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Abstract

Background: Adolescence and early-adulthood are vulnerable developmental periods during
which binge drinking can have long-lasting effects on brain function. However, little is known
about the effects of binge drinking on the pyramidal cells of the prelimbic cortex (PrL) during
early and protracted withdrawal periods.

Methods: In the present study, we performed whole-cell patch clamp recordings and dendritic
spine staining to examine the intrinsic excitability, spontaneous excitatory post-synaptic currents
(SEPSCs), and spine morphology of pyramidal cells in the PrL from rats exposed to chronic
intermittent ethanol (CIE) during adolescence or early-adulthood.

Results: Compared to chronic intermittent water (CIW)-treated controls, the excitability of PrL-
L5 pyramidal neurons was significantly increased 21 days after adolescent CIE but decreased 21
days after early-adult CIE. No changes of excitability in PrL Layer (L) 5 were detected 2 days
after either adolescent or early-adulthood CIE. Interestingly, decreases in SEPSC amplitude and
increases in thin spines ratio were detected 2 days after adolescent CIE. Furthermore, decreased
frequency and amplitude of SEPSCs, accompanied by a decrease in the density of total spines and
non-thin spines were observed 21 days after adolescent CIE. In contrast, increased frequency and
amplitude of SEPSCs, accompanied by increased densities of total spines and non-thin spines were
found 21 days after early adult CIE.
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Conclusion: CIE produced prolonged neuronal and synaptic alterations in PrL-L5, and the
developmental stage, i.e., adolescence vs. early-adulthood when subjects receive CIE, is a key
factor in determining the direction of these changes.
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1. Introduction

Alcohol is the most widely abused substance in the world. In fact, alcohol abuse is more
widespread than all other drugs combined (Witt, 2010). Most people in the United States
begin to use alcohol during adolescence or early-adulthood (National Institute on Alcohol
Abuse and Alcoholism, 2017; Sloan et al., 2011; Spear and Swartzwelder, 2014). Young-age
alcohol-drinking is a serious public health concern, with 7.7 million individuals between the
ages of 12—20 years reporting drinking alcohol within the past month (Substance Abuse and
Mental Health Services Administration, 2015). In particular, binge-drinking episodes were
reported at least once in the previous month by 5.1 million underage drinkers and over 90%
of alcohol consumed by underage drinkers was in the form of binge-drinking episodes
(National Institute on Alcohol Abuse and Alcoholism, 2017). This high prevalence of binge
alcohol drinking occurs at a critical period during development when the central nervous
system is undergoing rapid adaptations in structure and function that may lead to subsequent
susceptibility to neuropsychiatric disorders. The behavioral consequences, especially the
prolonged effects of adolescent/young adult alcohol exposure in the clinic cause substantial
morbidity, but available treatments are limited (Kyzar et al., 2019; Sakharkar et al., 2019;
Viner and Taylor, 2007). One reason is the lack of sufficient understanding about the
neuronal alterations induced by adolescent/young adult binge alcohol exposure, and how
these changes contribute to the increased risk of alcohol abuse-related neuropsychiatric
disorders, even after a prolonged withdrawal period.

The prelimbic cortex (PrL), as part of the medial prefrontal cortex, is particularly vulnerable
to alcohol exposure during adolescence as it shows a much slower rate of maturation
compared with other brain regions. The stabilization and final maturation of the PrL is
assumed to be achieved until the third decade of human life (Petanjek et al., 2011). Thus,
neuronal alterations and synaptic pruning are still ongoing not only during adolescence but
also during early adulthood. In addition, lamination is the key architectural feature of the
cerebral neocortex. As cortical maturation occurs in an inside-out fashion, layer-specific
alterations (Cooper, 2008) can be expected when immature brains are exposed to alcohol.
The difference between superficial layers (primarily layer 2/3, denoted as L2) and the deeper
layers (layer 5, L5, in particular) has been extensively explored in alcohol/ethanol-free
subjects (Harris and Shepherd, 2015; Lefort et al., 2009; Rolls, 2016). Besides extrinsic
inputs, L2 receives cortical inputs from other layers except L5 and projects to L5 as well as
other layers. In contrast, L5, as the dominant output to subcortical and other cortical regions,
broadly integrates the inputs from all the other layers including L2 (D’Souza and Burkhalter,
2017). Thus, besides the significant overlap in their anatomical networks and biological
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functions, L2 and L5 may play differential roles by gathering information and generating
outputs, respectively.

Binge-like ethanol exposure in laboratory animals has been modeled by chronic intermittent
ethanol (CIE) administration, which could help in our understanding of potential
mechanisms. The developmental stage-dependent and layer-specific effects of CIE are
explored in the current studies. Specifically, the effects of CIE on neuronal excitability,
spontaneous excitatory postsynaptic currents (SEPSCs), and spine morphology of PrL-L2 vs.
PrL-L5 during both adolescence (P28-45, denoted “Ado”) and early-adulthood (P70-88,
denoted “Adu”) are explored at 2 days and 21 days after the last alcohol exposure. Our
results reveal important differences in neuronal excitability, synaptic transmission, and spine
morphology that are developmental stage- and layer-specific.

Materials and methods

2.1. Animals

All procedures were performed in accordance with the United States Public Health Service
Guide for Care and Use of Laboratory Animals and were approved by the Institutional
Animal Care and Use committees at the State University of New York, Binghamton and
Indiana University School of Medicine. Experiments were conducted on male Sprague-
Dawley rats, bred in-house using breeders originally derived from Envigo, USA. With the
day of birth being deemed as PO, rats were weaned at P21-23 and pair-housed in standard
Plexiglas cages. Rats were maintained on a7 AM / 7 PM light / dark schedule with ad
libitum access to food and water. Rats were handled to habituate them to human contact
prior to experimentation. In total 124 male rats, randomly picked up from ~60 litters, were
used in this study.

2.2. Chronic intermittent ethanol exposure

Our CIE procedure was described in our recent publication (Shan et al., 2019). Briefly,
adolescent (Ado, P28-P45) or early adult (Adu, P70-P88) rats received 4.0 g/kg intragastric
(IG) administration of 25% (v/v) ethanol (CIE) or equivalent volume of water (CIW) once
per day at approximately 9:00 AM in a 3-day on and 2-day off pattern as one cycle, repeated
4 times in total as illustrated by Fig. 1A. This CIE was verified as an effective procedure of
alcohol binge exposure (defined as >80 mg/dL by NIAAA) in our previous publication
(Shan et al., 2019). In order to avoid the potential stress induced by tail blood withdrawal,
ethanol concentration measurement was not performed in the animals used in the current
studies.

2.3. Brain slice whole-cell patch clamp recordings

Standard procedures were used for preparing slices and whole-cell patch clamp recordings
as detailed in our previous publications (Ma et al., 2012; Ma et al., 2014). Before sacrifice,
the rats were anesthetized with isoflurane and subsequently transcardially perfused with 4°C
cutting solution (in mM: 135 A-methyl-D-glucamine, 1 KCI, 1.2 KH,POy, 0.5 CaCl,, 1.5
MgCly, 20 choline-HCOg3, 11 glucose, pH adjusted to 7.4 with HCI, and saturated with 95%
0O, /5% CO,). The rat was decapitated, and then the brain was removed and glued to a block
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before slicing using a Leica VT1200s vibratome in 4°C cutting solution. Coronal slices of
250-um thickness were cut such that the preparation contained the signature anatomical
landmarks (e.g., the rhinal fissure, the anterior commissure and the corpus callosum as
shown in Fig. 1B) that clearly delineate the PrL area (between +3.5 to +2.5 mm from
bregma; 0.25-0.35 mm from the pial surface for L2 and 0.80-1.00 mm from the pial surface
for L5) (Paxinos and Watson, 2007). After allowing at least 1 hr for recovery, slices were
transferred from a holding chamber to a submerged recording chamber where it was
continuously perfused with oxygenated ACSF maintained at 30 + 1°C.

Standard whole-cell current- or voltage-clamp recordings were obtained with a MultiClamp
700B amplifier (Molecular Devices), filtered at 3 kHz, amplified 5 times, and then digitized
at 20 kHz with a Digidata 1550B analog-to-digital converter (Molecular Devices). The
recording electrodes (3-5 MQ) were filled with (in mM): 108 KMeSO3, 20 KCI, 0.4 K-
EGTA, 10 Hepes, 2.5 Mg-ATP, 0.25 Na-GTP, 7.5 phosphocreatine (2Na), 1 L-glutathione, 2
MgCly, pH 7.3. The recording bath solution contained (in mM): 119 NaCl, 2.5 KCI, 2.5
CaClsy, 1.3 MgCl,, 1 NaH,POy4, 26.2 NaHCOs3, 11 glucose, and 0.2% of biocytin, saturated
with 95% O, / 5% CO, at 30 + 1°C. Details for whole-cell patch clamp recordings can be
found in one of our previous publications (Ma et al., 2012). Cells were patched in voltage
clamp mode and held at =70 mV. Only those recordings with a series resistance no higher
than 20 MQ and less than 20% variability were included in the subsequent data analyses.
Cell membrane capacitance (Cm), input resistance (Rm) and time constant () were
calculated by applying a depolarizing step voltage command (5 mV) and using the
membrane test function integrated in the pClamp11 software. SEPSCs were recorded for 90—
120 sec in voltage clamp mode in the absence of GABA, receptor blockers as addition of
these blockers would alter cortical pyramidal neuron excitability. Preservation of
GABAergic synaptic inputs from local or distant projections is closer to the physiological
condition. Further, addition of glutamate receptor antagonists, NBQX (10 uM) and AP-5 (50
uM), completely abolished spontaneous activity recorded at =70 mV (not shown). SEPSCs
were analyzed off-line using the MiniAnalysis program (Synaptosoft Inc) with a threshold
detection of 6 pA. This software was also used to calculate SEPSC frequency and amplitude.
Resting membrane potential (RMP) was measured in current clamp mode with zero
injection current. Resting membrane potential was adjusted to =70 mV via injection of
positive current (50 — 100 pA) and then intrinsic excitability was examined using a series of
depolarizing current pulses and constructing input-output (I-O) functions.

2.4. Dil staining

PrL-containing slices (200 pm) were prepared by the same procedure as slices for
electrophysiological recordings. Dil staining was adapted from previous publications
(Graziane et al., 2016; Mahmmoud et al., 2015). Brain slices were fixed with 1.5%
paraformaldehyde (PFA) at room temperature for 30 min, and washed with phosphate-
buffered saline (PBS) for 5 min, three times, and then mounted on a microglass. Slices were
air-dried for 5 min and then Dil was brushed onto the slices with the aid of a Sutter
Micromanipulator (MP-285) and its controller (MPC-200). The brain slices were then
covered by a few drops of PBS and incubated at 37°C for 30 min. After a brief wash with
PBS, the slices were incubated in 4% PFA for 30 min at room temperature. After washing
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with PBS, 5 min for three times, a couple of drops of mounting medium (Molecular
Probes™ ProLong™ Diamond Antifade Mountant) were added and slices were cover-
slipped. The dendrites were imaged with a Nikon AR1 Confocal Microscope using a 63x
oil-immersion objective and scanned at ~0.2 um intervals along the z-axis. The collected z-
stack images were processed using maximum intensity projection function. The images of
pyramidal neurons with manually identifiable and quantifiable spines were used for the
spine evaluation. We divided the spines into two large categories as explained in Fig. 3A.
The spine qualification was manually performed with at least 4 randomly sampled
secondary/tertiary dendrites (= 40 um in length for each) per neuron and no less than 3
neurons per rat. Spine density (i.e., the number of spines per um length of dendrite) for a
specific neuron was calculated as the total number of identified spines divided by the total
length of dendrites belonging to that neuron. The spine density for a specific rat was
calculated by averaging the spine density of neurons analyzed in that rat.

Morphological exploration of basal, relative to apical, dendrites has been undertaken in
laboratory animal models with chronic ethanol history, and with a general, although not
exclusive, conclusion of significant effects of CIE on basal dendrites and spines arising from
these dendrites, but not from apical branches (Cadete-Leite et al., 1990; Hamilton et al.,
2010; Klenowski et al., 2016; Kroener et al., 2012). Therefore, together with the reliable
identification of basal dendrites exclusively from PrL-L5 pyramidal neurons, the spine
counting in this study was done in their basal, but not the apical dendrites.

Data Acquisition and Analysis

Data were collected either 2 days or 21 days after the last administration of water or ethanol.
All results are shown as mean + SEM. Each experiment was replicated in at least 4 rats
(usually 2—4 cells per rat were recorded from 4-5 rats per group) for electrophysiological
analysis. PrL pyramidal neurons, similar to those in other cerebral regions, have typical
firing patterns (as shown in Figs. 1, 2, S1, S2), and morphologically have a triangle-shaped
soma (®=15-25um), with spiny basal and apical dendrites and a non-spiny axon. Those cells
showing atypical electrophysiological properties (e.g., different firing patterns, outliers in
terms of basic membrane properties, i.e., Cm, Rm, <, and resting membrane potential), and /
or atypical morphology based on biocytin staining (Ma et al., 2012) were excluded. Sample
size is presented as “m/n” in Figs. 1-3, S1 and S2 and “n” in Fig.4, where “m” refers to the
number of cells examined and “n” refers to the number of rats. Statistical significance was
assessed using two-way ANOVA with repeated measures (Figs. 1D,F; S1D,F; 2D,F; S2D,F)
or two-way ANOVA (Fig. 3B,C,E,F; 4C-J, Tables 1-5), followed by Bonferroni post-hoc
tests.

3. Results

3.1.

Membrane properties of PrL pyramidal neurons after CIW vs. CIE

Cell membrane capacitance (Cm), membrane input resistance (Rm), time constant (<), and
resting membrane potential (RMP) of the patched pyramidal neurons were measured as
described in in the previous section. The data are summarized in Tables 1-4, and analyzed
by two-way ANOVA. Data collected from the PrL-L5, but not from the PrL-L2, showed
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statistically significant differences 21 days after CIW vs. CIE. Specifically, compared to the
corresponding CIW controls, smaller Cm and higher Rm by Ado::CIE, were detected in the
PrL-L5 on WD21. In contrast, larger Cm and lower Rm occurred by Adu::CIE. Smaller Cm
and higher Rm would predict higher excitability. On the other hand, larger Cm and lower
Rm would indicate reduced excitability. These predictions were supported by our
excitability data described below.

3.2. Increased excitability in PrL-L5 pyramidal neurons 21 days, but not 2 days, after

Ado::CIE

As shown in Fig. 1A, electrophysiological studies in PrL-containing coronal slices from rats
treated by CIW/CIE during their adolescent stage were performed 2 days or 21 days after the
last ethanol administration. Whole-cell patch clamp recordings of pyramidal neurons in PrL-
L5 (Fig. 1B) in current clamp mode (example traces in Fig. 1C) 2 days after CIW vs. CIE
treatment (decoded as WD2) showed no difference of spike number on WD2 (Fig. 1D).
However, an injection current-dependent increase of spike number on WD21 was detected in
Ado::CIE, relative to that in Ado::CIW (Fig. 1E, F). Thus, a delayed effect of Ado::CIE on
PrL-L5 excitability is indicated by our data demonstrating that a prolonged withdrawal
period is necessary for the progressive emergence of Ado::CIE effects.

3.3. No differences of excitability in PrL-L2 pyramidal neurons after Ado::CIW vs.

Ado::CIE

As shown in Fig. S1A, the same slices used in data collection for PrL-L5 excitability after
Ado::CIW or Ado::CIE were used in parallel to assess the PrL-L2 (Fig. S1B) excitability.
Effects of Ado::CIE on PrL-L2 excitability were not detected on WD2 (Fig. S1C,D) or
WD21 (Fig. S1E,F). Thus, we conclude that the effects of Ado::CIE on the PrL excitability
has layer-specificity. Excitability of PrL-L5 seems more susceptible than PrL-L2 to
Ado::CIE, although it takes time to fully develop these effects.

3.4. Decreased excitability in PrL-L5 pyramidal neurons 21days, but not 2 days, after

Adu::CIE

After a comprehensive evaluation of Ado::CIE (CIE on P28-45) on PrL excitability, we
wondered if the effects of CIE on PrL are developmental stage-specific. Thus, additional
experiments were done on rats treated by Adu::CIW or Adu::CIE (CIW/CIE on P70-88). As
shown in Fig. 2A, whole-cell patch clamp recordings (Fig. 2B) were obtained from
pyramidal neurons in PrL-L5. Although no significant effects were detected on WD?2 after
Adu::CIE (Fig. 2C,D), an injection current-dependent decrease of spike number on WD21
was detected in Adu::CIE, relative to the data collected in Adu::CIW rats (Fig. 2E, F). Our
data suggest that the developmental stage when the binge alcohol exposure occurs greatly
influences the excitability of PrL-L5. Interestingly, the effects of both Ado::CIE and
Adu::CIE seem to be gradually unmasked by the passage of the withdrawal period.
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3.5. No differences of excitability in PrL-L2 pyramidal neurons after Adu::CIW vs.

Adu::CIE

As shown in Fig. S2A, the same slices used to collect data on PrL-L5 excitability after
Adu::CIW or Adu::CIE were used for assessing PrL-L2 (Fig. S2B) excitability. Similar to
Ado::CIE, effects of Adu::CIE on PrL-L2 excitability were not detected on WD2 (Fig.
S2C,D) or WD21 (Fig. S2E,F). Thus, we conclude that the effects of CIE on the PrL
excitability has layer-specificity. Excitability of PrL-L2 seems resistant to both Ado::CIE
and Adu::CIE.

3.6. Effects of CIE on sEPSCs of PrL-L5 pyramidal neurons

Due to their sensitivity and changes of intrinsic excitability to the CIE treatment, PrL-L5
pyramidal neurons were further evaluated by recording the frequency and amplitude of
SEPSCs using whole-cell patch clamp. As exemplified in Fig. 3A, Ado::CIE, but not
Adu::CIE, significantly decreased the amplitude of the SEPSCs recorded from PrL-L5
pyramidal neurons at the early withdrawal stage (i.e., WD2, Fig. 3C), relative to the
corresponding CIW controls. However, no changes of SEPSC frequency were detected in
rats 2 days after either Ado::CIE or Adu::CIE (Fig. 3B). Interestingly, both the frequency
and the amplitude of SEPSCs were affected by CIE after a prolonged withdrawal period (Fig.
3D-F). Specifically, adolescent CIE decreased both the frequency and the amplitude of
SEPSCs recorded from PrL-L5 pyramidal neurons. On the contrary, Adu::CIE increased
their frequency and amplitude. Thus, similar to the changes of intrinsic excitability, the
effects of CIE on synaptic transmission in PrL-L5 pyramidal neurons were opposite between
the 2 age groups and suggested intervention of pre- and post-synaptic mechanisms.

3.7. Effects of CIE on spine morphology of PrL-L5 pyramidal neurons

The number of available spines, related to membrane area, is one of the critical factors that
determine the efficiency to integrate input signals. Thus, a more detailed morphological
analysis was performed on PrL-L5 pyramidal neurons. Dil staining, which can efficiently fill
up and label the spines, even those with narrow necks, was used to assess the number of
available spines after CIW or CIE treatment. As shown in Fig. 4A, total spines in the
pyramidal neurons consist of non-thin spines (i.e., the sum of stubby spines and mushroom
spines) and thin-spines (i.e., the sum of long thin spines and filopodium spines). The
quantification of total spines as well as the two breakdown categories showed interesting and
interactive effects of CIE and age on spine morphology of Prl-L5 pyramidal neurons.
Specifically, although, relative to the age-matched CIW controls, no changes of total spine
density (Fig. 4C), non-thin spine density (Fig. 4D), or thin spine density (Fig 4E) were
observed on WD?2 after either Ado::CIE or Adu::CIE, CIE treatment affected the thin spine
ratio (Fig. 4F) in an age-independent manner. Particularly, a statistically significant increase
of thin spine ratio was detected 2 days after Ado::CIE.

Then, we looked into the morphological data on WD21 after CIW/CIE treatment. Total
spine density (Fig. 4G) and non-thin spine density (Fig. 4H) were decreased after Ado::CIE
but increased after Adu::CIE. However, no further significant differences of thin spine
density were observed between CIW vs. CIE treatments or between Ado vs. Adu age groups
(Fig. 41). The thin spine ratio was increased after Ado::CIE but decreased after Adu::CIE
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(Fig. 4J), which may be attributed to the changes of non-thin spines. Thus, the prolonged
effects of Ado::CIE and Adu::CIE were assumed to be a consequence of non-thin spine
decreases and non-thin spine increases, respectively.

4. Discussion

Our data on changes in intrinsic excitability of pyramidal neurons in the PrL. demonstrated a
high sensitivity of L5, relative to L2, to the CIE, regardless of whether the CIE was given
during adolescence or early-adulthood. These pyramidal neurons showed significant
alterations in intrinsic excitability on WD21 but not on WD?2, indicating that it takes time for
the excitability changes to develop after CIE. Compared to the corresponding CIW controls,
both Ado::CIE and Adu::CIE on WD21 resulted in a significant change in the intrinsic
excitability. More importantly, the effects were differential; Ado::CIE increased but
Adu::CIE decreased the intrinsic excitability of PrL-L5 on WD21. The opposite alterations
of excitability in PrL-L5 could be related to the developmental-stage dependent
responsiveness of pyramidal neurons to (1) binge-like ethanol exposure, (2) the intermittence
between binge sessions, and (3) prolonged withdrawal from CIE. Since significant
alterations were detected on WD21 but not WD2 after either Ado::CIE or Adu::CIE, the
third factor could be the case. The different alterations of the PrL-L5 after adolescent vs.
early adult CIE may explain the different symptoms observed in the clinic, although it
cannot be excluded that different neuronal alterations may be involved in similar symptoms
in subjects with Ado::CIE vs. Adu::CIE. Although alterations of L5 excitability have been
reported (Salling et al., 2018; Trantham-Davidson et al., 2017), our paper is the first to
compare, in parallel, the excitability of L2 to confirm the layer specific contributions after
adolescent binge alcohol exposure. No changes in PrL-L2 after 2 days after Adu::CIE was
also supported by Pleil et al. (Pleil et al., 2015). We would also like to emphasize that PrL-
L2 has been reported as a cortical substrate of alcohol exposure. For example, decreases of
total spine density but increase of non-thin spine density in mPFC L2 pyramidal neurons
were detected ~2 weeks after binge-like ethanol exposure during postnatal days 4-9
(Hamilton et al., 2015; Hamilton et al., 2010; Whitcher and Klintsova, 2008).

The intrinsic excitability of projecting pyramidal neurons can be determined by the
amplitude of the action potential afterhyperpolarization (AHP), including both the fast AHP
(FAHP), assumed to be mediated by large conductance (BK) calcium-activated potassium
channels and the medium AHP (mAHP), assumed to be mediated by small conductance
(SK) calcium-activated potassium channels (Ishikawa et al., 2009; Matthews et al., 2009;
Shah et al., 2006). Ado::CIE induced changes of AHP have been reported previously in the
mPFC (Cannady et al., 2018; Salling et al., 2018). The amplitudes of the fAHP (data not
shown) and mAHP (Table. 5) were analyzed in the current study but no difference was
detected between CIW vs. CIE. RMPs were not changed by CIE in the current study,
although membrane hyperpolarization of pyramidal neurons in mPFC was reported after
voluntary Ado::CIE (Salling et al., 2018). Thus, our data indicate that alterations in intrinsic
excitability in PrL-L5 pyramidal neurons do not appear attributable to some of their
electrophysiological properties (e.g.., AHP and RMP), although we cannot rule out that
other ionic conductances could contribute to changes in excitability which has been reported
before (Cannady et al., 2018). It is worth noting that, in the PrL-L5, smaller Cm and higher
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Rm 21 days after Ado::CIE could also underlie higher excitability, and higher Cm and lower
Rm 21 days after Adu::CIE in the PrL-L5 might underlie lower excitability. The effects of
CIE, at either adolescent or early adult stage, on intrinsic excitability is injection current-
dependent. In other words, differences of spike number between CIW vs. CIE were only
observed at highly depolarized potentials induced at higher current intensities. Thus, the
adaptations observed in passive membrane properties (e.g., Cm, Rm) may not fully explain
the injection current-dependent effects of CIE on intrinsic excitability.

Synaptic adaptations, as another primary factor determining neuronal excitability (Crabtree
etal., 2017; Pratt and Aizenman, 2007), were evaluated by measuring the frequency and
amplitude of SEPSCs, and the morphology of postsynaptic spines. Significant changes of
SEPSCs and spine morphologies (e.g., density and percent of thin spines) were detected on
both WD2 and WD21 in Prl-L5 pyramidal neurons, indicating that synaptic activity readouts
are more sensitive to the effects of CIE at the early withdrawal stage. Significant decreases
of SEPSC amplitude and increase of thin spine ratio were detected 2 days after Ado::CIE,
compared to those in Ado::CIW group. The size of spine heads is speculated to have a
positive correlation with the number of available excitatory post-synaptic receptors on that
spine, such as NMDA or AMPA receptors (Newpher and Ehlers, 2008). Due to the voltage-
dependent blockade of NMDA receptors at =70 mV at which our SEPSCs were recorded, we
assume the AMPA receptors are decreased 2 days after Ado::CIE. Consistent with our
prediction, glutamatergic transmission was enhanced ~ 1 week after CIE (Varodayan et al.,
2018). Interestingly, the NMDA but not AMPA component of EPSCs increased in mPFC-L5
pyramidal neurons immediately or 1-week after CIE (Kroener et al., 2012).

21 days after CIE, robust but opposite synaptic adaptations were observed in rats with a
history of CIE at adolescent and early-adult stages. Decrease of SEPSC frequency and
amplitude, and decrease of total spine density were observed 21 days after Ado::CIE,
whereas increase of SEPSC frequency and amplitude, and increase of total spine density
were observed 21 days after Adu:: CIE. Total spine density, as a measurement of
postsynaptic structure and indicating the availability of synaptic contacts, is assumed to be
responsible for both the frequency and amplitude of SEPSCs. We found lower density of
non-thin spines and higher thin spine ratio 21 days after Ado::CIE, indicating less excitatory
postsynaptic receptors in PrL-L5 pyramidal neurons, which also could explain the smaller
amplitude of SEPSCs. Interestingly, our data from PrL-L5 in Ado::CIE rats are consistent
with those collected from IL but not the PrL in previous studies (Jury et al., 2017; Trantham-
Davidson et al., 2017), in which mice or Long-Evans rats received ethanol vapor exposure.
Higher total spine density and lower thin spine ratio, as observed 21 days after Adu::CIE,
indicates more synaptic contacts and more excitatory postsynaptic receptors in PrL-L5
pyramidal neurons, explaining the higher frequency and larger amplitude of SEPSCs 21 days
after Adu::CIE. The current synaptic data from early-adult animals are consistent with
Klenowski et al., 2016 who reported increases of total spine densities and SEPSC frequency
in L5 pyramidal neurons, supporting that long-term alcohol use enhances excitatory synaptic
transmission in mPFC L5 pyramidal neurons (Klenowski et al., 2016).

Total spine density can be affected by both spine pruning and spine sprouting processes.
Considering no changes in total spine density, we assume that the increased thin spine ratio
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2 days after Ado::CIE is a consequence of remodeling of existing non-thin spines but not
sprouting of nascent spines, followed by a pruning process, which explains the decreases of
total spines 21 days after Ado::CIE. Since total spine density increased 21 days after
Adu::CIE, we assume the prolonged effects of Adu::CIE is to increase nascent synaptic
contacts, which is further supported by the increased frequency and amplitude of SEPSCs.
Compared to thin spines, which are fragile and easy to be re-shaped, non-thin spines, which
are highly stable and resistant to the environmental stimuli, are predicted to serve as the
“memory spines” to reliably store the information of previous experience for a long term
(Bourne and Harris, 2007). Changes in non-thin spine density were detected 21 days after
both Ado::CIE and Adu::CIE, indicating persistent synaptic changes after CIE, regardless of
the developmental stage at either adolescence or early-adulthood. One point that needs
clarification is that as the postsynaptic components, spines are not exclusively innervated by
excitatory inputs. Spines can be categorized into at least 3 types, including (1) immature
spines which are thin and long, (2) mature excitatory spines innervated by excitatory inputs
only, and (3) double input spines innervated by both inhibitory and excitatory inputs (Villa et
al., 2016). Villa et al. found that, compared to the excitatory inputs, inhibitory inputs showed
significantly lower density, and higher dynamics.

The functional output of a brain region relies on the integration of the synaptic transmission
and intrinsic excitability. We found that weakened synaptic transmission, which led to a
lower probability of depolarization to the threshold of action potential generation, but
increased intrinsic excitability in the PrL-L5 21 days after Ado::CIE, which facilitates firing.
On the other hand, 21 days after Adu::CIE, strengthened synaptic transmission but decreased
intrinsic excitability were detected. Our data from both Ado::CIE and Adu::CIE evidenced
the synapse-membrane homeostatic crosstalk (SMHC) (Ishikawa et al., 2009; Wang et al.,
2018), which postulates that an increase or decrease in excitatory synaptic strength induces a
homeostatic decrease or increase in the intrinsic membrane excitability, respectively.
Cocaine exposure was reported to disrupt SMHC regulation (Wang et al., 2018).
Recognition of SMHC mechanisms will guide effective manipulations on the brain pre-
exposed to CIE in future studies.

5. Conclusions

Effects of developmental stage-dependent and PrL layer-specific effects of CIE were
investigated here. The PrL-L5, but not PrL-L2, is the potential substrate mediating the
prolonged effects of CIE. Although both developmental stages are sensitive to the CIE
treatment, the adolescents and the early adults responded to CIE in an opposite way. The
translational significance of this study is that different treatments may need to be developed
after Ado::CIE vs. Adu::CIE although both lead to prolonged consequences in brain
function.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:

Layer 5 (L5) but not layer 2 (L2) pyramidal neurons in the prelimbic cortex
(PrL) showed developmental stage-dependent effects of chronic intermittent
ethanol (CIE).

No changes in PrL-L5 neurons were detected 2 days after either adolescent or
early-adult CIE.

Intrinsic excitability of PrL-L5 pyramidal neurons was increased by
adolescent CIE, but decreased by early-adult CIE after a protracted
withdrawal period.

Synaptic transmission and the density of total spines and non-thin spines in
PrL-L5 pyramidal neurons were decreased 21 days after adolescent CIE, but
increased 21 days after early-adult CIE.

Drug Alcohol Depend. Author manuscript; available in PMC 2021 November 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Galaj et al.

A Adolescent CIE/CIW
P28-45

EtOH/water on x 3 days

G, 4 glkgiday

|

2or21 days py7 (wp32)|

Page 15

Whole-cell /
patch clamp |

after the |ast or \
EtOHIG PS8 (WD21) \

IG of x 2 days b O

C  adoLswoz D ascswoz E AdoLswD21 F  adortswo2
cIw CIE cIw CIE
o CIW [18/11) : o CIW (14/8)
i CIE (18/9) . |eciE(@E
IR 1 i 11 1 R
f ;, et et "N 2 w A o e \ ?=_l _,_:—.‘-" =
..‘.UpAL ¢ .-.\_Clp.AL % 10 l .-".)pAL ; A.Op.ﬂ.l_ =10
25E\.n = | ‘ ,25Lw & E
le anmswmm = L"‘|"‘!Enww ¢ e
A 100 300 500 g | 100 300 500
500pA ¢ 500 pA m‘ln.l‘pA]L | 500 pa® 500 pA o)
L] L | [ ] L !

Figure 1. Increased excitability of layer 5 pyramidal neurons in the PrL 21 days, but not 2 days,
after Ado::CIE procedure

A, Detailed experimental time line.

B, Location of whole-cell patch clamp recordings in PrL-L5.

C, Example traces of action potentials elicited by 250 and 500 pA current injections to a
PrL-L5 pyramidal neuron 2 days after Ado::CIW and Ado::CIE.

D, Summarized data showing no changes of spike number recorded from PrL-L5 pyramidal
neurons 2 days after the Ado::CIW vs. Ado::CIE (lj5j x CIW/CIE interaction F19320=0.4,
p=0.92, CIW/CIE Fy 3,=0.4, p=0.55, cell-based; ljyj x CIW/CIE interaction Fy0180=0.3
p=0.98, CIW/CIE F1 15=0.4, p=0.53, animal-based).

E, Example traces of action potentials elicited by 250 and 500 pA current injections to a
PrL-L5 pyramidal neuron 21 days after Ado::CIW and Ado::CIE.

F, Summarized data showing an increased excitability of PrL-L5 pyramidal neurons 21 days
after Ado::CIE (ljnj x CIW/CIE interaction Fyg 310=2.6, p<0.01, CIW/CIE Fy 3,=4.9,
p=0.03, cell-based; ljn; x CIW/CIE interaction F1g 130=3.1, p<0.01, CIW/CIE Fy 13=5.1,
p=0.04, animal-based).

Data were analyzed by two-way ANOVA with repeated measures (D, F), followed by
Bonferroni post-hoc tests. n/m, the number of cells/animals for data collection. *, p<0.05,
CIW vs. CIE at the specific injection current.
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Figure 2. Decreased excitability of layer 5 pyramidal neurons in the PrL 21 days, but not 2 days,
after Adu::CIE

A, Experimental time line, see more details in Fig. 1A.

B, Location of whole-cell patch clamp recordings in PrL-L5.

C, Example traces of action potentials elicited by 250 and 500 pA current injections to a
PrL-L5 pyramidal neuron 2 days after Adu::CIW and Adu::CIE.

D, Summarized data showing no changes of spike number recorded from PrL-L5 pyramidal
neurons 2 days after the Adu::CIW vs. Adu::CIE (lj5j x CIW/CIE interaction F19 200=0.1,
p=0.99, CIW/CIE F1,20=0.3, p=0.59, cell -based; lj,j x CIW/CIE interaction F109o=0.5,
p=0.90, CIW/CIE F4 ¢=0.2, p=0.66, animal -based).

E, Example traces of action potentials elicited by 250 and 500 pA current injections to a
PrL-L5 pyramidal neuron 21 days after Adu::CIW and Adu::CIE.

F, Summarized data showing a decreased excitability of PrL-L5 pyramidal neurons 21 days
after Adu::CIE (ljnj x CIW/CIE interaction Fyg 310=2.2, p=0.02, CIW/CIE Fy 3,=3.4,
p=0.07, cell -based; lj,j x CIW/CIE interaction F1q,120=2.0, p=0.03, CIW/CIE Fy 15=3.1,
p=0.10, animal -based).

Data were analyzed by two-way ANOVA with repeated measures (D, F), followed by
Bonferroni post-hoc tests. n/m, the number of cells/animals for data collection. *, p<0.05,
CIW vs. CIE at the specific current injection.
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Figure 3. Effects of CIE on SEPSCs recorded from PrL-L5 pyramidal neurons
A, Representative traces of SEPSCs 2 days after adolescent CIW/CIE treatment and early-

adult CIW/CIE treatment.

B, Summarized data showing no effects of adolescent or early-adult CIE on the frequency of
SEPSCs (CIW/CIE x Ado/Adu interaction F1 4=0.1, p=0.72, CIW/CIE F4 4=0.6, p=0.46,
Ado/Adu F1 48<0.1, p=0.87, cell-based; CIW/CIE x Ado/Adu interaction F1 2,=0.3, p=0.61,
CIWICIE Fq 2,=0.1, p=0.71, Ado/Adu F1 2,=0.1, p=0.72, animal-based).

C, Summarized data showing significant decrease of SEPSC amplitude 2 days after
adolescent, but not early-adult, CIE (CIW/CIE x Ado/Adu interaction F1 48=8.3, p<0.01,
CIWICIE Fq 45=11.5, p<0.01, Ado/Adu F1 4g=1.0, p=0.32, cell-based; CIW/CIE x Ado/Adu
interaction F1 2,=8.4, p=0.01, CIW/CIE F1 2=11.7, p<0.01, Ado/Adu F; 2,=1.2, p=0.29,
animal-based).

D, Representative traces of SEPSCs 21 days after adolescent CIW/CIE treatment and early-
adult CIW/CIE treatment.

E, Summarized data showing that SEPSC frequency significantly decreased and increased 2
days after adolescent and early-adult CIE, respectively (CIW/CIE x Ado/Adu interaction

F1 62=4.4, p=0.04, CIW/CIE F1 ,=0.1, p=0.79, Ado/Adu F1 §,=3.9, p=0.05, cell-based,
CIWICIE x Ado/Adu interaction F1 »5=7.8, p=0.01, CIW/CIE F; 5<0.1, p=0.85, Ado/Adu
F1 25=6.5, p=0.02, animal-based).

F, Summarized data showing that SEPSC amplitude significantly decreased and increased 2
days after adolescent and early-adult CIE, respectively (CIW/CIE x Ado/Adu interaction
F1’62:108.3, p<0.01, CIWICIE F1‘62:4.4, p=0.04, Ado/Adu F1’62:99.8, p<0.01, cell-based;
CIWICIE x Ado/Adu interaction F 55=116.5, p<0.01, CIW/CIE F1 25=4.7, p=0.04,
Ado/Adu F1 »5=102.8, p<0.01, animal-based).

Data were analyzed by two-way ANOVA (B,C,E,F), followed by Bonferroni post-hoc tests.
n/m, the number of cells/animals.
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Figure 4. Effects of CIE on spine morphology of PrL-L5 pyramidal neurons
A, Adapted criteria for 4 types of spines from Spiga et al, 2014 (Spiga et al., 2014) and

example spines for each type.

B, Example Dil-stained spines in PrL-L5 pyramidal neurons 2 and 21 days after CIW or CIE
treatment during the adolescent and early-adult stages, respectively.

C-F, Summarized data showing the spine density of total spines (C), non-thin spines (D)
and thin spines (E), as well as the thin spine % among total spines (F) 2 days after CIW or
CIE treatment. Neither CIE treatment nor the age factor significantly affected total spine
density (C, CIW/CIE x Ado/Adu interaction F1 4<0.1, p=0.84, CIW/CIE Fy 24=0.1, p=0.74,
Ado/Adu F1 24=0.1, p=0.78), non-thin spine density (D, CIW/CIE x Ado/Adu interaction
F1,24<0.1, p=0.85, CIW/CIE Fy 24=5.5, p=0.03, Ado/Adu F1 24=1.0, p=0.32), or thin spine
density (E, CIW/CIE x Ado/Adu interaction Fq 24=0.2 p=0.48, CIW/CIE Fy 24=3.1, p=0.09,
Ado/Adu F1 24=0.32, p=0.58). CIE treatment, but not the age factor, significantly affect the
thin spine ratio (F, CIW/CIE x Ado/Adu interaction Fq 24=0.4, p=0.54, CIW/CIE F1 24=9.8,
p<0.01, Ado/Adu F1 24=0.4, p=0.54)

G-J, Summarized data showing the spine density of total spines (G), non-thin spines (H)
and thin spines (1), as well as the thin spine % among total spines (J) 21 days after CIW or
CIE treatment. Total spine density was decreased after Ado::CIE but increased after
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Adu::CIE (G, CIW/CIE x Ado/Adu interaction F1 24=18.4, p<0.01, CIW/CIE F1 24<0.1,
p=0.95, Ado/Adu F1 24=21.4, p<0.01). Similarly, Ado::CIE and Adu::CIE significantly
decreased and increase the non-Thin spine density, respectively (H, CIW/CIE x Ado/Adu
interaction Fq 24=24.8, p<0.01, CIW/CIE F1 24=0.9, p=0.36, Ado/Adu F1 24=26.1, p<0.01).
No significant differences of thin spine density were observed between CIW vs. CIE
treatments or between Ado vs. Adu age groups (I, CIW/CIE x Ado/Adu interaction
F124=0.5 p=0.48, CIW/CIE Fq 24=1.7, p=0.20, Ado/Adu Fy 24=1.4, p=0.25). Thin spine
ratio was increased after Ado::CIE but decreased after Adu::CIE (J, CIW/CIE x Ado/Adu
interaction F1 24=15.8, p<0.01, CIW/CIE F1 24=0.1, p=0.72, Ado/Adu F1 24=15.4, p<0.01).
Data were analyzed by two-way ANOVA (C-J), followed by Bonferroni post-hoc tests.
Data collections were made on 7 rats in each group.
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Table 1.

Effects of CIE on Membrane Capacitance (Cm) of PrL pyramidal neurons

Ado::L5 Ado::L2

CIw CIE CIw CIE
wD2 135+12 | 132#11 187+9 204+11
WD21 | 137+9 | 10046* 209+7 | 20319

Cm (pF)

Adu::L5 Adu::L2

Clw CIE Clw CIE
WwD2 122412 | 139+14 200+10 | 207+11
wD21 | 11946 | q56413* 200+6 | 200+12

Membrane properties and amplitude of mMAHP of pyramidal neurons after CIW vs. CIE treatment Data were analyzed by two-way ANOVA,
followed by Bonferroni post-hoc tests. Statistical significances were detected in those shaded in gray panel.

*
, p<0.05 by comparing CIW vs. CIE.
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Table 2.

Effects of CIE on Membrane Resistance (Rm) of PrL pyramidal neurons

Ado:L5 Ado::L2

CIw CIE CIw CIE
wD2 228+27 | 205x27 1459 | 139+7
WD21 | 182425 | 539418* 12547 | 13512

Rm (M) Adu::L5 Adu::L2

Clw CIE Clw CIE
wD2

22017 | 212+27 118+9 | 131+12
WD21 | 226+20 | 191+23 124+5 | 12248

Membrane properties and amplitude of mMAHP of pyramidal neurons after CIW vs. CIE treatment Data were analyzed by two-way ANOVA,
followed by Bonferroni post-hoc tests. Statistical significances were detected in those shaded in gray panel.

*
, p<0.05 by comparing CIW vs. CIE.
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Table 3.

Effects of CIE on Tau values of PrL pyramidal neurons

Ado::L5 Ado::L2

CIw CIE Ciw CIE
wbD21 | 1.7+0.1 | 1.720.1 24+0.1 | 2.5+0.1

1.6+0.1 | 1.5+0.1 2.7+0.1 | 2.5+0.1

Tau (ms)

Adu::L5 Adu::L2

CIw CIE CIw CIE
WwD2 1.6+0.2 | 1.8+0.1 2.6+£0.2 | 2.7+0.1
WD21 | 1.4+0 1.8+0.1 25+0.1 | 25+0.1

Membrane properties and amplitude of mAHP of pyramidal neurons after CIW vs. CIE treatment Data were analyzed by two-way ANOVA,
followed by Bonferroni post-hoc tests. Statistical significances were detected in those shaded in gray panel.

*
, p<0.05 by comparing CIW vs. CIE.
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Table 4.
Effects of CIE on Resting Membrane Potential (RMP) of PrL pyramidal neurons

Ado::L5 Ado::L2

CIw CIE Ciw CIE
wD2 -71.2¢0.9 | -72.5%0.7 -71.3+0.6 | -71.1+0.7
WD21 | -71.2#0.7 | -71.7x0.7 -72.4+0.8 | -71.6x0.7

RMP (mV)

Adu::L5 Adu::L2

CIw CIE CIw CIE
wD2 -72.6x0.7 | -71.3+0.6 -72.6+£0.8 | -72.8+1
WD21 | -71.4+0.7 | -72.6x0.6 —70.6+0.8 | —-71.9+0.7

Membrane properties and amplitude of mAHP of pyramidal neurons after CIW vs. CIE treatment Data were analyzed by two-way ANOVA,
followed by Bonferroni post-hoc tests. Statistical significances were detected in those shaded in gray panel.

*
, p<0.05 by comparing CIW vs. CIE.
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Table 5.

Effects of CIE on mAHP amplitude of PrL pyramidal neurons

mAHP (mV)

Ado::L5 Ado::L2
Clw CIE CIw CIE
WwD2 -12.8+0.6 | -11.7+0.8 -10.8+0.5 | -11.0+0.6
WD21 | -11.7#0.7 | -11.8+0.7 —-10.2+0.7 | -10.5+0.8
Adu::L5 Adu::L2
Clw CIE CIw CIE
WwD2 -12.3+0.6 | -12.0+0.7 -11.2+0.6 | -10.7+0.6
WD21 | -11.8+0.7 | -12.2+0.5 -10.6+0.8 | —-11.3+0.5

Membrane properties and amplitude of mAHP of pyramidal neurons after CIW vs. CIE treatment Data were analyzed by two-way ANOVA,
followed by Bonferroni post-hoc tests. Statistical significances were detected in those shaded in gray panel.

*
, p<0.05 by comparing CIW vs. CIE.
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