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Abstract

Exposure to ethanol during the last trimester equivalent of human pregnancy causes apoptotic 

neurodegeneration in the developing brain, an effect that is thought to be mediated, in part, by 

inhibition of NMDA receptors. However, NMDA receptors can rapidly adapt to the acute effects 

of ethanol and are ethanol resistant in some populations of developing neurons. Here, we 

characterized the effect of ethanol on NMDA and non-NMDA receptor-mediated synaptic 

transmission in the retrosplenial cortex (RSC), a brain region involved in the integration of 

different modalities of spatial information that is among the most sensitive regions to ethanol-

induced neurodegeneration. A single four-hour exposure to ethanol vapor of 7-day-old transgenic 

mice that express the Venus fluorescent protein in interneurons triggered extensive apoptosis in the 

RSC. Slice electrophysiological recordings showed that bath-applied ethanol inhibits NMDA and 

non-NMDA receptor excitatory postsynaptic currents (EPSCs) in pyramidal neurons and 

interneurons; however, we found no evidence of acute tolerance development to this effect after 

the four-hour in-vivo ethanol vapor exposure. Acute bath application of ethanol reduced action 

potential firing evoked by synaptic stimulation to a greater extent in pyramidal neurons than 

interneurons. Submaximal inhibition of NMDA EPSCs, but not non-NMDA EPSCs, mimicked the 

acute effect of ethanol on synaptically-evoked action potential firing. These findings indicate that 

partial inhibition of NMDA receptors by ethanol has sizable effects on the excitability of 

glutamatergic and GABAergic neurons in the developing RSC, and suggest that positive allosteric 

modulators of these receptors could ameliorate ethanol intoxication-induced neurodegeneration 

during late stages of fetal development.
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1. Introduction

Alcohol consumption during pregnancy causes Fetal Alcohol Spectrum Disorders 

characterized by a wide range of physical, behavioral, and cognitive deficits (Hoyme et al., 

2016). Exposure to ethanol during fetal development is a common cause of intellectual 

disability across the globe (Popova et al., 2017). Fetal ethanol exposure has lifelong 

consequences that vary from person to person depending on many factors, including the 

timing and pattern of gestational ethanol consumption.

Ethanol can affect multiple processes across the different stages of embryonic and fetal 

development. Studies have demonstrated that the last trimester of pregnancy is one of the 

periods where ethanol is consumed in human populations (Dukes et al., 2017; Ethen et al., 

2009; Himes et al., 2015; Murphy et al., 2014), which is particularly concerning as this is a 

time period of major brain growth and early synaptic development (Cudd, 2005; Kostovic 

and Jovanov-Milosevic, 2006). In addition, ethanol is among the excipients contained in 

medications that are administered to very low birth weight neonates leading to significant 

exposure during a critical period of neuronal circuit refinement (Akinmboni et al., 2018). 

Sanitizers used before inserting hands into isolette incubators can also release enough 

alcohol vapor to produce significant exposure in premature babies (Hsieh et al., 2018). A 

large body of experimental evidence indicates that ethanol use during late pregnancy can 

have striking effects on child behavior, particularly when consumed in a binge-like manner 

(Niclasen et al., 2014).

Studies with rodent and non-human primate models of third trimester-equivalent ethanol 

exposure suggest that ethanol acts, in part, by causing apoptotic neurodegeneration (Creeley 

and Olney, 2013; Farber et al., 2010; Granato and Dering, 2018; Heaton et al., 2003; Nikolic 

et al., 2013; Saito et al., 2016). Importantly, a similar effect has been observed with other 

neuropharmacological agents; namely, volatile and intravenous anesthetics, 

benzodiazepines, barbiturates, and anticonvulsants (Olney, 2014). A decrease in excitability 

is the most likely trigger of the apoptotic response produced by these agents in the neocortex 

(Lebedeva et al., 2017; Lotfullina and Khazipov, 2018). Inhibition of network activity in the 

developing neocortex increases the number of apoptotic cells, whereas stimulation of 

neuronal activity has the opposite effect via activity-dependent release of brain-derived 

neurotrophic factor (BDNF) and stimulation of the phosphatidylinositol 3-kinase/Akt 

pathway (Golbs et al., 2011; Heck et al., 2008; Kirischuk et al., 2017). The finding that 

NMDA receptor antagonists (e.g., MK-801 and ketamine) partially mimic the inhibitory 

effects of ethanol on network activity, as well as its apoptotic actions suggests that inhibition 

of NMDA receptors plays a central role in the mechanism responsible for ethanol-induced 

neurodegeneration (Lebedeva et al., 2017; Lotfullina and Khazipov, 2018). The acute effect 

of ethanol on NMDA receptors depends on factors such as subunit composition, 
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phosphorylation state, and association with other proteins (Moykkynen and Korpi, 2012; 

Ron and Wang, 2009). In the rat CA3 hippocampus and layer II/III neocortex, slice 

electrophysiological experiments suggest that NMDA receptors can be relatively insensitive 

to acute ethanol exposure during the first week of life; in contrast, AMPA receptors are more 

sensitive in CA3 pyramidal neurons (Mameli et al., 2005; Sanderson et al., 2009). 

Importantly, NMDA receptors rapidly adapt to the continuous presence of ethanol in some 

neuronal populations (e.g. CA1 hippocampal pyramidal neurons); this acute tolerance to 

ethanol (defined as a reduced response to a single dose of ethanol during exposure (Kalant, 

1993)) can develop within 15–30 minutes of exposure and can lead to rebound facilitation of 

NMDA currents after washout, an effect that could be mediated by alterations in the 

phosphorylation state of the GluN2B subunit (Ron and Wang, 2009; Wu et al., 2011). 

However, it is currently unknown if acute tolerance occurs in developing neurons that 

undergo ethanol-induced apoptosis and if it limits the contribution of NMDA receptor 

inhibition to alterations in neuronal excitability and survival. Moreover, it remains to be 

determined if ethanol has similar effects on NMDA receptor function in developing 

pyramidal neurons and interneurons.

In this study, we characterized the effect of ethanol on glutamatergic transmission in 

developing neurons of the retrosplenial cortex (RSC), a brain region that plays a central role 

in the integration of spatial information and is particularly sensitive to ethanol-induced 

neurodegeneration (Ikonomidou et al., 1999; Mitchell et al., 2018; Saito et al., 2007). We 

used a 4-h ethanol vapor inhalation paradigm to induce apoptotic neurodegeneration in the 

RSC. Using slice electrophysiological techniques, we measured the acute effect of bath-

applied ethanol on NMDA and non-NMDA excitatory postsynaptic currents (EPSCs), not 

only in developing pyramidal neurons but also in interneurons, which are particularly 

susceptible to ethanol-induced apoptosis (Bird et al., 2018; Saito et al., 2019). To determine 

if ionotropic glutamate receptors develop acute tolerance to the effect of ethanol, these 

recordings were obtained from non-exposed control animals and animals exposed to ethanol 

for 4 h in a vapor chamber. Finally, we measured the effect of acute bath application of 

ethanol on action potential firing triggered by synaptic stimulation and the contribution of 

inhibition of glutamate ionotropic receptors to this effect.

2. Materials and methods

All animal procedures were approved by the Institutional Animal Care and Use Committee 

of the University of New Mexico Health Sciences Center and adhered to the U.S. Public 

Health Service policy on humane care and use of laboratory animals.

2.1. Animals

We used transgenic mice that express the fluorescent protein Venus in GABAergic and 

glycinergic interneurons (Venus-vesicular GABA transporter (VGAT) mice; generously 

provided by Dr. Yanagawa, Department of Genetic and Behavioral Neuroscience, Gunma 

University Graduate School of Medicine, Maebashi, Japan) (Wang et al., 2009). Mice were 

housed at 22 °C on a reverse 12-h light/dark cycle (lights on at 8 PM) with standard chow 

and water available ad libitum. Breeding of Venus-VGAT mice and genotyping were 
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performed as previously described (Bird et al., 2018). The average number of pups per litter 

was 8.2 ± 0.32 (n = 25). The number of Venus positive pups per litter was 4.4 ± 0.29 (n = 

25). The average pup weight at postnatal day (P) 2 was 1.58 ± 0.05 g (n = 25). Male and 

female pups were used for the experiments.

2.2. Ethanol vapor chamber exposure

Pups and dams were exposed to either air or vaporized ethanol (95%, Koptec, King of 

Prussia, PA) for 4 h (approximately 10 am-2 pm) on P7. Ethanol vapor exposures took place 

in custom-built ethanol vapor chambers (Morton et al., 2014). Ethanol vapor concentrations 

measured with a breathalyzer (Intoximeters, St. Louis, MO) were 8–9 g/dl. To measure 

blood ethanol concentration (BECs) in pups, mice were anesthetized with isoflurane at 

different time points during and after vapor chamber exposure, decapitated, and trunk blood 

was collected using heparinized hematocrit tubes (Drummond Scientific, Broomall, PA). 

Heparinized blood (20 μl) was mixed with 0.5 N perchloric acid (380 μl) and then with 0.3 

M potassium carbonate (400 μl). Samples were centrifuged at 13,000 rpm for 10 min at 

4 °C. Supernatants were collected and stored in sealed tubes at −20 °C. Blood ethanol 

concentrations were measured using an alcohol dehydrogenase-based assay (Kelly and 

Lawrence, 2008).

2.3. Quantification of apoptotic cell death

Mice were deeply anesthetized with ketamine (250 mg/kg intraperitoneally) and 

transcardially perfused as previously described (Bird et al., 2018) before (control) or at 

various intervals after ethanol exposure (end of exposure and 2, 4, or 8 h post-exposure). 

Following perfusion with 4% paraformaldehyde (PFA, 4% w/v in phosphate buffered saline 

(PBS), pH 7.4), brains were incubated in 4% PFA for 48 h and then cryoprotectected in 30% 

sucrose (w/v in PBS) for 48 h. Brains were processed and sectioned with a cryostat (Microm 

model HM 505E, Waldorf, Germany) in the parasagittal plane at a thickness of 50 μm, as 

previously described (Bird et al., 2018). Floating sections were stored at −20 °C in a 

cryoprotectant solution composed of 0.05 M phosphate buffer pH 7.4, 25% glycerol and 

25% ethylene glycol. Sections containing the ventral RSC (equivalent to lateral 0.24–1.32 

mm sections of adult mice (Paxinos and Franklin, 2013; Fig 1A)) were processed as 

described below. Two-dimensional cell counting methods analogous to those of Smiley et al. 

(2015) were utilized for cell density analyses, as these authors found that 2-dimensional and 

3-dimensional cell counting methods revealed comparable reductions in interneuron density 

following P7 ethanol exposure.

2.3.1. Activated Caspase-3 Immunohistochemistry (IHC)—Four randomly-

selected parasagittal sections (50 μm) containing the ventral RSC of 5–6 mice collected at 

different time points (control and end of exposure; as well as 2, 4, and 8 h post-exposure) 

were incubated for 2 h in PBS containing 1% bovine serum albumin (Sigma-Aldrich), 0.2% 

Triton X-100 (Sigma-Aldrich), and 5% donkey serum (Jackson ImmunoResearch, West 

Grove, PA). Sections were then incubated with rabbit anti-cleaved caspase-3 antibody (1:400 

dilution; cat #9661, Cell Signaling, Danvers, MA) for 72 h at 4 °C followed by incubation 

with donkey anti-rabbit IgG Alexa Fluor™ 555 antibody (1:1000 dilution; cat# A-31572, 

ThermoFisher, Waltham, MA) for 2 h at 22–24 °C. Tissue sections were next incubated for 
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20 minutes with 600 nM 4’6-diamidino-2-phenylindole hydrochloride (DAPI, Sigma-

Aldrich), rinsed with PBS, mounted on Superfrost Plus microscope slides (VWR, Radnor, 

PA) with Fluoromount G mounting media (Southern Biotech, Birmingham, AL) and covered 

with glass coverslips (VWR).

Sections were imaged on a Nuance spectral imaging system (PerkinElmer, Hopkinton, MA) 

using a Nikon TE-200 U inverted fluorescence microscope, as described elsewhere (Bird et 

al., 2018). The number of Venus-VGAT positive cells (maximum emission 528 nm, 

pseudocolored green), the number of activated caspase-3 positive cells (maximum emission 

of Alexa Fluor™ 555 secondary antibody is 580 nm; pseudocolored red), and the number of 

Venus-VGAT positive cells co-stained for activated caspase-3 were exhaustively counted in 

each section in a blind fashion. Quantification was performed using Fiji (NIH Image J 

software) (Schneider et al., 2012). Images requiring more than one field of view were 

stitched together using the Grid/Collection stitching plugin in Fiji (Preibisch et al., 2009). 

Cortical layers I, II-IV and V (Fig 1) were outlined using the polygon selection tool and 

individual cells were marked using the multipoint selection tool. The area of each cortical 

layer was recorded, and the density of cells per mm2 was calculated in each parasagittal 

section. These results were then averaged together for each animal.

2.3.2. Terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)
—Four randomly collected tissue sections through the ventral RSC from 6 control and 6 8-h 

post-exposure mice were used for TUNEL, which was performed with the Click-iT™ Plus 

TUNEL Assay Kit, with Alexa Fluor™ 594 (Catalog #C10618, ThermoFischer, Waltham, 

MA) following the manufacturer’s instructions (Pub. No. MAN0010877) with the exception 

that after the 15-min fixation in 4% paraformaldehyde, the sections were permeabilized with 

0.2% Triton X-100 in PBS for 30 min at room temperature. After incubation with the Click-

iT TUNEL reaction mixture for 30 min at 37 °C, the sections were washed with 3% bovine 

serum albumin in PBS followed by a rinse in PBS. Sections were then incubated with DAPI 

and mounted as described above. Microscopy and cell density analyses were performed as 

described above, adjusting for the Alexa Fluor™ 594 emission spectrum (Alexa Fluor™ 594 

maximum emission 617 nm, pseudocolored red).

2.3.3. PSVue550 staining—Apoptotic cells were fluorescently labeled with the 

PSVue®550 fluorescent probe (Bis(zinc(II)-dipicolylamine) conjugated with Texas-red, 

Catalog #P-1005, Molecular Targeting Technologies, West Chester, PA). This agent 

selectively binds to anionic phospholipids, particularly phosphatidylserine exposed on cell 

membranes, which is externalized in the early stages of apoptotic cell death, triggering 

clearance by phagocytic cells (Mazzoni et al., 2019). The PSVue550 stock solution (1 mM 

in 20% dimethyl sulfoxide) was prepared according to the manufacturer’s instructions. Four 

randomly collected tissue sections through the ventral RSC from 6 animals from the control 

and 6 animals from the 8-h post exposure conditions were washed five times using a solution 

containing 5 mM N-[Tris(hydroxymethyl)methyl]-2-aminoethane sulfonic acid (TES; pH = 

7.4) and 145 mM NaCl (TES buffer) and then incubated with PSVue550 (diluted to a 

concentration of 0.5 μM in TES buffer) for 2 h at room temperature with gentle shaking. 

After 5 washes with TES buffer, the sections were incubated with DAPI and mounted as 
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described above. Microscopy and cell density analyses were performed as described above, 

adjusting for the PSVue550 emission spectrum (PSVue550 maximum emission is 615 nm, 

psuedocolored red).

2.4. Slice electrophysiology

Unless otherwise indicated, all chemicals used in these experiments were obtained from 

Sigma-Aldrich (St. Louis, MO). Venus-VGAT pups (P6–8) were deeply anesthetized with 

isoflurane (Piramal Critical Care, Bethlehem, PA) and sacrificed by rapid decapitation. 

Brains were rapidly removed and immersed for 3 min in a solution containing (in mM): 164 

sucrose (VWR), 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 glucose, 25 HEPES, 2 thiourea 

(Alfa Aesar, Ward Hill, MA), 3 sodium pyruvate, 10 MgSO4, 0.5 CaCl2, and 5 ascorbic acid 

saturated with 95% O2/5% CO2 (pH 7.3–7.4 with KOH; 300–310 mOsm). Coronal brain 

slices (300 μm) containing the ventral RSC (equivalent to bregma −1.31 to −2.53 sections 

from adult mice according to the atlas of Paxinos and Franklin (2013); Fig 1B) were 

prepared using a vibrating slicer (VT 1000 S, Leica Microsystems, Bannockburn, IL, USA). 

Slices were placed in a holding solution containing (in mM): 95 NaCl, 2.5 KCl, 1.25 

NaH2PO4, 30 NaHCO3, 20 glucose, 25 HEPES, 2 thiourea, 3 sodium pyruvate, 1 MgSO4, 2 

CaCl2, and 5 ascorbic acid saturated with 95% O2/5% CO2 (pH 7.3–7.4 with NaOH; 300–

310 mOsm) for 40 min at 34–36 °C followed by storage in the same solution at room 

temperature (approximately 24 °C) for at least 30 min in a slice holding chamber that 

circulates the oxygenated solution (Model # BSC-PC, Warner Instruments, Hamden, CT). 

Slices were prepared from animals exposed to ethanol vapor immediately following the 4 h 

exposure session, and recordings were performed 0–3 h after the recovery procedure 

described above.

Slices were transferred to a recording chamber that allows the solution to flow above and 

below the tissue (large bath chamber with slice support, model # RC-27L, Warner 

Instruments). Recordings were obtained in artificial cerebrospinal fluid (ACSF) containing 

(in mM): 125 NaCl, 2 KCl, 1.3 NaH2PO4, 26 NaHCO3, 10 glucose, 2 CaCl2, 1 MgSO4, and 

0.4 ascorbic acid. The chamber was heated to a temperature of 32 °C with a dual automatic 

temperature controller (Model TC-344B) that was also connected to an in-line solution 

heater (Model SH-27B) (Warner instruments). Slices were stabilized with platinum wires 

(Catalog #43288, Alfa Aesar). Neurons were visualized using a BX51WI fixed-stage upright 

microscope (Olympus, Center Valley, PA) mounted on a manual X-Y translator (Model 

MT-500, Sutter Instruments, Novato, CA) and equipped with infrared and epifluorescence 

(mercury arc lamp) illumination, as well as differential interference contrast optics. Venus-

positive interneurons were identified using an excitation filter ET470/40x, beam splitter 

T495lpxr, and emission filter ET525/50m (Chroma Technology Corp. Bellows Falls, VT). 

Real-time images were acquired with a complementary metal-oxide semiconductor digital 

camera (Model 01-ROL-BOLT-M-12, Q-Imaging, Surrey, Canada) using Plan 4x (0.10 

N.A.) and LUMPlan Fl/IR 40x water immersion (0.8 N.A) lenses (Olympus). Patch pipettes 

were pulled from filament-containing borosilicate capillary glass (O.D. 1.5 mm; I.D. 0.86 

mm, catalog # BF150–86-10; Sutter) with a DMZ Universal Electrode Puller (Zeitz-

Instruments Vertriebs GmbH, Martinsried, Germany). Recording electrodes were positioned 

using a micromanipulator (Model ACCi UI, Scientifica, Clarksburg, NJ). The electrode tip 
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resistances were 2–3 MΩ. A concentric bipolar stimulating electrode (Catalog # CBAEC75, 

FHC, Bowdoin, ME) was positioned using an MP-225 micromanipulator (Sutter). 

Recordings were performed with Axopatch 200B or Multiclamp 700B amplifiers connected 

to analog-to-digital signal converters (Axon Digidata model 1322A or 1550B, respectively) 

using Clampex software (version 10 or 11, Molecular Devices, Sunnyvale, CA). Data were 

acquired at 10 kHz and filtered at 2–4 kHz. Only recordings where the access resistance 

changed < 20% were kept for analysis. Except when indicated, all recordings were analyzed 

offline using Clampfit (version 10 or 11) (Molecular Devices).

For whole-cell patch-clamp recordings of electrically-evoked excitatory postsynaptic 

currents (EPSCs), we used an internal solution containing (in mM): 140 Cs-

methanesulfonate, 0.5 EGTA, 15 HEPES, 2 tetramethylammonium chloride, 2 Mg-ATP, 0.3 

Na-GTP, and 10 phosphocreatine disodium salt, pH 7.25 (adjusted with CsOH) and 305 

mOsm. Neurons were allowed to equilibrate with the internal solution for at least 5 min prior 

to beginning a recording. Submaximal EPSCs were evoked with a Master-8 pulse stimulator 

connected to an ISO-Flex stimulus isolator (AMPI, Jerusalem, Israel) every 30 s using 75 μs 

square pulses (20–200 μA) at a holding potential of −70 mV. The stimulating electrode was 

located in layer II, approximately 100 μm from the recorded cell (Fig 1B). Non-NMDA 

EPSCs were recorded in ACSF containing gabazine (25 μM; Hello Bio, Princeton, NJ) and 

DL-AP5 (50 μM; Hello Bio), and were verified by blocking at the end of recording with 

NBQX (10 μM; Tocris, Minneapolis, MN). For paired-pulse experiments, the inter-pulse 

interval was 50 ms. For NMDA EPSC recordings, the ACSF contained zero MgSO4, CaCl2 

(3 mM), gabazine (25 μM), and NBQX (10 μM), and we confirmed that the events were 

NMDA receptor-mediated by blocking them at the end of recording with DL-AP5 (50 μM). 

Solutions were bath-applied to the recording chamber at a rate of 2 ml/min using a peristaltic 

pump (Master Flex, model 7518–10, Cole-Parmer, Vernon Hills, IL), including ethanol-

containing solutions (made from 95% spectrophotometric grade ethanol, catalog number 

493511, Sigma-Aldrich). The last 3 min of each phase (baseline, acute ethanol, wash) were 

analyzed to determine the overall effect of ethanol with respect to the average of control and 

washout responses.

Spontaneous, miniature EPSCs (mEPSCs) were recorded in the presence of tetrodotoxin (0.5 

μM, Abcam, Cambridge, MA). Five min of mEPSC recordings were analyzed using the 

Mini Analysis Program (Synaptosoft, Decatur, GA). The average event amplitude, 

frequency, and decay constant tau were calculated for both pyramidal neurons and 

interneurons before and after vapor chamber exposure. The decay constant tau was 

calculated by fitting a single exponential decay curve to the average mEPSC waveform from 

each cell.

The whole-cell current-clamp configuration was also used to measure action potential firing 

in response to current injection. Current was injected into pyramidal neurons and 

interneurons to maintain the membrane potential near −70 mV. Intrinsic firing properties 

were analyzed by injecting currents ranging from 200–600 pA in 200 pA increments, and 

the instantaneous firing frequency was measured. Synaptically-evoked action potentials were 

generated using the concentric bipolar stimulating electrode placed in layer II as described 

above, using a modification of methods described previously (Carta et al., 2003). Briefly, 
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action potentials were evoked with trains of 5 stimuli at 20 Hz, using stimulation intensities 

of 20–200 μA. Stimulation intensity was adjusted to evoke an action potential at all 5 stimuli 

under baseline conditions before drugs were applied. We used an internal solution 

containing (in mM): 140 K-methanesulfonate, 0.5 EGTA, 15 HEPES, 4 KCl, 2 Mg-ATP, 0.3 

Na-GTP, and 10 phosphocreatine disodium salt, pH 7.25 (adjusted with KOH) and 305 

mOsm. The ACSF did not contain any antagonist of neurotransmitter receptors. For action 

potential analyses, action potential numbers during the last 5 min of each 10 min phase 

(baseline, drug application, and washout) were quantified. For all electrophysiology 

experiments, only one cell was recorded from each slice.

2.5. Statistical Analysis

Statistical analyses were performed using Prism version 8.2.0 (GraphPad Software, San 

Diego, CA) and SPSS version 26 (IBM, Armonk, NY). The unit of determination (n) for 

BEC, IHC, and electrophysiology assays performed before and after vapor chamber 

exposure was a single animal (no more than two animals/litter were used per data point to 

minimize litter effects). For electrophysiology experiments examining how acute bath 

application of ethanol administration affected excitability, the unit of determination was a 

single cell (the same was the case for all experiments on the effects of glutamate ionotropic 

receptor antagonists). Data sets analyzed using two-independent sample or one-independent 

sample tests were tested for normality using a Shapiro-Wilkes test. Normally distributed data 

were analyzed using an unpaired t-test (with Welch’s correction for unequal variances when 

necessary) or a one-sample t-test (comparing to 0), while non-normal data were analyzed 

using a Mann-Whitney U test or a Wilcoxon signed-rank test (compared to 0). For data 

analyzed using analyses of variance (ANOVA), residuals were tested for normality using the 

Shapiro-Wilkes test, and equality of variances was tested using Levene’s test. Data that 

passed these tests (p > 0.05) were analyzed using one-way or factorial ANOVA (repeated 

measures when necessary, with Greenhouse-Geisser corrected p-values and F-ratios when 

assumptions of sphericity were violated) followed by multiple comparison post-hoc tests. 

One-way ANOVA data that failed these tests were analyzed using the non-parametric 

Kruskal-Wallis test followed by Dunn’s multiple comparison test. Two-Way ANOVA data 

that violated these tests were analyzed using two different non-parametric tests. Main effects 

were examined using the Scheirer-Ray-Hare test (Scheirer et al., 1976), and interactions 

between factors were analyzed using the Adjusted Rank Transform test (Leys and 

Schumann, 2010). Post-hoc multiple comparisons were performed using data transformed 

with the Scheirer-Ray-Hare test, and groups were compared using Dunn’s test when 

comparing more than two groups, or a Mann-Whitney U test when comparing two groups. 

All post-hoc p-values were corrected using a Bonferroni correction for the number of 

comparisons made. Effect sizes are reported as follows: partial eta squared (ηp
2) for 

ANOVAs, Adjusted Rank Transform interactions, and Kruskal-Wallis tests; eta squared (η2) 

for Scheirer-Ray-Hare main effects; Hedges’ g for t-tests and parametric multiple 

comparisons; and r for Dunn’s post-hoc tests, Mann-Whitney U tests, and Wilcoxon signed-

rank tests. Data are presented as group means and standard error of the means. We report 

precise p-values, as recommended in a recent article (Amrhein et al., 2019). A 

comprehensive collection of all statistical analyses can be found in Supplemental Table 1.
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3. Results

3.1. Ethanol concentration in pup blood

Ethanol vapor chamber exposure for 4 h at P7 produced pup peak BECs near 80 mM (0.36 

g/dl; for comparison, the legal intoxication limit in the U.S.A. is 17.4 mM = 0.08 g/dl). Pup 

BECs were elevated for several hours following the cessation of vapor chamber exposure 

(Fig 2; see Supplementary Table 1 for results of statistical analyses). The BECs followed a 

time course similar to the one reported by Olney and collaborators (Ikonomidou et al., 

2000).

3.2. Ethanol vapor exposure at P7 triggered apoptotic cell death

The impact of exposure to ethanol vapor at P7 on RSC neuronal viability was initially 

assessed using IHC for cleaved caspase-3. Fig 3A–H show representative images of brain 

sections from control (non-exposed) and ethanol exposed pups euthanized at different time 

points post-exposure. Fig 3I–J show that ethanol exposure induced a time- and layer-

dependent increase in the density of cleaved caspase-3 positive cells (Adjusted rank 

transform interaction F(8,63) = 5.185, p < 0.0001, ηp
2 = 0.397), as well as density of 

GABAergic interneurons that were positive for both cleaved caspase-3 and Venus (Adjusted 

rank transform interaction F(8,63) = 3.880, p = 0.0009, ηp
2 = 0.330) (see Supplemental 

Table 1 for detailed results of two-way nonparametric analyses for all apoptosis 

experiments). The density of cleaved caspase-3 positive cells increased 4 h and 8 h after the 

end of ethanol vapor exposure in layers II-IV (4 h p = 0.0044, r = 1.033; 8 h p = 0.0015, r = 

1.074) and in layer V (4 h p = 0.025, r = 0.863; 8 h p < 0.0001, r = 1.280 by Dunn’s post-hoc 

test; Fig 3I). The density of interneurons that were positive for both cleaved caspase-3 and 

Venus also increased 4 h and 8 h after the end of exposure in layers II-IV (4 h p = 0.0077, r 
= 0.981; 8 h p = 0.016, r = 0.868), as well as 2, 4, and 8 h after the end of exposure in Layer 

V (2 h p = 0.010, r = 0.954; 4 h p = 0.025; r = 0.863; 8 h p = 0.0017; r = 1.063 by Dunn’s 

post hoc test; Fig 3J) (Supplemental Fig 1 shows high magnification colocalization images 

for all apoptosis experiments).

We confirmed that P7 ethanol vapor exposure causes apoptotic cell death using TUNEL and 

PSVue staining. We focused on the 8 h time point because this is when the largest effects 

were observed in the activated caspase-3 IHC experiments. Fig 4A–H show representative 

images of TUNEL-stained brain sections from control and ethanol exposed pups euthanized 

8 h post-exposure. Fig 4I–J show that ethanol exposure induced a layer-dependent increase 

in the density of TUNEL positive cells (Adjusted rank transform interaction F(2,30) = 

16.215, p < 0.0001, ηp
2 = 0.519), as well as density of cells that were positive for both 

TUNEL and Venus (Adjusted rank transform interaction F(2,30) = 5.149, p = 0.012, ηp
2 = 

0.256). The density of TUNEL positive cells increased 8 h after the end of ethanol vapor 

exposure in layers II-IV and layer V (p = 0.0066, r = 0.832 for both layers II-IV and layer V 

using Mann-Whitney U tests). The density of interneurons that were positive for both 

TUNEL and Venus also increased 8 h after the end of exposure in layer I, layers II-IV and 

layer V (p = 0.0066, r = 0.832 for layer I, layers II-IV and layer V using Mann-Whitney U 

tests). Fig 5A–H show representative images of PSVue-stained brain sections from control 

and ethanol exposed pups euthanized 8 h post-exposure. Fig 5I–J show that ethanol exposure 
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induced a layer-dependent increase in the density of PSVue positive cells (Adjusted rank 

transform interaction F(2,30) = 44.306, p < 0.0001, nP
2 = 0.747), as well as density of 

interneurons that were positive for both PSVue and Venus (Adjusted rank transform 

interaction F(2,30) = 19.027, p < 0.0001, ηP
2 = 0.559). The density of PSVue positive cells 

was increased 8 h after the end of ethanol vapor exposure in layer I, layers II-IV and layer V 

(p = 0.0066, r = 0.832 for layer I, layers II-IV and layer V using Mann-Whitney U tests). 

The density of cells that were positive for both PSVue and Venus also increased 8 h after the 

end of exposure in layer I, layers II-IV, and layer V (p = 0.0066, r = 0.832 for layer I, layers 

II-IV and layer V using Mann-Whitney U tests).

3.3. Effect of ethanol on glutamatergic excitatory postsynaptic currents

Others have postulated that ethanol triggers apoptosis of developing neurons, in part, via 

inhibition of NMDA receptors. Therefore, we assessed the acute effect of bath-applied 

ethanol on NMDA receptor-mediated EPSCs in brain slices from P6–8 pups. For 

comparison, we also measured its effect on non-NMDA EPSCs. We focused on pyramidal 

neurons and interneurons located in layer V of the RSC because this area is particularly 

sensitive to ethanol-induced apoptotic cell death (Figs 3–5). We chose an ethanol 

concentration (90 mM) that is near the peak BEC produced by the vapor ethanol exposure 

paradigm (Fig 2). To determine if the receptors develop acute tolerance to ethanol’s effects, 

we tested the acute effect of bath-applied ethanol in slices prepared before and immediately 

after the 4-h in vivo ethanol vapor chamber exposure.

We first measured the effect of vapor chamber exposure on electrically evoked EPSCs. 

Vapor chamber exposure did not affect the membrane resistance or capacitance of pyramidal 

neurons or interneurons and did not alter the properties of electrically-evoked NMDA or 

non-NMDA receptor EPSCs (Table 1). Acute bath application of ethanol inhibited NMDA 

EPSCs to a similar extent in both control slices and slices from pups exposed to ethanol 

vapor for 4 h (Fig 6A–D). Exposure to 90 mM ethanol reduced the NMDA EPSC by 20.6 

± 3.4% in pyramidal neurons from control mice, whereas pyramidal neurons from mice 

exposed to ethanol vapor showed a 13.7 ± 4.8% reduction (Fig 6A, C). In interneurons from 

control mice, 90 mM ethanol reduced the NMDA EPSC by 17.8 ± 8.3%; while interneurons 

from mice exposed to ethanol vapor showed a 25.5 ± 9.3% reduction (Fig 6B, D). Three-

way repeated measures ANOVA of the effect of acute bath application of ethanol X neuronal 

type X vapor chamber exposure condition indicates that the acute effect of ethanol on 

percent inhibition of NMDA EPSC amplitude was similar in pyramidal neurons and 

interneurons (acute ethanol X cell type interaction p = 0.14).

Acute bath application of ethanol inhibited non-NMDA EPSCs to a similar extent in both 

control slices and slices from pups exposed to ethanol vapor for 4 h (Fig 6E–H). In 

pyramidal neurons from control mice, 90 mM ethanol reduced the non-NMDA EPSC by 

23.1 ± 6.4%; the same treatment reduced it by 14.1 ± 4.6% in pyramidal neurons from mice 

exposed in vivo to ethanol vapor (Fig 6E, G). In interneurons from control mice, acute bath 

application of 90 mM ethanol reduced the non-NMDA EPSC by 8.4 ± 5%; in interneurons 

from mice exposed in vivo to ethanol vapor, it reduced it by 6.3 ± 4.6% (Fig 6F, H). Three-

way repeated measures ANOVA of the effect of acute bath application of ethanol X neuronal 
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type X vapor chamber exposure condition indicates that the acute effect of bath-applied 

ethanol on percent inhibition of non-NMDA EPSC amplitude was similar in pyramidal 

neurons and interneurons (acute ethanol X cell type interaction p = 0.98). We also measured 

the effect of acute bath application of ethanol on paired-pulse plasticity (Supplemental Fig 

2). Using three-way repeated measures ANOVA, we found an effect of exposure phase 

(baseline vs. acute bath application of ethanol vs. wash) on paired pulse ratio (F(2,50) = 

5.256, p = 0.0085, ηp
2 = 0.174) but no other main effects of cell type, vapor chamber 

exposure condition, or interaction between these factors (all p’s > 0.16). Overall, there was 

no difference in paired-pulse ratios between the baseline and acute bath application of 

ethanol conditions (post-hoc multiple comparison t(50) = 1.560, p = 0.38, g = 0.230, or 

between the baseline and washout conditions (t(50) = 1.682, p = 0.30, g = 0.214). There was 

an overall increase in paired-pulse ratio between the acute bath application of ethanol and 

washout (t(50) = 3.242, p = 0.0064, g = 0.482).

To further assess the effect of ethanol vapor chamber exposure on glutamate release, we 

measured its effect on spontaneous mEPSCs (Supplemental Fig 3). In pyramidal neurons, 

vapor chamber exposure led to an increase in the amplitude of mEPSCs (Welch’s unpaired t-

test t(8.545) = 1.935, p = 0.087, g = 0.865) and a decrease in the decay constant tau (Mann-

Whitney U test (n1 = 7, n2 = 9), p = 0.016, r = 0.596). In pyramidal neurons there was no 

effect of vapor chamber exposure on the frequency of mEPSCs (p > 0.26). There was no 

effect of vapor chamber exposure on the amplitude, frequency, or decay constant tau in 

interneurons (all p’s > 0.21).

3.4. Effect of ethanol on action potential firing

We investigated if the effect of ethanol on NMDA and/or non-NMDA EPSCs was sufficient 

to reduce action potential firing in response to synaptic stimulation. To maximize the 

induction of action potential firing, EPSPs were evoked by trains of 5 stimuli at 20 Hz (Fig 

7). The EPSPs and associated action potentials were abolished by co-application of 100 μM 

DL-AP5 and 10 μM NBQX (n = 4 cells; not shown). In pyramidal neurons, application of 90 

mM ethanol reduced action potential firing by 82.7 ± 7.8% (Fig. 7A, C). In interneurons, 

application of 90 mM ethanol reduced action potential firing by 40.2 ± 7.7% (Fig. 7B, D). 

Acute bath application of ethanol inhibited action potential firing to a greater degree in 

pyramidal neurons than in interneurons (repeated measures two-way ANOVA acute 

exposure X cell type interaction: F(1,20) = 14.860, p = 0.0010, ηp
2 = 0.426). Acute ethanol 

application did not reduce intrinsic action potential firing evoked by current injection in 

pyramidal neurons or interneurons (Supplementary Fig 4).

To assess the contribution of ethanol-induced inhibition of NMDA and non-NMDA 

receptors to their effects on action potential firing evoked by synaptic stimulation, we 

determined the concentrations of DL-AP5 and NBQX that inhibit the NMDA and non-

NMDA EPSCs, respectively, to a similar extent as 90 mM ethanol (Supplemental Fig 5). 

These concentrations were 5 μM for DL-AP5 (24.6 ± 2.2% inhibition from control) and 50 

nM for NBQX (30.3 ± 4.1% inhibition from control). We then compared synaptically-

evoked action potential firing after acute bath application of either: 90 mM ethanol 

(calculated from data shown in Fig 6), 5 μM DL-AP5, 50 nM NBQX, or 5 μM DL-AP5 and 
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50 nM NBQX. In pyramidal neurons, we found that 5 μM DL-AP5 reduced synaptically-

evoked action potential firing less than 90 mM ethanol; 50 nM NBQX had little effect; and 

the combination of 5 μM DL-AP5 and 50 nM NBQX reduced action potential firing to a 

similar extent as 90 mM ethanol (Fig 7A–C). In interneurons, we found that 5 μM DL-AP5 

reduced synaptically-evoked action potential firing to a similar extent as 90 mM ethanol; 50 

nM NBQX had little effect; and the combination of 5 μM DL-AP5 and 50 nM NBQX 

reduced action potential firing to a similar extent as 90 mM ethanol (Fig 7B–D).

4. DISCUSSION

The findings of this study increase our understanding of the mechanisms underlying the 

increase in apoptotic neurodegeneration caused by binge-like exposure to high doses of 

ethanol during the third trimester equivalent of human pregnancy. Our results suggest that 

inhibition of NMDA receptors can explain, in part, ethanol-induced inhibition of neuronal 

excitability in the RSC. Inhibition of NMDA receptors by ethanol may be a critical 

component of the mechanism explaining why cells undergo apoptosis during this critical 

developmental period. In addition, these findings reveal potential approaches for therapeutic 

interventions that may ameliorate ethanol-induced death of neurons during late stages of 

fetal development or in preterm infants.

The vapor exposure paradigm used here resulted in BECs that were above the previously 

reported toxic threshold (200 mg/dl or 44 mM) for the induction of apoptotic 

neurodegeneration in postnatal rodents (Ikonomidou et al., 2000; Olney et al., 2002). The 

BECs followed a similar time course to that reported by Ikonomidou (2000) in P7 rats 

injected with ethanol subcutaneously, with the exception that levels increased more slowly in 

the vapor chamber paradigm. At the time point where the number of apoptotic cells was the 

highest (8 h after the end of the 4-h exposure), ethanol was still present in the pup blood at 

levels higher than the toxic threshold. Our vapor chamber exposure paradigm produced a 

similar increase in apoptosis to that observed in rodent pups that received alcohol via 

subcutaneous injections (Ikonomidou et al., 2000) or gavage (Jiang et al., 2007). 

Ikonomidou et al (2000) found a 35-fold increase in the density of degenerating cells in RSC 

layers II and IV of P7 rats. Saito (2007) found a similar increase in the density of activated 

caspase-3 positive cells in the RSC of P7 mice. In general agreement with these reports, we 

observed a 32-fold and 88-fold increase in the density of activated caspase-3 positive cells 8 

h after the end of ethanol vapor chamber exposure in RSC layers II-IV and layer V of Venus-

VGAT mice, respectively. The number of activated caspase-3 positive interneurons was 

increased by 17- and 29-fold in RSC layers II-IV and layer V, respectively. Similar results 

were obtained with two other apoptotic assays: PSVue and TUNEL staining. Our results 

demonstrating enhanced vulnerability of layer V cells to ethanol-induced apoptosis are 

consistent with those of previous studies (Lebedeva et al., 2017; Olney et al., 2002; Toesca et 

al., 2003). Given that layer V is the major output layer of the cerebral cortex, it is possible 

that loss of either local inhibitory interneurons or pyramidal neurons in the RSC that project 

to other brain regions could have significant functional impacts on parahippocampal network 

activity (Sugar et al., 2011), which could partially explain learning and memory deficits 

observed following developmental exposure to ethanol. These findings are also consistent 

with recent results indicating that subcutaneous ethanol administration produces a long-
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lasting decrease in the number of parvalbumin-positive interneurons and perineuronal net-

positive cells in the murine RSC (Lewin et al., 2018; Saito et al., 2019). We did not 

specifically ascertain that parvalbumin-positive interneurons underwent apoptosis in this 

study, as our use of Venus-VGAT mice did not allow us to differentiate between subtypes of 

interneurons. A more rigorous examination of specific interneuron subtype vulnerability in 

the RSC and other brain regions is warranted, as others have demonstrated region-specific 

alterations in interneuron subtype survival following ethanol exposure during development 

(Coleman et al., 2012; Smiley et al., 2015). Moreover, future studies should also investigate 

if RSC interneurons are affected by first and/or second trimester-equivalent ethanol 

exposure, which has been shown to reduce the number of cortical GABAergic interneurons 

(Bailey et al., 2004; Miller, 2006; Moore et al., 1998; Moore et al., 1997) as well as cause 

premature tangential migration of these cells into the cerebral cortex (Cuzon et al., 2008; 

Skorput et al., 2015). Taken together, our findings indicate that the RSC is an important 

target of third trimester-equivalent ethanol exposure and whether this effect can also be 

caused by ethanol exposure during other periods of gestation or has long-term behavioral 

consequences deserves further investigation.

Vapor chamber exposure for 4 h did not affect the properties of NMDA EPSCs, suggesting 

that the phosphorylation state, surface expression, or subunit composition of the receptors 

were not altered. NMDA EPSCs in RSC layer V pyramidal neurons and interneurons were 

acutely inhibited by bath-applied ethanol to a similar extent as has been found in other 

electrophysiological studies with slices from neonatal rodents, including field excitatory 

postsynaptic potential recordings from rat (Puglia and Valenzuela, 2010) and murine 

(Gordey et al., 2001) CA1 hippocampal pyramidal neurons. The magnitude of acute ethanol-

induced inhibition of NMDA EPSCs is also in general agreement with that observed in 

slices from older rodents (Lovinger et al., 1990; Miyakawa et al., 1997; Swartzwelder et al., 

1995; Yaka et al., 2003). Importantly, we found no evidence of acute tolerance development, 

as NMDA EPSCs displayed similar sensitivity to acute ethanol exposure before and after the 

4-h ethanol vapor exposure. This finding indicates that the mechanisms involved in rapid 

NMDA receptor tolerance to ethanol (e.g., tyrosine kinase- and/or metabotropic glutamate 

receptor-dependent mechanisms (Li et al., 2005; Miyakawa et al., 1997; Petit-Paitel et al., 

2012)) are not active in RSC layer V pyramidal neurons during postnatal development. This 

could be due to lack of expression of scaffolding proteins (e.g., RACK1) that link Fyn kinase 

to the GluN2B subunit, which would not allow it to phosphorylate this subunit and develop 

acute tolerance to ethanol (Reviewed in (Ron and Wang, 2009)). Alternatively, it is possible 

that NMDA receptors did develop tolerance to ethanol but that they re-sensitized during slice 

preparation and/or recovery, or that repeated exposures to ethanol are required for long-

lasting tolerance development. Moreover, based on changes in NMDA EPSC decay, we 

cannot eliminate the possibility that subunit expression was altered by vapor chamber 

ethanol exposure. Future studies will need to use specific GluN2A and GluN2B receptor 

antagonists to determine the contribution of these subunits to EPSC characteristics in naïve 

and vapor chamber exposed animals.

As was the case for NMDA EPSCs, vapor chamber ethanol exposure affected neither the 

properties of evoked non-NMDA EPSCs nor their sensitivity to bath-applied ethanol 

exposure in both pyramidal cells and interneurons of the RSC. We did find that vapor 
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chamber exposure moderately increased mEPSC amplitude and significantly decreased the 

mEPSC decay constant tau in pyramidal neurons. These results indicate that non-NMDA 

receptor subunit composition may be altered by ethanol exposure; if persistent, this effect 

would be consistent with AMPA receptor alterations observed in other studies (Bellinger et 

al., 2002; Dettmer et al., 2003). However, we did not observe changes in evoked EPSC 

decay, suggesting that alterations in subunit composition may selectively occur at a 

subpopulation of non-NMDA receptors in pyramidal neurons. The finding that RSC-evoked 

non-NMDA EPSCs are acutely inhibited by bath-applied ethanol is consonant with the 

results of a previous study from our laboratory demonstrating a similar reduction in the 

amplitude of AMPA receptor-mediated field excitatory postsynaptic potentials in the CA1 

hippocampal region of neonatal rats (Puglia and Valenzuela, 2010). However, acute ethanol 

did not affect the frequency or amplitude of AMPA receptor-mediated spontaneous EPSCs 

in layer II/IM pyramidal neurons of the developing rat neocortex, suggesting that its effects 

on these receptors could be species specific (Sanderson et al., 2009). Our finding that 

ethanol vapor chamber exposure did not alter paired-pulse plasticity or mEPSC frequency in 

RSC pyramidal neurons and interneurons indicates that it does not act via an effect on the 

probability of glutamate release. These results suggest that ethanol modulates NMDA and 

non-NMDA receptor function at the postsynaptic level, in agreement with previous findings 

in the CA1 region of the rat hippocampus (Puglia and Valenzuela, 2010). We previously 

found that ethanol inhibits both AMPA and NMDA EPSCs via a presynaptic mechanism in 

CA3 hippocampal pyramidal neurons from neonatal rats (Mameli et al., 2005). Therefore, 

the mechanism of action of ethanol on glutamatergic transmission in developing neurons 

appears to be dependent on the brain region examined.

Acute ethanol exposure-induced inhibition of ionotropic glutamate receptors in developing 

RSC neurons is likely to produce impairments in synaptic plasticity (Granato and Dering, 

2018). Puglia and Valenzuela (2010) showed that bath application of 80 mM ethanol inhibits 

the induction of long-term potentiation in the CA1 hippocampal region of P7–9 rats. If 

ethanol has a similar effect in the RSC, this is likely to have a deleterious impact on the 

maturation of neuronal networks and integrate with its effects on neuronal survival. 

Developing synapses are functionally labile, which makes them susceptible to activity-

dependent processes that determine their elimination or stabilization driven, in part, by 

rhythmic network activity (Hanse et al., 2009). Therefore, future experiments should 

determine if ethanol exposure during the third trimester-equivalent inhibits Hebbian synaptic 

plasticity in the RSC, disrupting the processes that regulate synaptic refinement (Fernandes 

and Carvalho, 2016; Henson et al., 2017; Hlushchenko et al., 2016; Ziburkus et al., 2009). 

As recently reviewed by Granato and Dering (2018), ethanol inhibition of synaptic plasticity 

not only contributes to its apoptotic effects but also causes excitation/inhibition imbalances 

in surviving neurons, leading to abnormal formation of neuronal circuits and long-lasting 

neurobehavioral changes.

A key finding of our study is that bath-applied ethanol exposure strongly reduced action 

potential firing evoked by synaptic stimulation in RSC pyramidal neurons. In addition, a 

rebound increase in firing was observed in these cells upon ethanol washout. In interneurons, 

both the inhibition of firing and rebound increase in firing were less pronounced and the 

inhibition of firing developed more gradually. Our experiments with submaximal 
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concentrations of DL-AP5 and NBQX to mimic the effects of ethanol on NMDA and AMPA 

current amplitude, respectively, suggest that inhibition of NMDA EPSCs (but not non-

NMDA EPSCs) by ethanol can partially explain its effects on synaptically-evoked firing in 

pyramidal neurons. In interneurons, NMDA receptor inhibition may be solely responsible 

for acute ethanol’s actions. Whether or not partial inhibition of NMDA receptors directly 

causes apoptosis of neurons at P7 via a decrease in neuronal firing will be the subject of 

future studies to directly link these actions of ethanol to programmed cell death and to 

determine the downstream mechanisms responsible for the pro-apoptotic effects of NMDA 

receptor inhibition (e.g., inhibition of activity-dependent BDNF release and 

phosphatidylinositol 3-kinase/Akt pathway activation (Golbs et al., 2011; Heck et al., 2008; 

Kirischuk et al., 2017)). Although Ikonomidou et al. (2000) found that intraperitoneal 

injection of NBQX did not mimic the apoptotic response elicited by ethanol injection in P7 

rat pups, a role of non-NMDA receptors in this process cannot be completely ruled out, as 

caspase-mediated breakdown of AMPA receptor subunits has been shown to trigger 

apoptotic neurodegeneration (Lu et al., 2001). However, our data suggests that the 

magnitude of ethanol-induced inhibition of AMPA receptor function is not sufficient to 

reduce neuronal excitability and trigger apoptosis via this mechanism. Therefore, additional 

mechanisms are likely to be involved in the reduction in excitability, particularly in 

pyramidal neurons, with an increase in GABAa receptor-mediated inhibition being a likely 

possibility. It should be considered that GABAa receptors exert excitatory actions in 

developing neurons in brain slices that can be potentiated by ethanol (Galindo et al., 2005); 

nevertheless, these in vitro findings may not be relevant in vivo, where GABAa receptors can 

exert inhibitory effects on developing neuronal networks (Kirmse et al., 2015; Valeeva et al., 

2016). Another possibility is that ethanol acutely inhibits synaptically-evoked firing of 

pyramidal neurons via modulation of potassium channels and other ion channels 

(Bodhinathan and Slesinger, 2014; Dopico et al., 2016; Harrison et al., 2017; You et al., 

2019). However, our finding that ethanol did not affect action potential firing evoked by 

current injection suggests that changes in intrinsic excitability are less likely to play a role in 

its inhibitory actions on RSC developing neurons.

Taken together with previous studies (Creeley and Olney, 2013; Granato and Dering, 2018; 

Saito et al., 2016), our findings suggest that agents that positively modulate NMDA receptor 

function (e.g., sulfated steroids, oxysterols and D-cycloserine) (Cioffi, 2013; Hackos and 

Hanson, 2017) could ameliorate neurodegeneration induced by heavy, binge-like ethanol 

consumption during late pregnancy. However, these agents would have to be administered 

during the acute intoxication phase, as studies with neonatal rats suggest that excitotoxicity-

mediated by rebound NMDA receptor over-activation during ethanol withdrawal causes 

behavioral deficits that can be prevented by NMDA receptor antagonists (e.g., memantine 

and related agents) (Idrus et al., 2014; Lewis et al., 2007; Lewis et al., 2012; Thomas et al., 

2001; Thomas et al., 2004). Thus, different approaches would need to be used in late 

pregnancy to protect the fetal brain from neurodegeneration depending on whether ethanol is 

still present in the body or if it has been already eliminated. While NMDA receptor 

dysfunction plays an important role in ethanol-induced apoptotic neurodegeneration during 

the equivalent to the third trimester of human pregnancy, other mechanisms are likely to 

contribute to this process (e.g., inflammatory responses, alterations in histone turnover, 
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increased endoplasmic reticulum stress, and alterations in gene expression (Chastain and 

Sarkar, 2014; Kleiber et al., 2014; Lewis et al., 2012; Li et al., 2019; Rachdaoui et al., 2017; 

Subbanna et al., 2018)). Therefore, effective protection of the fetus from ethanol-induced 

neurotoxicity will likely require a combination of therapeutic interventions aimed at the 

multiple mechanisms involved in this process.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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• Postnatal day 7 Venus-VGAT mice were exposed to vaporized ethanol for 4 h

• This triggered apoptotic neurodegeneration in the P7 mouse retrosplenial 

cortex

• Inhibition of firing evoked by synaptic input could contribute to this effect

• This effect is mediated, at least in part, by NMDA receptor inhibition

• There were differences in ethanol’s effect in pyramidal neurons vs 

interneurons
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Figure 1. Atlas images outlining the location of the mouse retrosplenial cortex.
A) Representative parasagittal tissue section from an adult mouse with the retrosplenial 

cortex outlined in black. The enlarged red-outlined inset shows the different cortical layers. 

All immunohistochemistry experiments were performed using equivalent parasagittal tissue 

sections from mouse pups. B) Coronal tissue section from an adult mouse with the 

retrosplenial cortex outlined in black. The enlarged red-outlined inset shows the different 

cortical layers, as well as the placement of concentric bipolar stimulating (right) and 

recording (left) electrodes used for electrophysiology experiments in slices from mouse 

pups. Images adapted from the Allen Developing Mouse Brain Atlas (https://mouse.brain-

map.org/static/atlas) (Lein et al., 2007). Image credit: Allen Institute.
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Figure 2. Blood ethanol concentrations (BECs) following vapor chamber exposure.
BEC (n = 4 animals from 2–4 litters per time point) evaluated at the indicated time points. 

The interval when vapor chamber exposure took place is indicated by the red line. See 

Supplementary Table 1 for results of statistical analyses.
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Figure 3. Exposure to ethanol at P7 increases cleaved caspase-3 levels in the mouse RSC.
Shown are representative images of RSC tissue sections stained for cleaved caspase-3 from a 

non-exposed control mouse (A-D) and a mouse euthanized 8 h post-vapor chamber exposure 

(E-H) (10X objective, scale bar = 100 μm). Panels A&E show DAPI-stained nuclei, panels 

B&F show Venus-positive interneurons, panels C&G show cleaved-caspase-3 IHC, and 

panels D&H show the merged images. I) The total number of cleaved caspase-3 positive 

cells per mm2 in the RSC are shown for control brains and brains collected at different 

intervals following vapor chamber exposure (end of exposure, 2, 4, and 8 h post-exposure). 

J) The total numbers of cleaved caspase-3 positive interneurons (positive for both cleaved 

caspase-3 and Venus) per mm2 are shown. Bonferroni corrected p-values presented in each 

graph show the result of a Dunn’s multiple comparison post-hoc test comparing the control 

and 8-h time points within layer. Results of two-way non-parametric tests, as well as 

pairwise comparisons between control and other time points within layer, are presented in 

Supplemental Table 1. n = 5–6 animals from 5 litters per time point. Data presented are 

individual values with mean ± SEM.
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Figure 4. Exposure to ethanol at P7 causes apoptotic DNA damage in cells from the mouse RSC 
as measured by TUNEL staining.
Shown are representative images of the RSC from a non-exposed control mouse (A-D) and a 

mouse euthanized 8 h post-vapor chamber exposure (E-H) (10X objective, scale bar = 100 

μm). Panels A&E show DAPI-stained nuclei, panels B&F show Venus-positive interneurons, 

panels C&G show TUNEL positive cells, and panels D&H show the merged images. I) The 

total numbers of TUNEL positive cells per mm2 in the RSC are shown for control brains and 

brains collected 8 h after the vapor chamber exposure. J) The total numbers of TUNEL 

positive interneurons (positive for both TUNEL and Venus) per mm2 are shown. Bonferroni 

corrected p-values presented in each graph show the result of Mann-Whitney U post-hoc 

tests comparing the control and 8-h time points within layer. Results of two-way non-

parametric tests are presented in Supplemental Table 1. n = 6 animals from 6 litters per time 

point. Data presented are individual values with mean ± SEM.
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Figure 5. Exposure to ethanol at P7 leads to an increase in externally exposed anionic 
phospholipids, a hallmark of apoptosis, as measured by PSVue 550 staining.
Shown are representative images of the RSC from a non-exposed control mouse (A-D) and a 

mouse euthanized 8 h post-vapor chamber exposure (E-H) (10X objective, scale bar = 100 

μm). Panels A&E show DAPI nuclei, panels B&F show Venus-positive interneurons, panels 

C&G show PSVue positive cells, and panels D&H show the merged images. I) The total 

numbers of PSVue positive cells per mm2 in the RSC are shown for control brains and 

brains collected 8 h after the vapor chamber exposure. J) The total numbers of PSVue 

positive interneurons (positive for both PSVue and Venus) per mm2 are shown. Bonferroni 

corrected p-values presented in each graph show the result of Mann-Whitney U post-hoc 

tests comparing the control and 8-h time points within layer. Results of two-way non-

parametric tests are presented in Supplemental Table 1. n = 6 animals from 6 litters per time 

point. Data presented are individual values with mean ± SEM.
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Figure 6. Acute bath application of ethanol decreases evoked NMDA and non-NMDA current 
amplitude in both pyramidal neurons and interneurons, and these cells do not develop tolerance 
to this effect after in vivo vapor chamber exposure.
Representative evoked NMDA EPSC traces are shown for (A) pyramidal neurons and (B) 

interneurons during baseline (black traces) and acute 90 mM ethanol bath application (grey 

traces) in animals not exposed to vaporized ethanol in vivo. Normalized NMDA EPSC 

amplitudes from (C) pyramidal neurons (non-exposed n = 9 animals (1 cell per animal, each 

from a different litter), ethanol-exposed n = 8 animals (1 cell per animal, each from a 

different litter)) and (D) interneurons (non-exposed and ethanol-exposed n = 7 animals (1 

cell per animal, each from a different litter)) in brain slices taken from animals before (black 
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circles) or after 4-h vapor chamber exposure (red squares). Representative evoked non-

NMDA EPSC traces are shown for (E) pyramidal neurons and (F) interneurons recorded 

during baseline and acute 90 mM ethanol bath application. Detailed examination of paired-

pulse ratios is shown in Supplemental Fig 2. Normalized non-NMDA amplitudes from (G) 

pyramidal neurons (non-exposed and ethanol-exposed n = 8 animals (1 cell per animal, each 

from a different litter)) and (H) interneurons (non-exposed n = 6 animals (7 cells from 6 

litters), ethanol-exposed n = 7 animals (1 cell per animal, each from a different litter)) taken 

from animals before or after vapor chamber exposure. Data points are mean ± SEM.
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Figure 7. Acute bath application of ethanol reduces synaptically-induced action potential firing 
in both pyramidal neurons and interneurons.
Representative traces of current-clamp recordings from A) pyramidal neurons and B) 

interneurons obtained at baseline, during 90 mM ethanol bath application, and washout. 

Mice were not exposed to ethanol in vapor chambers for these experiments. Normalized 

action potential numbers are shown for C) pyramidal neurons and D) interneurons during 

application and washout of either 90 mM ethanol (pyramidal n = 11 cells (from 9 animals 

from 7 litters); interneuron n = 11 cells (from 10 animals from 6 litters)), 5 μM DL-AP5 

(pyramidal n = 10 cells (from 10 animals from 7 litters); interneuron n = 11 cells (from 11 

animals from 8 litters)), 50 nM NBQX (pyramidal n = 11 cells (from 11 animals from 8 

litters); interneuron n = 10 cells (from 10 animals from 8 litters)), or 5 μM-AP5 + 50 nM 

NBQX (pyramidal n = 13 cells (from 10 animals from 6 litters); interneuron n = 11 cells 

(from 10 animals from 6 litters)). Action potential firing analyses were carried out in 
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animals that were not exposed to ethanol in vivo via vapor chambers. Bonferroni corrected 

p-values presented show the result of a parametric or non-parametric multiple comparison 

test comparing how the different drugs changed action potential number compared to 90 mM 

ethanol. For a detailed presentation of statistical analyses, please see Supplemental Table 1. 

Data points are mean ± SEM for the normalized number of action potentials.
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Table 1.
Characteristics of glutamatergic excitatory postsynaptic currents (EPSCs) in pyramidal 
neurons and interneurons from control and ethanol vapor-exposed animals.

A) Characteristics of NMDA EPSCs. B) Characteristics of non-NMDA EPSCs. Data presented are 

mean(SEM) values. Sample sizes given indicate number of animals used (1 cell per animal, each from a single 

litter). For a detailed presentation of parametric and non-parametric tests performed comparing exposure 

condition within cell type please see Supplemental Table 1.

 A

NMDA

Pyramidal Interneuron

No Exposure Ethanol Exposed No Exposure Ethanol Exposed

(n = 9) (n = 8) (n = 7) (n = 7)

Rise time (ms) 61.17(9.10) 62.85(6.73) 55.66(7.83) 48.02(5.25)

Decay tau (ms) 435.18(33.59) 387.57(25.67) 375.19(94.74) 290.75(35.03)

Peak current (pA) 4088.80(458.97) 4827.47(926.38) 2090.55(350.37) 2850.81(416.6)

Current density (pA/pF) 33.48(2.02) 39.73(7.17) 42.10(4.77) 51.65(7.71)

Membrane resistance (MΩ) 121.55(15.79) 157.10(32.36) 505.12(221.59) 269.29(65.83)

Membrane capacitance (pF) 121.41(9.96) 119.70(9.62) 50.16(7.59) 55.55(5.41)

 B

Non-NMDA

Pyramidal Interneuron

No Exposure Ethanol Exposed No Exposure Ethanol Exposed

(n = 8) (n = 8) (n = 6) (n = 7)

Rise time (ms) 1.18(0.25) 1.2(0.24) 0.73(0.08) 0.64(0.06)

Decay tau (ms) 3.93(0.86) 3.82(0.6) 1.73(0.16) 1.76(0.12)

Peak current (pA) 234.35(46.72) 196.01(36.03) 306.39(98.24) 482.41(90.01)

Current density (pA/pF) 2.44(0.47) 2.16(0.43) 5.99(1.8) 9.3(2.23)

Paired pulse ratio (P2/P1) 1.17(0.15) 1.28(0.12) 0.93(0.18) 1.41(0.29)

Membrane resistance (MΩ) 184.44(59.1) 168.58(30.28) 207.38(45.07) 230.06(54.2)

Membrane capacitance (pF) 102.59(11.63) 94.84(7.11) 51.96(4.1) 59.78(6.76)
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