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Abstract

Developmental ethanol exposure is a well known cause of lifelong cognitive deficits, behavioral 

hyperactivity, emotional dysregulation, and more. In healthy adults, sleep is thought to have a 

critical involvement in each of these processes. Our previous work has demonstrated that some 

aspects of cognitive impairment in adult mice exposed at postnatal day 7 (P7) to ethanol (EtOH) 

correlate with slow-wave sleep (SWS) fragmentation (Wilson, et al., 2016). We and others have 

also previously demonstrated that co-treatment with LiCl on the day of EtOH exposure prevents 

many of the anatomical and physiological impairments observed in adults. Here we explored 

cognitive function, diurnal rhythms (activity, temperature), SWS, and parvalbumin (PV) and 

perineuronal net (PNN)-positive cell densities in adult mice that had received a single day of EtOH 

exposure on P7 and saline treated littermate controls. Half of the animals also received a LiCl 

injection on P7. The results suggest that developmental EtOH resulted in adult behavioral 

hyperactivity, cognitive impairment, and reduced SWS compared to saline controls. Both of these 

effects were reduced by LiCl treatment on the day of EtOH exposure. Finally, developmental 

EtOH resulted in decreased PV/PNN-expressing cells in retrosplenial (RS) cortex and dorsal CA3 

hippocampus at P90. As with sleep and behavioral activity, LiCl treatment reduced this decrease in 

PV expression. Together, these results further clarify the long-lasting effects of developmental 

EtOH on adult behavior, physiology, and anatomy. Furthermore, they demonstrate the 

neuroprotective effects of LiCl co-treatment on this wide range of developmental EtOH’s long-

lasting consequences.
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Introduction

Sleep plays a vital role in memory, perception, cognition, emotional regulation, as well as a 

variety of physiological processes (Stickgold, et al., 2001; Yoo, et al., 2007; Diekelmann, et 

al., 2010; Killgore, 2010; Harvey, 2011; Abel, et al., 2013; Talamini, et al., 2013). 

Disruptions in sleep can impact any or all of these processes. These sleep effects are 

bidirectional; for example, reduced sleep can impair memory consolidation (Killgore, 2010; 

Havekes, et al., 2017; Krause, et al., 2017), while enhanced sleep duration or quality can 

facilitate memory consolidation (Huber, et al., 2004; Marshall, et al., 2006; Barnes, et al., 

2014). Impaired or fragmented sleep (i.e., short sleep bouts, frequent sleep/wake state 

transitions) is associated with a variety of disorders (Wulff, et al., 2010; Krause, et al., 

2017), and is increasingly seen as contributing factor in some psychopathologies, rather than 

just a consequence or side-effect of the psychopathology. For example, treatment of 

insomnia that is co-morbid with depression can reduce depressive symptoms (Manber, et al., 

2008).

Among a variety of other consequences (Abel, et al., 1986; Riley, et al., 2005; Mattson, et 

al., 2010), developmental exposure to ethanol disrupts subsequent sleep structure in 

maturing humans (D’Angiulli, et al., 2006; Pesonen, et al., 2009; Jan, et al., 2010; Wengel, 

et al., 2011; Chen, et al., 2012) and other animals (Stone, et al., 1996; Veatch, 2006; Criado, 

et al., 2008; Ehlers, et al., 2010; Wilson, et al., 2016), resulting in severe sleep 

fragmentation. Importantly, our recent work in a mouse model of developmental ethanol 

exposure suggests that the extent of sleep impairment in adulthood predicts cognitive 

function as assessed by contextual fear conditioning (Wilson, et al., 2016). This leads to the 

hypothesis that repair or prevention of developmental ethanol exposure effects on sleep 

could be a potential treatment for cognitive and/or emotional outcomes.

The effects of developmental ethanol on adult sleep could be related to the hyper-excitability 

of cortical/limbic circuits (D’Angiulli, et al., 2006; Criado, et al., 2008; Wilson, et al., 2011) 

and/or the loss of GABAergic interneurons (Coleman, et al., 2012; Sadrian, et al., 2014; 

Smiley, et al., 2015), given the role of GABAergic circuits in sleep-wake cycles (Manfridi, et 

al., 2001; Saper, et al., 2010; Xu, et al., 2015; Zucca, et al., 2017), and other sleep-dependent 

processes. In particular, parvalbumin (PV) expressing GABAergic interneurons in 

hippocampus are also important for sleep-dependent memory consolidation of contextual 

fear memory (Ognjanovski, et al., 2017). Thus, the deficits in contextual fear memory 

consolidation produced by EtOH may be related to its effects on the GABAergic interneuron 

populations involved in this and other sleep-related functions, if not sleep structure itself.

Lithium, a common treatment for bipolar disorder, has been shown to have neuroprotective 

effects in several neuropathological conditions including traumatic brain injury (Yu, et al., 

2012), intracerebral hemorrhage (Kang, et al., 2012), and stroke (Doeppner, et al., 2017). 
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Lithium has been demonstrated to affect a variety of molecular cascades related to neural 

plasticity, neurogenesis, neural migration, and cell survival (Chuang, 2004; Luo, 2009; Luo, 

2010; Yu, et al., 2012; Doeppner, et al., 2017). Lithium treatment near the time of 

developmental ethanol exposure in mouse models has also been demonstrated to ameliorate 

many of ethanol’s immediate and long-lasting consequences (Zhong, et al., 2006; 

Chakraborty, et al., 2008; Young, et al., 2008; Luo, 2010; Sadrian, et al., 2012), though 

lithium itself can be a teratogen (Sharma, et al., 1986).

Here, as a beginning to our investigation of sleep as a target for treatment of developmental 

ethanol’s behavioral effects, we explored whether lithium chloride (LiCl) co-treatment with 

postnatal day 7 ethanol could prevent adult sleep fragmentation that co-occurs with diverse 

other behavioral and neuroanatomical outcomes. These results significantly extend our 

previous work by assessing whether the neuroprotective effects of LiCl extend to the sleep, 

behavioral, and neuroanatomical effects of developmental EtOH. It additionally addresses 

more detailed neuroanatomical questions by assessing the effects of developmental EtOH on 

PV cell number and perineuronal nets (PNN) which frequently surround PV neurons, in 

specific areas of hippocampus and cortex, and the ability of LiCl to repair these effects. 

Although LiCl might itself be a teratogen (Sharma, et al., 1986), this work begins 

investigation into whether preventative treatments which may involve the mechanisms of 

EtOH’s developmental action may be a viable target for future investigation.

Experimental Procedures

Subjects

A total of 124 C57BL/6By mice, bred and housed at the Nathan Kline Institute animal 

facility, were maintained on ad lib food and water at all times. All procedures involving 

animals were approved by the Nathan Kline Institute IACUC and were in accordance with 

NIH regulations for the proper treatment of animals. Dams and litters were housed in 

standard mouse cages. Subcutaneous (s.c.) injection of ethanol into postnatal day 7 (P7) 

mice is a well-established model of developmental ethanol neuropathology (Olney, et al., 

2002b; Wozniak, et al., 2004; Izumi, et al., 2005; Gil-Mohapel, et al., 2010). While the 

effects of the frequency of alcohol consumption, potency consumed, and developmental 

timing of alcohol exposure are factors which produce a range of fetal alcohol induced 

developmental deficits (May, et al., 2011), this model focuses insult during the rodent brain 

growth spurt period that is developmentally equivalent to third trimester of human gestation 

(Schlessinger, et al., 1975). P7 pups were injected with ethanol (2.5 g/kg; s.c.) twice at 0 hr 

and 2 hrs as originally described for C57BL/6 mice (Olney, et al., 2002a; Olney, et al., 

2002b). This model induces a peak truncal blood alcohol level of ~0.5g/dL at 0.5, 1, 3, and 6 

hrs following the second ethanol injection, as assessed with the Alcohol Reagent Set (Pointe 

Scientific, Canton, MI)(Saito, et al., 2007). This alcohol level is similar to previous reports 

by others (Wozniak, et al., 2004; Young, et al., 2006; Saito, et al., 2007). Lithium chloride 

(0.6M LiCl in saline, 10μl/g, 6 mEq/kg body weight) or saline was injected intraperitoneally 

15 min after the first ethanol injection as described in (Zhong, et al., 2006; Chakraborty, et 

al., 2008; Sadrian, et al., 2012). Pups were returned to the litter after treatment, and typically 

gain weight normally in the following days (Coleman, et al., 2012), though this was not 
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assessed in the current study to limit postnatal handling. Weaning occurred at P25–30 and 

mice were tested as young adults at 3 months old. Sex differences in the effects of P7 EtOH 

have not been previously observed (Wilson, et al., 2011; Sadrian, et al., 2012; Sadrian, et al., 

2014), nor were any significant differences observed between sexes here (with the exception 

of one neuroanatomical analysis described below), thus, data from males and females were 

combined.

Telemetry recordings and slow-wave analyses

Mice (postnatal age 85–100) were anesthetized with isoflurane and surgically implanted 

with a single stainless steel (125μ diameter) electrode in the frontal cortex. The electrode 

and reference were connected to a telemetry transmitter (DSI, model ETA-F10), which was 

implanted subcutaneously under the back. The telemetric device also transmitted body 

temperature and movement data. Given that these transmitters did not allow EMG measures, 

REM sleep was not monitored. Following surgery, animals were allowed to recover in their 

home cage for 3–7 days before onset of 24hr recordings. Basal sleep/wake and diurnal 

activity were recorded continuously for 2–3 days in the home cage. Animals were housed 

individually during all recordings, with animals in different conditions recorded 

simultaneously. Data from no more than one mouse/condition/litter are included here.

Local field potentials (LFPs) were acquired, digitized at 1000Hz and analyzed using Spike2 

software (CED, Inc). Slow-wave activity was identified by analysis of delta frequency (0.1–

5Hz) oscillations. LFPs were low-pass filtered and r.m.s. delta amplitude extracted. As 

previously described (Wilson, et al., 2016), epochs (14s) of high delta power were identified 

as exceeding the mean power over a given 24hr period by at least 1 standard deviation. 

Recording artifacts were removed before calculating mean and standard deviation. Analyses 

of slow-wave bouts included: mean percent time in slow-wave over a 24 hour period, and 

mean number of slow-wave/fast-wave bout transitions. For diurnal homecage activity 

analysis, data were blocked into 1hr bins, and mean time-dependent activity levels were 

calculated over 2–3 consecutive days.

Contextual fear conditioning

A separate group of animals were subjected to a contextual fear conditioning task. 

Conditioning procedures, selected to be consistent with our extensive previous work, are 

described as follows. Conditioning occurred during the light phase. Animals were placed in 

a conditioning chamber (9 x 22 x 20cm; W x L x H) with a shock grid floor, and a visual and 

peppermint scented context. We note that odor is an ecologically important component of 

the multi-sensory context for fear conditioning in nocturnal rodents (e.g.,(Huckleberry, et al., 

2016)) and inclusion of odor as a part of the context does not reduce hippocampal 

involvement (Wang, et al., 2013). Animals were allowed to habituate to the chamber for 

5min before receiving four 0.5mA, 1s foot shocks, with an average inter-shock interval of 

2min. The following day, animals were returned to the peppermint scented conditioning 

chamber for a 5min test of contextual freezing. Testing was videotaped for blind analysis via 

hand scoring, where freezing was defined as a complete absence of movement other than 

breathing. Time spent freezing during the 5 minutes of testing was quantified for analysis.
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Immunohistochemistry and cell counting

Ten to fifteen mice (male and female combined, derived from at least 5 litters) were treated 

with saline, EtOH, and LiCl at P7 as described above. At 3 months old, these mice were 

perfusion-fixed with 4% paraformaldehyde and 4% sucrose in cacodylate buffer solution 

(pH 7.2). The heads were removed and immersed in the perfusion solution overnight to fix 

further. Brains were then extracted, transferred to phosphate buffered saline (PBS), and kept 

at 4°C for 2–5 days until cut with a vibratome into 50 μm thick coronal sections. For dual 

labeling of PV and PNN, free-floating sections were rinsed in PBS, permeabilized in 

methanol for 10 min, and incubated for 30 min in blocking solution (PBS containing 0.1% 

Triton X-100 and 5% BSA), followed by incubation overnight with anti-parvalbumin 

antibody (PV25, Swant, Marly, Switzerland) in PBS containing 3% BSA and 0.1% Triton 

X-100. Sections were then rinsed in 0.1% Triton X-100 in PBS three times and further 

incubated with biotin-conjugated wisteria floribunda agglutinin (WFA) (Sigma-Aldrich, St. 

Louis, MO) in 0.1% Triton X-100 in PBS containing 1% BSA for 2hr at r.t., followed by 

incubation with a mixture of Alexa Fluor 488 goat anti-rabbit IgG (Life Technologies, Grand 

Island, NY) and streptavidin-conjugated Alexa Fluor 594 (Fisher Scientific, Pittsburgh, PA) 

in 0.1% Triton X-100 in PBS containing 1% BSA for 1hr at r.t.. Finally, sections were rinsed 

in PBS three times, mounted, and coverslipped using ProLong Gold Antifade Reagent (Life 

Technologies). All photomicrographs were taken through a 4X or a 20X objective with a 

Nikon Eclipse TE2000 inverted microscope attached to a digital camera DXM1200F. 

Because our previous studies (Smiley et al., 2015) showed that both 2-dimensional and 

stereological 3-dimensional counting methods gave similar significant reduction in PV-

positive (PV+) cell densities in the cortex by P7 ethanol treatment, the two-dimensional 

counting method was used in the present studies. The number of PV+ and WFA+ cells in 

each area of interest (AOI) and total dimensions of each AOI were measured using the 

Image-Pro software version 6.0 (Media Cybernetics, Silver Spring, MD). AOIs for cell 

counting were RS cortex, dorsal CA1, and CA3 hippocampus. These AOIs were defined 

according to the Atlas of Mouse Brain (Paxinos, et al., 2004). The cell density of each AOI 

was calculated as the mean cell number per square millimeter using 3 to 6 sections per brain 

around bregma −0.94 to −2.3 mm for RS cortex and bregma −1.22 to −2.3 mm for dorsal 

CA1 and CA3 hippocampus.

Statistical analyses

Statistical analyses were conducted using Statview or Prism software. As is standard for this 

type of analysis, we selected to use ANOVAs; Bonferroni post-hoc tests were selected as 

appropriate for our sample size and to correct for multiple comparisons. SWS%, Sleep 

fragmentation, contextual freezing, and neuroanatomical analyses were conducted using 2 

way ANOVA (EtOH/Saline Treatment X Saline/LiCl Drug). Post-hoc determinations 

comparing all groups (total of 6 determinations/analysis) were conducted where main effects 

or interactions were found. For the diurnal activity analysis, a Group x Time repeated 

measures ANOVA was conducted, with Fisher LSD post-hoc tests for main effects 

comparing all groups (6 determinations/analysis).

Lewin et al. Page 5

Neuroscience. Author manuscript; available in PMC 2019 January 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



RESULTS

Growth and development

At three months old, the mean body weights for all groups were similar (Sal-Sal: M = 24.41, 

SEM = 0.93; EtOH-Sal: M = 24.06, SEM = 0.93; Sal-LiCl: M = 23.29, SEM = 0.76; EtOH-

LiCl: M = 21.53, SEM = 0.74), though there was a main effect of Lithium on body weight (2 

way ANOVA, Treatment x Drug, main effect of Drug, F (1, 57) = 4.627, p < 0.05). However, 

Bonferroni post-hoc tests (p < 0.05) did not reveal any significant differences between 

groups.

Behavior and sleep

P7 ethanol impaired adult contextual fear conditioning. As shown in Fig. 1, time spent 

freezing in the fear conditioning context was significantly reduced in P7 EtOH-Sal treated 

mice, trained and tested as adults, compared to P7 saline-treated adult mice. LiCl co-

treatment with EtOH on P7 reduced this adult cognitive impairment (2 way ANOVA, 

Treatment x Drug, main effect of treatment, F(1,32) = 6.50, p < 0.05). Post-hoc tests (p < 

0.05, 6 total determinations) comparing all groups revealed that only EtOH-Sal was 

significantly different from Sal-Sal controls. In contrast, EtOH-LiCl was not significantly 

different from Sal-Sal or Sal-LiCl treatment groups. It also failed to reach significance from 

EtOH-Sal however, thus the LiCl treatment provided partial blockade of EtOH effects on 

this task, but not complete.

Our previous work has demonstrated that adult cognitive impairment following 

developmental EtOH exposure is correlated with slow-wave sleep (SWS) fragmentation 

(Wilson, et al., 2016). Here we assessed SWS in separate animals as shown in Fig. 2. Delta 

frequency band amplitude was monitored in the frontal cortex with telemetry (Fig. 2A). 

Recording was performed continuously for 2–3 days in mice singly housed in their home 

cage, and periods of elevated delta were identified as SWS periods. As shown in Fig. 2B, P7 

EtOH-Sal-treated adult mice displayed significantly reduced time in SWS over a 24 hr 

period. LiCl co-treatment with EtOH on P7 completely prevented this adult SWS reduction 

(Fig. 2B; 2 way ANOVA, Treatment x Drug, main effect of treatment F(1,35) = 11.20 p < 

0.01; main effect of drug, F(1,35) = 8.05, p < 0.01). Bonferroni post-hoc tests (p < 0.05, 6 

total determinations) revealed that as expected, EtOH-Sal mice spent significantly less time 

in SWS than Sal-Sal treated controls, and likewise, significantly less than EtOH exposed 

mice co-treated with LiCl. There was no difference between Sal-Sal and EtOH-LiCl groups. 

Additionally, post-hoc tests revealed an apparent benefit of LiCl-only treatment over the 

EtOH-LiCl co-treated group (p < 0.001). Similarly, LiCl co-treatment with EtOH prevented 

the SWS fragmentation seen in EtOH-Sal adults (Fig. 2C; significant treatment X drug 

interaction, F(1,35 = 6.44, p < 0.05). Post-hoc tests (p < 0.05, 6 total determinations) 

revealed EtOH-Sal groups transitioned from SWS more than either Sal-Sal, Sal-LiCl or 

EtOH-LiCl groups. Sal-Sal, Sal-LiCl and EtOH-LiCl groups were not significantly different.

A final assay was behavioral hyperactivity in the home cage assessed with the telemetry 

system. As shown in Fig. 3, and previously reported (Wilson, et al., 2016), P7 EtOH-Sal-

treated adult mice displayed significant hyperactivity compared to Sal-Sal in their home 
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cage, with maximal hyperactivity during the dark phase of the diurnal cycle. As with our 

other behavioral assays, co-treatment with LiCl blocked this adult hyperactivity (repeated 

measures ANOVA, Group x Time; main effect of Group, F(3,1104) = 7.18, p < 0.001; main 

effect of Time, F(23,1104) = 22.04, p < 0.001; Group x Time interaction, F(69,1104) = 1.33, 

p < 0.05).

Together these results demonstrate that co-treatment with LiCl on the day of developmental 

EtOH treatment reduces impairments in cognition, sleep, and hyperactivity expressed in 

adulthood.

Neuroanatomy

Our previous work has demonstrated that P7 EtOH exposure decreases PV+ neuron densities 

in the cortex and hippocampus in adult mice (Sadrian, et al., 2014; Smiley, et al., 2015). In 

the present study, the effects of EtOH and LiCl on PV neurons were examined in more 

specific regions—RS cortex (Todd, et al., 2015) and dorsal CA1/CA3 hippocampus 

(Gewirtz, et al., 2000; Maren, et al., 2013; Wang, et al., 2013) which have been implicated in 

the consolidation of contextual fear memory. Because PNNs (lattice-like structures detected 

by WFA lectin binding) selectively surround a subset of PV neurons (Brauer et al., 1993; 

Hartig et al., 1994) and regulate the development and plasticity of those neurons (Celio et 

al., 1998; Ye and Miao, 2013; Balmer, 2016; Lensjo et al., 2017), WFA+ cell densities were 

also measured in the RS cortex and dorsal CA1/CA3 hippocampal regions. As shown in Fig. 

4A, which is a representative image of a control brain section dual-labeled with PV antibody 

and WFA lectin, PNNs were abundantly expressed in RS cortex, while they were low in 

CA3 hippocampus. Fig. 4B shows enlarged images of RS and CA3 regions from different 

treatment group of animals. As expected, WFA+ cells were generally positive for PV, 

although some cells were only PV or WFA+ (Fig. 4B). Fig. 5 shows quantitative results of 

the effects of EtOH/LiCl on PV+ and WFA+ cell densities. In RS cortex, EtOH treatment 

(EtOH-Sal) significantly reduced PV+ cell densities, while LiCl co-treatment with EtOH 

(EtOH-LiCl) prevented the reduction (2 way ANOVA, Treatment x Drug, main effect of 

treatment F(1,52) = 9.37, p < 0.01; main effect of drug, F (1, 52) = 12.44, p < .001). Post-

hoc tests (p < 0.05, 6 total comparisons) revealed EtOH-Sal was different from all other 

groups). The main effect of sex and the interaction between sex and treatment groups were 

not significant. Similarly, EtOH-Sal group significantly reduced WFA+ cell densities and 

lithium co-treatment with EtOH restored the reduction (2 way ANOVA, Treatment x Drug, 

main effect of treatment F(1,36) = 18.02, p < 0.001; main effect of drug, F(1,36) = 16.02, p 

< 0.001; treatment X drug interaction, F(1,36) = 18.06, p < 0.001). Post-hoc tests (p < 0.05, 

6 total determinations) revealed EtOH-Sal was different from all other groups. However, 

there was a significant sex difference, and males showed ~10% higher WFA+ cell densities 

(ANOVA F(1,34)=7.22, p=0.011), with no significant interaction between sex and treatment 

groups. In CA3, similar to RS, the EtOH-Sal group significantly reduced PV+ cell densities, 

while LiCl co-treatment prevented the reduction (2 way ANOVA, Treatment x Drug, main 

effect of treatment F(1,48) = 13.88, p < 0.001; treatment X drug interaction, F(1,48) = 6.204, 

p < .05, EtOH-Sal diff from all other groups based on post-hoc tests, p < 0.05), and there 

were no significant effects of sex and no significant interaction between sex and treatment 

groups. In addition, there was a tendency that EtOH reduced WFA-positive cell densities and 
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LiCl co-treatment attenuated the loss, but the data did not reach statistical significance. In 

contrast to RS and CA3, there were no significant main effects or significant interaction in 

either PV-positive cell or WFA-positive cell densities in CA1 hippocampal region.

DISCUSSION

The present results demonstrate that LiCl co-treatment with developmental EtOH exposure 

reduces adult sleep fragmentation and associated behavioral abnormalities. Furthermore, this 

co-treatment blocks EtOH-induced reduction in PV neuron density in the dorsal CA3 

hippocampus and the RS cortex. Loss of GABAergic neurons could contribute to disruption 

in sleep-dependent contextual fear memory consolidation, and/or to sleep-related local 

circuit dysregulation (Saper, et al., 2010; Xu, et al., 2015; Zucca, et al., 2017), thus LiCl’s 

protective effect on both sleep and behavior could be related to this GABAergic sparing, 

though future work is required to confirm this link. It is also important to note that these data 

do not allow us to conclude that preventing sleep fragmentation with LiCl co-treatment 

underlies the improvement in adult cognition and behavioral hyperactivity in developmental 

EtOH exposed mice. Nonetheless, the data further strengthen the association between adult 

sleep fragmentation and cognitive and behavioral impairments following developmental 

EtOH (Wilson, et al., 2016). Ongoing work is exploring whether direct manipulations of 

sleep can influence cognitive and behavioral function in adults exposed to developmental 

EtOH.

In addition to blocking adult sleep fragmentation, LiCl co-treatment reduced both cognitive 

(contextual fear conditioning) and general behavioral (homecage activity levels) 

impairments in EtOH treated mice. This extends our previous findings showing that the 

impairment in object placement memory, which is impaired in adult mice following P7 

ethanol, is also spared by LiCl co-treatment (Sadrian, et al., 2012). Although we cannot rule 

out a potential contribution of behavioral hyperactivity to the reduction in freezing shown by 

EtOH treated mice, these results nonetheless demonstrate that developmental EtOH exposed 

mice had impaired performance on this cognitive-behavioral task, and that LiCl co-treatment 

restored performance to normal levels.

Both contextual fear memory and object placement memory have been linked at least in part 

to hippocampal function (Gewirtz, et al., 2000; Maren, et al., 2013; Hunt, et al., 2016) 

though see (Gewirtz, et al., 2000; Wiltgen, et al., 2006), and sleep plays an important role in 

consolidation of those memories (Graves, et al., 2003; Marshall, et al., 2007). Importantly, 

recent studies suggest critical roles of hippocampal PV neurons in this sleep-dependent 

memory consolidation (Caliskan, et al., 2016; Ognjanovski, et al., 2017), potentially linking 

developmental EtOH’s impacts on both sleep and hippocampal PV to contextual fear 

memory impairment seen here, although PV+ cell density was only reduced in dorsal CA3, 

but not in dorsal CA1 region (Fig. 4 and 5). The RS cortex also has been implicated in 

contextual fear memory (Todd, et al., 2015), although roles of PV neurons in this function 

have not been elucidated. Circuits underlying hyperactivity are less clear, though multiple 

previous studies have demonstrated developmental ethanol-induced behavioral hyperactivity 

in both open arenas (Wozniak, et al., 2004) and in the home cage (Wilson, et al., 2016), and 

again, sleep and sleep deprivation impacts hyperactivity (Yoon, et al., 2012).
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LiCl co-treatment, which blocks the wave of cell death in the hours following P7 ethanol 

exposure (Zhong, et al., 2006; Chakraborty, et al., 2008; Young, et al., 2008; Luo, 2010; 

Sadrian, et al., 2012) also prevented the reduction in PV+ neurons in RS cortex and dorsal 

CA3 regions (Fig. 4 and 5). It has been previously hypothesized that this ethanol-induced 

loss of GABAergic interneurons may induce a shift in the excitation/inhibition balance 

(Sadrian, et al., 2013) – a shift evidenced by hyperexcitability and hyper-functional 

connectivity in corticolimbic circuits (D’Angiulli, et al., 2006; Wilson, et al., 2011), and 

increased susceptibility to seizures (Bonthius, et al., 2001; Bell, et al., 2010) following 

developmental EtOH exposure. Sleep-wake cycle disruption may similarly be an indicant of 

dysfunction in GABAergic inhibition. Sleep-wake cycles are dependent on circadian 

rhythms, sensory input (e.g., light levels), and recent experience (e.g., stress levels), and 

brainstem, hypothalamic, and basal forebrain circuits collectively regulate switching 

between sleep-wake states and state maintenance (Saper, et al., 2010). GABAergic circuits 

are a critical component in both sleep-wake transitions and state stability (Buzsaki, 2006; 

Saper, et al., 2010; Zucca, et al., 2017). Thus, a decrease in this cell population caused by P7 

EtOH could contribute the observed sleep disruption, and sparing these cells with LiCl co-

treatment may contribute to the observed sleep restoration. Further studies including the 

effects of P7 EtOH on PV or other GABAergic neurons in sleep-related brain regions, such 

as hypothalamus and basal forebrain, may be important to assess this hypothesis. The long-

lasting reduction in PV+ cell density observed in the cortex and hippocampus (Fig. 5) may 

be caused by P7 EtOH-induced acute cell death or by P7 EtOH-induced disturbance in 

maturation of PV+ cells. The RS cortex was one of the regions most affected by P7 EtOH-

induced acute cell death (Olney, et al., 2002a; Saito, et al., 2007), and PV+ cell density 

reduction in this area in the adult brain was accompanied by a decrease in the density of 

WFA+ cells, which were mostly PV+ cells (Fig. 5), suggesting cell loss rather than reduction 

in PV expression by P7 EtOH. However, further studies are necessary.

In summary, LiCl can serve as a preventative co-treatment with developmental ethanol 

exposure to block the emergence of adult sleep fragmentation, cognitive impairment, 

behavioral hyperactivity, and PV cell loss. These results support previous work showing that 

the extent of adult sleep fragmentation following P7 EtOH predicts cognitive impairment 

(Wilson, et al., 2016). The loss of PV neurons in these animals could directly contribute to 

deficits in contextual fear memory (Caliskan, et al., 2016; Ognjanovski, et al., 2017), 

indirectly impact memory via disruption of sleep-dependent memory consolidation 

(Stickgold, et al., 2007; Abel, et al., 2013), or be unrelated to either of these major effects. 

Current work is aimed at determining whether more selective manipulations of sleep can 

ameliorate the long-lasting cognitive and behavioral consequences of developmental ethanol 

exposure.
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HIGHLIGHTS

• Developmental EtOH exposure induces sleep fragmentation and hyperactivity 

in adults

• Developmental EtOH reduces PV/PNN-expressing cells in RS cortex and 

CA3 hippocampus

• Co-treatment with LiCl prevents adult impairment in sleep, activity, 

cognition, and PV/PNN cell loss
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Figure 1. 
The impairment in adult contextual fear conditioning induced by P7 EtOH was prevented by 

co-treatment with LiCl. Mean time freezing +/− SEM is indicated on the y-axis. EtOH-Sal is 

the only group that is significantly different from Sal-Sal (* = p <.05, 6 total post-hoc 

comparisons).
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Figure 2. 
A) Slow-wave sleep (SWS) was monitored with an electrode in the frontal cortex attached to 

a telemetry transmitter for wireless recording. Delta band r.m.s amplitude was extracted and 

used to quantify SWS bouts. B) The reduction in percent time in SWS in adults induced by 

P7 ethanol was prevented by co-treatment with LiCl (post-hoc Bonferroni tests, 6 total post-

hoc comparisons). Mean % time in SWS +/− SEM is indicated on the y-axis. Males are 

represented by open circles and females by filled circles here and in C. C) The increase in 

SWS-waking transitions (sleep fragmentation) in adults induced by P7 ethanol was 

prevented by co-treatment with LiCl (post-hoc Bonferroni tests, 6 total post-hoc 
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comparisons). Mean number of transitions from SWS +/− SEM is indicated on the y-axis. * 

= p < 0.05; ** = p < .01; *** = p < .001.
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Figure 3. 
P7 ethanol induced behavioral hyperactivity in the home cage compared to all other groups. 

Activity is quantified in arbitrary units by the DSI telemetry implant; mean hourly activity +/

− SEM is indicated on the y-axis. This hyperactivity was present during both the light and 

dark phases of the diurnal cycle; dark phase is indicated by the dark bar. Co-treatment with 

LiCl prevented this behavioral hyperactivity. Asterisk signifies a main group effect with 

EtOH-Sal being significantly different from all other groups.
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Figure 4. 
A) A control (Sal-Sal) brain section was dual-labeled using anti-PV antibody and WFA 

lectin. The image of PV+ cells (red), WFA+ cells (green), and the merged image are shown. 

The bar indicates 300 μm. B) Brain sections from Sal-Sal, EtOH-Sal, Sal-LiCl, and EtOH-

LiCl groups were dual-labeled using anti-PV antibody and WFA lectin. The merged images 

of PV (red)+ cells and WFA (green)+ cells were shown here. The bar indicates 50 μm.
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Figure 5. 
P7 EtOH-induced PV+ cell density reduction in RS cortex (A) and CA3 hippocampus (B) 

was prevented by LiCl co-treatment with EtOH. PV+ cell density and WFA+ cell density 

were measured in RS cortex and CA3 hippocampus in the brain sections derived from Sal-

Sal, EtOH-Sal, Sal-LiCl, and EtOH-LiCl groups. Legend in A indicates PV+ and WFA+ cell 

counts in panels A and B. Asterisks indicate that the EtOH-Sal group was significantly 

different from other groups by Bonferroni post-hoc test after ANOVA (p < .05, 6 total post-

hoc comparisons) C) WFA cell density was about 10% higher in the retrosplenial cortex of 

males (ANOVA F(1,34)=7.22, * = p < .05), although there was no significant interaction 

between sex and treatment groups.
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