamus and amygdala (Gabbott et al., 2005; Hoover and 678 
Vertes, 2007). It is important to consider the potential for developmental ethanol exposure to 679 
alter the laminar organization of the mature mPFC, which could have led to the sampling of 680 
distinct populations of pyramidal neurons within layer VI of mice from each treatment group. 681 
Although reports in mouse (Smiley et al., 2015) and guinea pig (Bailey et al., 2004) demonstrate 682 
normal cortical layering for primary motor/sensory cortices following developmental ethanol 683 
exposure, a detailed histological analysis of the mPFC is required to confirm these findings for 684 
this associative cortical region. 685 
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Both passive and active basic electrophysiological properties of layer VI neurons were 686 
altered by developmental binge-pattern ethanol exposure resulting in decreased neuronal 687 
function. Decreased capacitance and a trend toward increased input resistance suggest smaller 688 
neurons in mice from the ethanol group (Degenetais et al., 2002), which alone could increase 689 
their passive response to positive input. However, decreased active function of these same 690 
neurons was evidenced by increased rheobase and decreased firing frequency in the range of 691 
50 to 200 pA positive current injection. This decreased firing frequency may result from the 692 
larger afterhyperpolarization amplitudes measured in neurons from mice in the ethanol group, 693 
which in turn are influenced by BK and SK calcium-activated potassium channels (Faber and 694 
Sah, 2003; Pedarzani and Stocker, 2008). Although acute ethanol exposure decreases 695 
neuronal excitability through BK channels (Martin et al., 2004; Dopico et al., 2014) and 696 
increases neuronal excitability through SK channels (Brodie et al., 1999; Korkotian et al., 2013), 697 
long-term consequences of developmental ethanol exposure on these channels and their 698 
specific roles in mPFC layer VI neuron excitability remain to be determined. 699 
 The effect of developmental binge-pattern ethanol exposure to decrease intrinsic 700 
excitability of mPFC layer VI neurons is contrasted by an increase in function for excitatory 701 
nAChRs and AMPA receptors. Upregulated receptor function at the neuronal level could result 702 
from increased expression of subunit protein or from increased function of individual receptors. 703 
Pyramidal neurons in mPFC layer VI are excited directly by α4β2* nAChRs that may exhibit 704 
augmented function from posttranslational modification (reviewed in: Henderson and Lester, 705 
2015). A proportion α4β2* nAChRs in layer VI neurons contain the α5 accessory subunit that 706 
increases receptor-mediated currents when present (Wada et al., 1990; Kassam et al., 2008; 707 
Bailey et al., 2010; Poorthuis et al., 2013), so augmented function at the neuronal level may 708 
result from the selective increase in α5 subunit expression and/or incorporation into receptors. 709 
Although mPFC layer VI neurons in untreated animals are not believed to express functional α7 710 



 

28  

subunit-containing nAChRs (Kassam et al., 2008; Poorthuis et al., 2013), it is possible that the 711 
expression or function of this nAChR subtype is selectively upregulated following developmental 712 
ethanol exposure. Evidence against this possibility can be found in a follow-up study currently 713 
underway in our laboratory, where the inhibition of α7 subunit-containing nAChRs using MLA 714 
did not affect nAChR function in mPFC layer VI neurons following developmental ethanol 715 
exposure (data not shown). Given the large number of nAChR subunit genes and isoform 716 
combinations in the brain, it would be advantageous to complete a comprehensive analysis of 717 
subunit expression and isoform content within each neuron type of the mPFC following 718 
developmental binge-pattern ethanol exposure, to fully determine mechanisms underlying the 719 
augmented excitatory responses to ACh observed in this study. To our knowledge, the single 720 
study to examine effects of developmental ethanol exposure on nAChR content found 721 
decreased brainstem receptor number as a function of increased prenatal ethanol exposure in 722 
children who had died of Sudden Infant Death Syndrome (Duncan et al., 2008). 723 
 We observed faster activation kinetics of sEPSCs in mPFC layer VI neurons following 724 
developmental binge-pattern ethanol exposure, which may reflect the faster activation of AMPA- 725 
versus kainate-mediated sEPSCs (Cossart et al., 2002) suggesting an increased AMPA:kainate 726 
receptor ratio in these neurons. We also observed a trend toward increased sEPSC amplitude 727 
and significantly increased responses to direct AMPA receptor activation, which all suggest 728 
increased AMPA receptor subunit protein expression, altered subunit/splice variant composition 729 
(Lambolez et al., 1996), or altered association with transmembrane regulatory proteins (Kato et 730 
al., 2010). Previous studies in rat found that AMPA receptors were not affected in the 731 
hippocampus (Martin et al., 1992) and had decreased expression in whole cerebral cortex 732 
(Bellinger et al., 2002) following developmental ethanol exposure, which may indicate a species 733 
difference or the specificity of our observed results to mPFC layer VI pyramidal neurons. A 734 
more-detailed examination of glutamatergic neurotransmission at these neurons could address 735 
these remaining questions. Potential analyses include the measurement of EPSCs that are 736 
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activity-dependent (evoked EPSCs) and activity-independent (mini-EPSCs), the measurement 737 
of AMPA/Kainate/NMDA receptor function, and the analysis of AMPA/Kainate/NMDA receptor 738 
expression and biochemistry. 739 

It should be noted that for all electrophysiological data that are determined to be 740 
significantly affected by developmental treatment, significance is also attained when the mouse 741 
is used as the unit of determination. One exception is the AMPA receptor data presented in 742 
Figure 7, because these experiments were performed only in approximately one-half the mice 743 
that were used in this study and their analyses did not attain sufficient statistical power. 744 
 745 
Implications for prefrontal cholinergic signaling in attention  746 
Cholinergic signaling within the mPFC (Passetti et al., 2000; Dalley et al., 2004; Parikh et al., 747 
2007) and specifically at α4β2* nAChRs on layer VI pyramidal neurons (Guillem et al., 2011) is 748 
critical for normal attention. We provide further evidence here in sucrose/control mice for the 749 
role of α4β2* nAChRs on layer VI neurons to support attention processing, through a selective 750 
combination of correlations between receptor function and performance on the 5-CSRTT. 751 
Upregulated receptor function, impaired performance on the 5-CSRTT, and a lack of 752 
correlations between the two following developmental binge-pattern ethanol exposure suggest 753 
that this treatment may disrupt the ability of nicotinic signaling at mPFC layer VI neurons to 754 
support attention processing. Confirmation of a causal link between dysregulated nicotinic 755 
signaling at mPFC layer VI neurons and decreased attention performance following 756 
developmental binge-pattern ethanol exposure would need to be performed in future studies. 757 
For example, selective manipulation of nAChR function on mPFC layer VI neurons could be 758 
performed in control and developmental ethanol-treated rodents while they are performing the 759 
5-CSRTT. It is important to note that the original rodent lesioning studies demonstrating a role 760 
for the mPFC to support performance on the 5-CSRTT were not performed using touchscreen 761 
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equipment (Muir et al., 1996; Chudasama et al., 2003; Dalley et al., 2004). Although these 762 
lesioning studies have not yet been repeated using the touchscreen version of the 5-CSRTT, 763 
our results add to a growing body of literature providing correlational evidence that the mPFC 764 
also supports mouse performance on this version of the task (McTighe et al., 2013; Nilsson et 765 
al., 2016).  766 

We did not expect decreased performance on the 5-CSRTT in the ethanol treatment 767 
group to be associated with increased nAChR function in mPFC layer VI neurons because 768 
signaling at this receptor normally supports attention processing. However, it should be noted 769 
that these neurons display a generally dysregulated profile that also includes decreased intrinsic 770 
excitability, and it is not currently known whether nAChR function is upregulated to compensate 771 
for decreased intrinsic excitability or if intrinsic excitability is downregulated to compensate for 772 
increased nAChR function. Moreover, the net effect of these neurophysiological outcomes of 773 
developmental ethanol exposure on the function of mPFC layer VI neurons within in vivo 774 
attention circuitry is not known. It should also be noted that agonist augmentation of nAChR 775 
function in rodents exhibits a U-shaped curve for performance in attention tasks (McGaughy et 776 
al., 1999; Hahn et al., 2002; Hahn et al., 2003), suggesting another explanation for our data that 777 
nAChR function within mPFC layer VI neurons requires a tight operational range to optimally 778 
support attention. In conclusion, our findings demonstrate novel mechanisms underlying 779 
dysregulation of prefrontal attention circuity following developmental binge-pattern ethanol 780 
exposure and suggest the remediation of mPFC layer VI neuron function as a potential 781 
therapeutic target to mitigate attention deficits in FASD.  782 
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Figure Legends 1151 
Figure 1. Schematic illustration of the study design. Timed-pregnant female mice were 1152 
administered either ethanol or an isocaloric/isovolumetric amount of sucrose by gavage from 1153 
gestational day (G) 10 to G18. Offspring were then administered the same treatment (ethanol or 1154 
sucrose) by gavage from postnatal day (P) 4 to P14.  Male offspring were food-restricted and 1155 
tested for attention behaviour using the five-choice serial reaction time test from P60 to P193 1156 
(the age of the oldest mouse to complete testing). The same cohort of male offspring was then 1157 
tested for electrophysiological function of medial prefrontal layer VI pyramidal neurons between 1158 
P225 and P273. The coronal slice diagram was modified from Paxinos and Franklin, 2001. 1159 
Timelines are not drawn to scale. 1160 
 1161 
Figure 2. Developmental ethanol exposure impairs performance on an attention task in 1162 
adulthood. Adult male offspring were trained on the five-choice serial reaction time test for visual 1163 
attention. Training began with the light stimulus duration set to 8 s and each mouse was 1164 
required to achieve the criteria of (i) 60 trials completed in 60 min, (ii) >80 percent accuracy and 1165 
(iii) <20 percent omissions for three of four consecutive days in order to advance to the next-1166 
lowest stimulus duration. The number of days required to meet criteria at each stimulus duration 1167 
is shown in A, where the dotted line represents the minimum of three days. Mice that were 1168 
administered ethanol during development required more days to reach criteria than mice that 1169 
were administered sucrose during development, both during initial training on the task and also 1170 
at the lowest stimulus duration that required the highest attentional demand (two-way repeated 1171 
measures ANOVA, effect of developmental treatment p = 0.01, effect of stimulus duration p < 1172 
0.0001, interaction p = 0.001; Bonferroni’s post-hoc test at 8 s: *p = 0.04 and at 1 s: §p < 1173 
0.0001). All remaining data are shown as the mean performance for all days up to and including 1174 
the day on which each mouse met training criteria for each stimulus duration. B, Mice that were 1175 
administered ethanol during development required more time to complete 60 trials at the initial 8 1176 
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s stimulus duration (effect of developmental treatment p = 0.1, effect of stimulus duration p < 1177 
0.0001, interaction p < 0.0001; Bonferroni’s post-hoc test at 8 s: §p < 0.0001). Mice that were 1178 
administered ethanol showed lower percent accuracy at the initial 8 s stimulus duration (C, 1179 
effect of developmental treatment p = 0.6, effect of stimulus duration p < 0.0001, interaction p = 1180 
0.009, Bonferroni’s post-hoc test at 8 s, ‡p = 0.005), and also showed greater percent omissions 1181 
that was most pronounced at lower stimulus durations (D, effect of developmental treatment p = 1182 
0.01, effect of stimulus duration p < 0.0001, interaction p = 0.003, Bonferroni’s post-hoc test at 1183 
1.2 s: *p = 0.04 and at 1 s: §p < 0.0001). E, The number of premature responses per session 1184 
was affected by stimulus duration (p < 0.0001) but not by developmental treatment (p = 0.4). F, 1185 
The latency to make correct responses also was affected by stimulus duration (p < 0.0001) but 1186 
not by developmental treatment (p = 0.9). All data are shown as mean + 1 SEM. 1187 
 1188 
Figure 3. Developmental ethanol exposure impairs performance on the five-choice attention 1189 
task even when mice are considered to be trained. Data are shown as means for the three days 1190 
on which each mouse met the training criteria for each stimulus duration. A, Mice that were 1191 
administered ethanol during development required more time to complete 60 trials at the 8 s 1192 
stimulus duration than mice that were administered sucrose during development (two-way 1193 
repeated measures ANOVA, effect of developmental treatment p = 0.3, effect of stimulus 1194 
duration p < 0.0001, interaction p = 0.01, Bonferroni’s post-hoc test at 8 s, ‡p=0.001). B, Mice 1195 
that were administered ethanol during development committed more errors of omission when 1196 
trained on the task, and this effect was most prominent at lower stimulus durations that required 1197 
higher attentional demand (effect of developmental treatment p = 0.03, effect of stimulus 1198 
duration p < 0.0001, interaction p = 0.04, Bonferroni’s post-hoc test at 1.6 s: *p = 0.02 and at 1 1199 
s: *p = 0.04). All data are shown as mean + 1 SEM. 1200 
 1201 
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Figure 4. Developmental ethanol exposure decreases the intrinsic excitability of adult medial 1202 
prefrontal layer VI pyramidal neurons. A, Neurons from mice that were administered ethanol 1203 
during development required more current to reach action potential threshold from rest 1204 
(rheobase) than neurons from mice that were administered sucrose during development (two-1205 
tailed unpaired t test, *p = 0.009). B, The input-output curve is shifted to the right in neurons 1206 
from mice that were administered ethanol during development (two-way repeated-measures 1207 
ANOVA, interaction between effects of current and developmental treatment, p < 0.0001, effect 1208 
of developmental treatment within each indicated segment, *p < 0.04). Representative action 1209 
potential trains elicited by 100 pA current steps are shown in C for one neuron from each 1210 
developmental treatment group. D, The peak afterhyperpolarization (AHP) at the end of the 1211 
action potential trains elicited by 100 pA and 250 pA current steps is greater in neurons from 1212 
mice that were administered ethanol during development (two-way repeated-measures ANOVA 1213 
on log-transformed data, p = 0.02; Mann-Whitney U test on raw data for each current step, p < 1214 
0.04). Representative AHP traces are shown on the right for one neuron from each 1215 
developmental treatment group. All data are shown as mean ± 1 SEM. 1216 
 1217 
Figure 5. Developmental ethanol exposure increases nicotinic receptor function in adult medial 1218 
prefrontal layer VI pyramidal neurons. A, The peak inward current response to 1 mM 1219 
acetylcholine (15 s in the presence of 200 nM atropine) was significantly greater in neurons from 1220 
mice that were administered ethanol during development than in neurons from mice that were 1221 
administered sucrose during development (two-tailed unpaired t test, *p = 0.01). Exemplary 1222 
voltage-clamp traces are shown on the right for one neuron from each developmental treatment 1223 
group. B, For neurons that had been induced to fire action potentials by current injection, further 1224 
nicotinic stimulation with 1 mM acetylcholine (15 s in the presence of 200 nM atropine) 1225 
increased firing frequency to a greater degree in neurons from mice that were administered 1226 
ethanol during development (Mann-Whitney U test, ‡p = 0.008). Exemplary current-clamp traces 1227 
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are shown on the right for one neuron from each developmental treatment group. The 1228 
instantaneous firing frequency for this experiment is plotted against time in C1, where a 1229 
significant effect of developmental treatment was observed during the acetylcholine response 1230 
period (two-way ANOVA, §p < 0.0001). Firing frequency peaked at a greater magnitude (C2, 1231 
Mann-Whitney U test, *p = 0.01) and occurred at an earlier time (C3, two-tailed unpaired t test, 1232 
*p = 0.01) in neurons from mice that were administered ethanol during development. 1233 
Acetylcholine applications are indicated on all traces by a grey bar. All data are shown as mean 1234 
± 1 SEM. 1235 
 1236 
Figure 6. Exemplary traces of recorded glutamatergic sEPSCs. A, Exemplary traces, are shown 1237 
for one neuron from the sucrose (A1) and ethanol (A2) developmental treatment groups held at -1238 
75 mV in voltage-clamp mode. For each neuron, traces of approximately 10 s in length are 1239 
shown at the top, and four individual exemplary sEPSCs are shown at the bottom. B, The 1240 
average of 200 representative EPSC traces is shown for neurons from the sucrose (blue) and 1241 
ethanol (red) developmental treatment groups. Data for the frequency, amplitude and kinetics of 1242 
sEPSCs in this study are shown in Table 4.  1243 
 1244 
Figure 7. Developmental ethanol exposure increases AMPA receptor function in adult medial 1245 
prefrontal layer VI pyramidal neurons. A, The peak inward current response to 2 μM (S)-AMPA 1246 
(15 s) was not significantly different between neurons from mice that were administered ethanol 1247 
during development and neurons from mice that were administered sucrose during development 1248 
(Mann-Whitney U test, p = 0.1). Exemplary voltage-clamp traces are shown on the right for one 1249 
neuron from each developmental treatment group. B, For neurons that had been induced to fire 1250 
action potentials by current injection, further glutamatergic stimulation with 2 μM (S)-AMPA (15 1251 
s) increased firing frequency to a greater degree in neurons from mice that were administered 1252 
ethanol during development (two-tailed unpaired t test, *p = 0.04). Exemplary current-clamp 1253 
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traces are shown on the right for one neuron from each developmental treatment group. The 1254 
instantaneous firing frequency for this experiment is plotted against time in C1, where a 1255 
significant effect of developmental treatment was observed during the (S)-AMPA response 1256 
period (two-way repeated-measures ANOVA, *p = 0.02). The peak firing frequency was not 1257 
significantly different between developmental treatment groups (C2, two-tailed unpaired t test, p 1258 
= 0.6) although it did occur at an earlier time in neurons from mice that were administered 1259 
ethanol during development (C3, two-tailed unpaired t test, *p = 0.047). AMPA applications are 1260 
indicated on all traces by a grey bar. All data are shown as mean ± 1 SEM. 1261 
  1262 
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Table 1. Statistics table 1263 
 1264 
 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  
  1265 
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Table 2. Pregnancy outcome and offspring body weight 1266 
 1267 

 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) 
 1268 
Data are presented as litter mean ± 1 SEM. Data sets were analysed by (a)Mann-Whitney U test, 1269 
(b)two-tailed unpaired t test or (c)Bonferroni’s post-hoc test. 1270 
 1271 
 1272 
 1273 
Table 3. Basic electrophysiological properties of prefrontal layer VI pyramidal neurons 1274 
 1275 

 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 (MΩ) 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 
 1276 
Data are presented as mean ± 1 SEM for neurons within each data set. Data sets were 1277 
analysed by Mann-Whitney U test. 1278 
 1279 
 1280 
 1281 
Table 4. Properties of spontaneous excitatory postsynaptic currents (sEPSCs) in 1282 
prefrontal layer VI pyramidal neurons  1283 
 1284 

 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 
 1285 
Data are presented as mean ± 1 SEM for neurons within each data set. Data sets were 1286 
analysed by Mann-Whitney U test. 1287 
 1288 
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 1289 
Table 5. Correlation analysis comparing electrophysiological properties of prefrontal 1290 
layer VI pyramidal neurons and Percent Accuracy at the 8s stimulus duration in the five-1291 
choice attention task 1292 
 1293 
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 
 1294 
 1295 
 1296 
Table 6. Correlation analysis comparing electrophysiological properties of prefrontal 1297 
layer VI pyramidal neurons and Percent Omission at the 1s stimulus duration in the five-1298 
choice attention task 1299 
 1300 
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 
 1301 
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