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Abstract

Several studies have shown that ethanol (EtOH) can enhance the activity of GABAergic
synapses via presynaptic mechanisms, including in hippocampal CA1 neurons. The serotonin
type 3 receptor (5-HT3-R) has been implicated in the neural actions of ethanol (EtOH) and in
modulation of GABA release from presynaptic terminals. In the present study, we investigated
EtOH modulation of GABA release induced by 5-HT3-R activation using the mechanically
isolated neuron/bouton preparation from the rat CA1 hippocampal subregion. EtOH application
before and during exposure to the selective 5-HT3 receptor agonist, m-chlorophenylbiguanide
(mCPBG) potentiated the mCPBG-induced increases in the peak frequency and charge transfer
of spontaneous GABAergic inhibitory postsynaptic currents. Interestingly, the potentiation was
maintained even after EtOH was removed from the preparation. A protein kinase A inhibitor
reduced the magnitude of EtOH potentiation. Fluorescent Ca?* imaging showed that Ca2*
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transients in the presynaptic terminals increased during EtOH exposure. These findings indicate
that EtOH produces long-lasting potentiation of 5-HT3-induced GABA release by modulating
calcium levels, via a process involving cAMP-mediated signaling in presynaptic terminals.
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Introduction

Serotonin (5-hydroxytryptamine, 5-HT) is a prominent neurotransmitter that regulates a
variety of central and peripheral functions (Hoyer et al., 2002). The 5-HT3 receptor is

the only serotonin-activated ligand-gated ion channel (LGIC) (Barnes et al., 2009), and it
is a member of the Cys-loop LGIC superfamily that forms a cation-selective ion channel
(Maricq et al., 1991). To date, five 5-HT3 receptor subunits (A, B, C, D, and E) have been
cloned (Davies et al., 1999; Karnovsky et al., 2003; Maricq et al., 1991; Niesler et al.,
2003). However, only homomeric 5-HT3a receptors and heteromeric 5-HT3A/3B receptors
are known to form functional LGICs (Davies et al., 1999; Dubin et al., 1999).

The 5-HT3 receptor is found in many brain regions (Maricq et al., 1991; Morales et al.,
1996; Morales and Bloom, 1997), and is implicated in functions and disorders including
cognition, appetite, anxiety, emesis, pain, schizophrenia, and drug abuse (Barnes et al., 1992;
Faerber et al., 2007; Grant, 1995; Jackson and Yakel, 1995). 5-HT3Rs are mainly expressed
by GABAergic interneurons in the hippocampus and other forebrain nuclei (Vucurovic

et al., 2010) at both pre- and postsynaptic sites. The presynaptic 5-HT3 receptors are
believed to regulate the release of several neurotransmitters including GABA, dopamine,
cholecystokinin, glutamate, and acetylcholine (Blandina et al., 1989; Giovannini et al., 1998;
Morales and Bloom, 1997; Paudice and Raiteri, 1991; Ropert and Guy, 1991; Wan and
Browning, 2008). In the hippocampus, 5-HT3 receptors stimulate GABA release from select
interneuron subtypes, as shown using vibrodissociated neurons (Choi et al., 2007; Koyama
etal., 2000).

The 5-HT3 receptor has been implicated in neuronal responses to alcohol. Acute EtOH
exposure potentiates 5-HT3 receptor function in a variety of preparations (Lovinger et al.,
2000; Lovinger and Zhou, 1993, 1994). However, to date there is no direct evidence of
EtOH potentiation of native CNS 5-HT3Rs. Furthermore, all previous studies have focused
on EtOH actions directly on 5-HT3Rs in neuronal or cultured cell somata, and thus it is not
yet known how EtOH affects presynaptic 5-HT3 Antagonism of 5-HT3 receptors reduces
alcohol craving and alters human self-reports of affective states that are relevant to alcohol
disorder (Johnson et al., 1993; LeMarquand et al., 1994a; Sellers et 1994). These receptors
have also been shown to reduce alcohol intake and alcohol-related aggression in rodents
(Fadda et al., 1991; LeMarquand et al., 1994b). Interoceptive cues that signal intoxication
during acute EtOH exposure involve 5-HT3 receptors (Grant and Barrett, 1991; Shelton et
al., 2004).
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In the present study, we used a vibrodissociated neuron/bouton preparation from the

rat hippocampus to directly examine 5-HT3™ mediated GABA release from presynaptic
terminals and EtOH effects this receptor-induced response. We then examined EtOH

effects calcium transients in presynaptic boutons in the neuron/bouton preparation. Ethanol
potentiated 5-HT3 receptor-mediated GABAergic transmission in a concentration-dependent
manner. Surprisingly, potentiation persisted even after EtOH was removed from the
preparation, indicating ethanol-induced long-term synaptic plasticity. We examined the

role of presynaptic calcium and PKA signaling in EtOH/5-HT3-dependent long-lasting
potentiation.

Material and methods

Postsynaptic neuron/presynaptic bouton preparation

Coronal brain slices containing hippocampus were prepared from individual P13-P17
Sprague-Dawley rats. Rat pups were selected from litters without sex identification, and thus
we assume that approximately equal numbers of female and male rats were used but we do
not know the actual proportion of each sex. It should be noted that rats are not fully sexually
mature at this pre-weaning age, and thus it is unclear if they would express sex differences
that might be seen in adult animals. Animals were decapitated while anesthetized with
halothane. All procedures were performed in accordance with the NIH Guide for the Care
and Use of Laboratory Animals, and were approved under protocol LIN-DL-1. Extracted
brains were sectioned (400 um thickness) using a VT1200S vibratome (Leica Microsystems
Inc., Bannockburn, IL) in buffer containing (in mM): 194 sucrose, 30 NaCl, 4.5 KClI, 1
MgCl,, 26 NaHCOg3, 1.2 NaH,POy4, and 10 D-Glucose, oxygenated with 95% 02/5% CO».
Slices were maintained for at least 1 h in oxygenated artificial cerebrospinal fluid (ACSF)
containing (in mM): 124 NaCl, 4.5 KCI, 1 MgCl,, 26 NaHCO3, 1.2 NaH,PQy, 10 Glucose,
2 CaCly, osmolarity adjusted to 320 mOsm with sucrose at room temperature.

Mechanical neuronal dissociation

Individual hippocampal neurons were isolated from the CAL region using an enzyme-free
mechanical dissociation procedure, as described previously (Akaike and Moorhouse, 2003;
Jun et al., 2011; Vorobjev, 1991). Briefly, slices including hippocampus were transferred into
a 35 mm culture dish containing an external recording buffer with the following composition
(inmM): 150 NaCl, 5 KCl, 2.5 CaCl,, 1 MgCl,, 10 HEPES, and 10 D-Glucose, pH adjusted
to 7.4 with NaOH, osmolarity adjusted to 320 mOsm with sucrose. A fire-polished glass
micropipette was placed on the surface of the CAL region. The pipette tip was vibrated
horizontally within the CA1 region at 30Hz over a distance of 100-200 pm for ~2 min

using a piezoelectric manipulator (LSS-3000, Burleigh/Exfo, Quebec, Canada) triggered

by a Grass SD9K stimulator (Grass Technologies, West Warwick, RI). After the slice was
removed, the isolated neurons were allowed to settle on the bottom of the dish for 10-15
min. For purely electrophysiological experiments, cells were isolated/examined in standard
35 mm cell culture dishes, (BD Biosciences, San Jose, CA). For experiments involving
imaging, cells were isolated/examined in 35 mm cell culture dishes containing a glass
coverslip insert (WillCo Wells B.V., Amsterdam, Netherlands). Cover-slips were coated with
poly-L-lysine prior to use.
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2.3. Electrophysiology

Synaptic currents were measured in the conventional whole-cell voltage-clamp mode from
the isolated neurons with a glass pipette electrode (2-5 MQ resistance) at a holding potential
of =60 mV. Only neurons that exhibited somata and proximal dendrites characteristic of
CAL pyramidal neurons were selected for recording (Sheinin et al., 2008). All recordings
were performed at room temperature. The intracellular whole-cell patch pipette solution
contained the following (in mM): 150 CsCl, 2 MgCls, 0.3 Na-GTP, 3 Mg-ATP, 0.2 BAPTA,
and 10 HEPES, pH adjusted to 7.23 with CsOH, and osmolarity adjusted to 300 mOsm
with sucrose. The composition of the extracellular solution was (in mM): 150 NaCl, 5

KCI, 2.5 CaCl,, 1 MgCly, 10 HEPES, and 10 p-Glucose, pH adjusted to 7.4 with NaOH,
and osmolarity adjusted to 320 mOsm with sucrose. To isolate spontaneous inhibitory
postsynaptic currents (sIPSCs), 2,3-dioxo-6-nitro-1,2,3,4-tetrahydrobenzo[f]quinoxa-line-7-
sulfonamide disodium (NBQX, 5 uM) and D-2-amino-5--phosphonopentanoic acid (AP5, 50
uM) were locally applied to the target neurons using a multi-barreled array of square glass
applicators mounted on a Perfusion Fast-Step system (Warner Instruments, Hamden, CT)
with different solutions gravity-driven through the applicator from wells placed above the
preparation.

Current recorded via the patch pipette was amplified and low-pass filtered with a cutoff
frequency of 2 kHz using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA),
and the data were stored using pClamp8 software after digitization at 5 kHz using a Digidata
1322 interface (Molecular Devices, Sunnyvale, CA). The spontaneous synaptic currents
were detected using MiniAnalysis Software (Synaptosoft, Decatur, GA) with a threshold
detection of 20 pA and manual detection for smaller events. Measures of sIPSC amplitude,
rise time and decay time were also calculated using MiniAnalysis. Agonists, antagonists
and EtOH were delivered via the Perfusion Fast-Step system, enabling solution exchanges
within 100 ms. After normalization to the baseline frequency, sIPSC frequency, amplitude,
rise and decay time histograms were averaged and plotted with GraphPad Prism software
(GraphPad Software, Inc., La Jolla, CA). The peak sIPSC frequency and the charge transfer
during agonist application were used as measures to compare the IPSCs induced by 5-HT3R
activation under different conditions. The charge transfer was calculated by measuring the
total area of all sISPCs relative to the holding current during 5-HT applications using
Clampfit 9 software (Molecular Devices, Sunnyvale, CA). The charge transfer value was
normalized to the charge transfer during initial 5-HT3R activation for each cell before
exposure to EtOH or other drugs. Average sIPSC measure values are expressed as mean+/
—SEM unless otherwise stated.

2.4. Calcium imaging

To directly assess presynaptic terminal function, we measured calcium transients in
terminals in the neuron/bouton preparation after refining the previously reported techniques
for loading an AM-esterified calcium indicator dye into presynaptic elements (Ye et al.,
2004). Ten min after isolation, vibrodissociated neurons were incubated in HEPES-buffered
saline solution containing acetoxymethyl (AM) esterified calcium indicator (Fluo-4AM,

2 UM, Molecular Probes™, Eugene, OR) at 37 °C for 15 min. Prior to fluorescence
measurement, cells were washed in indicator-free medium to remove dye nonspecifically
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associated with the cell surface. Dishes containing isolated neurons were placed on the

stage of an inverted microscope (Olympus) with a 60x, 1.4NA oil-immersion objective. An
EMCCD camera (Andor iXon+, model DU-888) was used for image collection. Whole-cell
recording in the postsynaptic cell was performed to measure sIPSCs as well as to wash

the dye out of the postsynaptic cytosol, thus enabling the selective visualization of dye-
loaded presynaptic puncta. Fluorescence was detected with 1.2% of maximum illumination
intensity using an X-Cite® illuminator with a GFP filter set (Chroma, Bellows Falls,

VT). Images were captured at a sampling rate of 15Hz. External buffer or drug solutions
were locally superfused with the multi-barrel fast applicator system described previously.
Stored images were analyzed offline with ImageJ. The images were collected over 60 s
epochs before, during and after agonist/drug treatment. After collecting all images from the
same preparations, circular regions of interest (ROI, 1-2 um diameter) were defined that
encompassed fluorescent puncta showing transient changes in brightness during the pre-drug
baseline period or during EtOH application. The mean fluorescence intensity of pixels inside
the ROI was calculated and plotted over time. Data were not included if the punctum moved
significantly during imaging or escaped from the ROI. Some puncta showed detectable
fluorescence prior to, and throughout EtOH application with no apparent transients during
the entire experiment. These puncta were excluded from further analysis.

2.5. Statistics

The quantified data are presented as mean + standard error of the mean (SEM). Student’s
t-test was used for between-group comparisons with GraphPad Prism (GraphPad Software,
Inc.). Pvalue < 0.05 was considered statistically significant when paired t-tests were
performed, for example when comparing baseline to drug effects within the same neuron
in electrophysiological and imaging experiments. To analyze the effect of the EtOH
concentration on mCPBG-induced sIPSCs, analysis of variance (ANOVA), Friedman test
and multiple comparisons were performed using the Wilcoxon Signed-Rank Test for
Matched Pairs with the level of significance set at £< 0.05. The Kolmogorov-Smirnov
test was used to compare cumulative probability histograms for the sISPC measurements,
with the level of significance set at £< 0.05.

3. Results

3.1. 5-HT facilitates spontaneous IPSCs through the activation of 5-HT3 receptors in the
neuron/bouton preparation

During whole-cell recordings from vibrodissociated CA1 pyramidal neurons, spontaneous
synaptic currents were recorded in the presence of ionotropic glutamate receptor antagonists.
In previous studies, we and others have shown that these are GABAaR-mediated sIPSCs
(Akaike et al., 2002; Sheinin et al., 2008). Mean baseline sIPSC frequency was 3.6 + 0.6

Hz, and mean baseline amplitude was 61.3 + 13.9 pA. Application of 5-HT (1, 3, and 30
uUM) using fast perfusion resulted in a burst-like increase of the frequency and amplitude of
SIPSCs as shown in Fig. 1A. The peak sIPSC amplitude during 5-HT applications averaged
109 + 17, 305 + 40, and 516 + 11 pA for 1, 3, and 30 uM 5-HT, respectively (Fig.

1B, n = 3 for each condition). The peak frequencies of sIPSCs during 5-HT application
averaged 9.6 £ 0.4, 12.6 + 1.9, and 28.7 + 3.3 Hz for 1, 3 and 30 pM 5-HT, respectively
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(Fig. 1C). The sIPSC frequency returned toward baseline levels during continuous agonist
applications lasting 30 s. The total area of all sISPCs relative to the holding current during
5-HT applications was calculated and used as the charge transfer measure. 1, 3 and 30 pM
5-HT induced windows of current with charge transfer values of 2.4 + 0.9, 7.4 £ 2.7, and
11.8 £ 4.8 uC respectively (Fig. 1D). Fig. 1E-G shows cumulative probability histograms
demonstrating that 5-HT induces a concentration-dependent increase in IPSC amplitude
with no change in rise time but a detectable change in decay time. Kolmogorov-Smirnov
(K-S) tests indicated significant increases in amplitude at all three 5-HT concentrations
(K-S p values: 1 pM < 0.0001, 3 uM < 0.0001, 30 uM < 0.0001), no differences in rise time
(1 uM > 0.9999, 3 uM > 0.09996, 30 UM > 0.9986), and increases in decay time (K-S p
values: 1 UM < 0.0001, 3 pM < 0.0001, 30 uM = 0.0002).

The GABA receptor antagonist gabazine (10 uM) suppressed all sIPSCs both before

and during 5-HT application (Fig. 2A), consistent with previous reports that 5-HT acts to
increase GABA release leading to postsynaptic GABA-R activation in this preparation. This
finding also indicates that 5-HT does not induce a direct postsynaptic current in isolated
CAL1 pyramidal neurons (Turner et al., 2004). In the presence of the 5-HT3 antagonist, MDL
72,222 (0.5 pM), the facilitation by 5-HT was not observed while baseline sIPSC frequency
was unaffected (93 £ 35% of control, Fig. 2B and C).

Application of the selective 5-HT3 agonist mCPBG (10 uM) potentiated the peak frequency
of GABAergic sIPSCs to 362 + 65% of pre-agonist baseline values, which was similar to

the sIPSC frequency increase elicited by 1 uM 5-HT (313 + 32%) as shown in Fig. 2D, G
(left). This agonist also produced a window of increased total charge transfer for GABAergic
SIPSCs of 4.6 = 1.6 pC (n = 10) comparable to that induced by 1 pM 5-HT (2.4 £ 0.9 uC,

n = 3). To allow for sufficient recovery from desensitization between responses, successive
applications of 5-HT or mCPBG were given more than 6 min apart.

Ethanol potentiates 5-HT3 agonist-induced increases in sIPSCs

The effect of EtOH on 5-HT enhancement of sIPSCs was examined by first recording

at least 2 responses to agonist before EtOH application, then applying 80 mM EtOH

for 3.5 min from one of the barrels of the rapid perfusion system, then applying 5-HT

at two time points during continued EtOH exposure, followed by removal of EtOH and
subsequent measurement of at least two more responses to agonist. In these experiments,

1 uM 5-HT was used to avoid full occupancy of the agonist site. Past studies showed

that EtOH potentiation was most robust at this 5-HT concentration (Lovinger and White,
1991). The frequency of sIPSCs in the absence of agonist was slightly increased to 134

+ 15% of baseline during exposure to 80 mM EtOH alone. When examining individual
neurons, clear increases to 156 + 15% were observed in 14 of 20 cells examined. The

sIPSC frequency returned to baseline levels following washout of EtOH. When 5-HT was
applied to the neurons, no distinct EtOH effect on the agonist-induced change in sSIPSCs was
observed using either the peak frequency or the charge transfer measure (Fig. 2D, E, F). The
normalized charge transfer and peak frequency values of 5-HT responses in 80 mM EtOH
were 103 + 2% and 111 + 23% of the values in the absence of EtOH.

Neuropharmacology. Author manuscript; available in PMC 2024 April 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Junetal.

3.3.

Page 7

We then examined EtOH effects on responses to the selective 5-HT3 agonist mCPBG, to
assess effects on receptor function while avoiding possible interference from activation of
other 5-HT receptors. Exposure to 80 mM ethanol produced a more than 3-fold increase in
the mMCPBG-induced sIPSC charge transfer and peak frequency compared with the initial
response to mCPBG alone (418 * 85% for charge transfer and 343 + 84% for peak
frequency of the control mCPBG response, paired #test £< 0.05, n = 10) (Fig. 2G, H,

). To ensure the stability of responses to mCPBG alone, the application of mCPBG in
ethanol was performed after two consecutive applications of mMCPBG with the same fixed
interval between applications (6.5 min). The sIPSC charge transfer and peak frequency were
stable prior to EtOH application (Fig. 3A and B).

The duration and relative timing of EtOH exposure required to produce potentiation was
next examined. Initiating EtOH (80 mM) exposure at the same time as the onset of mMCPBG
application did not result in detectable potentiation of the response to mCPBG (Fig. 3C).
Exposure to EtOH for 1 min or 3.5 min prior to mCBPG application yielded increases

in charge transfer of 169 + 36% of agonist alone and 418 + 85% of agonist alone,
respectively (Fig. 3C). To determine if potentiation requires that EtOH be present during
agonist application we first recorded the baseline response to mCPBG as usual and applied
EtOH for 3.5 min with no agonist application, then washed the preparation for 30 or 90 s
before re-applying mCPBG. The mCPBG-induced charge transfer values were 204 + 34%
of agonist-alone and 121 + 16% of baseline agonist responses for the 30 s and 90 s washout
conditions, respectively (Fig. 3D). These data indicate that EtOH does not have to be present
at the time of mCPBG application for potentiation to occur. However, the process initiated
by EtOH exposure that leads to potentiation diminishes within 90 s if agonist is not applied.

To determine if EtOH potentiation requires 5-HT3R activation, in preference to

other mechanisms of presynaptic depolarization, high-K* stimulation was applied to
vibrodissociated neurons instead of mMCPBG. The application of high-K* (10 mM) solution
increased the charge transfer of SIPSCs. However, the KCI stimulation of sIPSCs was not
potentiated in the presence of 80 mM EtOH. The charge transfer and peak frequency during
high-K* exposure in the presence of EtOH averaged 117 + 35% and 90 + 14% of the control
high-K* response, respectively (Fig. 3E and F).

Long-lasting EtOH potentiation of 5-HT3 receptor-mediated responses

Potentiation of 5-HT3 receptor-mediated increases in GABA release was maintained even
after washout of EtOH as shown in Fig. 4A. Following the second application of mCPBG
in the presence of 80 mM EtOH, the cells were superfused with external solution without
EtOH for 3.5 min, a time period more than sufficient to allow for reversal of EtOH effects
in previous studies on isolated neurons (Criswell et al., 2008; Lovinger and White, 1991;
Zhu and Lovinger, 2006). In this experiment, exposure to EtOH (80 mM) alone had no
effect on baseline sIPSC frequency to 100 + 2.6% of baseline response (n = 6). However,
the response to mMCPBG remained potentiated even after EtOH washout. The normalized
peak sIPSC frequency during mCPBG exposure in the presence of EtOH and after EtOH
washout were 319 + 117% and 481 + 274% of baseline, respectively (Fig. 4B). The charge
transfer values for mCPBG stimulation of sIPSCs in the presence of EtOH and after EtOH

Neuropharmacology. Author manuscript; available in PMC 2024 April 12.
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washout were 479 + 127% and 494 + 182% of the value of initial charge transfer without
EtOH exposure, respectively (Fig. 4C). The increases in sIPSC charge transfer and peak
frequency during EtOH exposure and after washout were statistically significant relative to
the pre-EtOH values (paired £test £< 0.05, n = 6). The effect of EtOH potentiation persisted
for as long as recorded neurons remained viable (up to 30 min after EtOH washout was the
longest time point examined).

To examine the concentration dependence of EtOH actions, the effects of 10, 20, and

40 mM EtOH were also determined using the EtOH exposure, agonist exposure and
washout paradigms described above. The EtOH potentiation of the charge transfer during
mCPBG exposure increased in a concentration-dependent manner as shown in Fig. 4D.
The changes in charge transfer averaged 155 + 14%, 233 + 89%, 227 + 64%, and 418

+ 84% for 10, 20, 40 and 80 mM EtOH, respectively. The potentiation persisted after
EtOH washout after exposure to 40 and 80 mM EtOH, while responses after washout were
generally similar to baseline values after the end of exposure to the 10 and 20 mM EtOH
concentrations. The normalized charge transfer during mCPBG exposure was compared with
the responses before and during EtOH exposure and after EtOH washout for the different
EtOH concentrations.

The concentration dependence of the EtOH effect on mCPBG-induced sIPSCs was analyzed
using a non-parametric analysis considering small and unequal sample sizes for each
condition. Friedman tests were conducted to test whether there were significant differences
among the three stages (initial, exposure to EtOH, wash-out) for each intensity (10, 20,

40, and 80 mM EtOH). Friedman tests revealed that there were significant differences

only at 80 mM EtOH among the three stages (Chi-square = 9.0, df= 2, p=0.011). As

a post-hoc pairwise comparison, Wilcoxon signed rank tests were performed to identify

the conditions which led to the significant results from the Friedman test. Results revealed
that there were significant differences between initial response and exposure to EtOH (Z=
-2.803, p=.005) and between initial response and washout conditions (Z=-2.201, p=.028),
whereas differences between wash-out and exposure to EtOH were not significant (Z=
—.734, p=.463). From the Friedman tests, none of the comparisons were significant at 10
mM (Chi-square = 1.75, df= 2, p=.417), 20 mM (Chi-square = 0.286, df= 2, p=.867), and
40 mM EtOH (Chi-square = 0.667, df= 2, p=.717).

3.4. \Voltage-gated sodium channels and voltage-gated calcium channels are involved in
5-HT3 receptor-mediated synaptic potentiation

Previously, it was reported that activation of 5-HT3 receptors also enhances the frequency of
GABAergic miniature inhibitory postsynaptic currents (mIPSCs) measured in the presence
of tetrodotoxin (TTX) in mechanically dissociated rat amygdala neurons (Koyama et al.,
2000). Furthermore, application of the nonspecific channel blocking ion cadmium did not
prevent 5-HT3 facilitation of release. These findings were interpreted as indicating that
GABA release could be stimulated by direct calcium influx through the 5-HT3 receptor
activation. To determine if voltage-gated calcium channels are involved in 5-HT3-stimulated
GABA release, we examined effects of the Cay/2.2 N-type voltage-gated Ca2* channel
blocker, w-conotoxin-GVIA (w-Ctx) and the Cay2.1 P/Q-type voltage-gated CaZ* channel

Neuropharmacology. Author manuscript; available in PMC 2024 April 12.
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blocker, w-agatoxin-1VA (w-AgaTx) on responses to mMCPBG. These experiments were
carried out in the absence of TTX. In the presence of 500 nM w-Ctx, mCPBG produced
little or no increase in sIPSC frequency or charge transfer (Fig. 5A). The charge transfer
and peak frequency values of mCPBG responses during w-Ctx exposure were 16 + 4%

and 38 + 10% of the initial MCPBG responses, respectively (Fig. 5B and C). The baseline
frequency of sIPSCs, prior to the second agonist application, was decreased in the presence
of w-Ctx to 75 £ 9% of pre-drug value (n = 5). These findings indicate the involvement

of Cay2.2 calcium channels in spontaneous and 5-HT3R-mediated GABA release in the
hippocampal neuron-bouton preparation. Application of EtOH (80 mM) in the presence of
w-Ctx did not increase sIPSC frequency or restore responses to mCPBG. Thus, the activity
of Cay2.2 calcium channels appears to be necessary for stimulated release even under the
EtOH treatment condition. Application of w-AgaTx (300 nM) did not significantly alter the
baseline frequency of sIPSCs (90 + 9% of pre-drug value, n = 7) or the charge transfer and
peak frequency during mCPBG application (98 + 27% (charge transfer) and 87 + 7% (peak
frequency) of pre-drug value, (n = 7), suggesting that Cay2.1 channels are not mediating
GABA release under these circumstances in this preparation (Fig. 5D, E, F). These findings
suggest that 5-HT3R-mediated synaptic transmission involves activation of voltage-gated
calcium channels, perhaps secondary to depolarization produced directly by activation of the
ligand-gated channel itself.

The dependence of EtOH effects on voltage-gated sodium channel activation was examined
by applying mCPBG and EtOH in the continuous presence of TTX. In the presence of

TTX (1 uM), the baseline frequency of sIPSCs decreased to 29 + 13% (n = 4) of the

values recorded in the absence of the toxin. This is consistent with previous studies showing
that TTX strongly decreases sIPSC frequency in the neuron/bouton preparation (Zhu and
Lovinger, 2006). As shown in Fig. 5G, the application of mMCPBG increased mIPSC
frequency and charge transfer in the presence of 1 uM TTX. However, the increases induced
by the 5-HT3 receptor agonist were not affected by acute exposure to 80 mM EtOH under
this condition as shown in Fig. 5H and 1. This finding indicates that the depolarization of
presynaptic boutons through the opening of voltage-gated sodium channel is not necessary
for mCPBG actions, but is needed for potentiation by EtOH.

3.5. Ethanol potentiation of 5-HT3 receptor-mediated GABA release is dependent on
cAMP actions

Direct effects of EtOH on ion channels such as the 5-HT3 receptor are rapid in onset
(initiated within msec) and rapidly reverse (Lovinger, 1991; Zhou et al., 1998). The
finding that EtOH potentiation of 5-HT3-mediated GABA release required minutes of
ethanol exposure, and was long-lasting, suggested a possible role for intracellular signaling
mechanisms in the persistent release increase. Previous studies indicated that EtOH can
stimulate the activity of adenylyl cyclase (Hasanuzzaman and Yoshimura, 2010; Rabin and
Molinoff, 1983), and that stimulation of this enzyme to produce cyclic AMP (CAMP) may
contribute to EtOH-induced increases in GABA release at CNS synapses (Tabakoff et al.,
2001; Yoshimura and Tabakoff, 1999). If cAMP signaling contributes to EtOH potentiation
of the 5-HT3-mediated response, then this effect might be prevented by a blocker of the
cAMP-activated protein kinase A (PKA). In the presence of Rp-cAMPs (15 uM), a selective
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cell permeant PKA inhibitor, EtOH potentiation of mCPBG responses was abolished when
examined with both the frequency and charge transfer measures (Fig. 6A). The normalized
charge transfer value and the peak frequency of sIPSCs during mCPBG stimulation in the
presence of EtOH and Rp-cAMPs were 102 + 24% and 100 £ 19% of initial values before
EtOH exposure, respectively (Fig. 6B and C). Application of this inhibitor did not alter
baseline sIPSC frequency prior to mCPBG or EtOH application (92 + 8% of control, n =
3). The inhibitor also did not alter the response to mCPBG in the absence of EtOH. This
result suggests that PKA activation plays an important role in EtOH potentiation of 5-HT3—
stimulated GABA release.

3.6. Spontaneous CaZ" transients in presynaptic boutons are enhanced by acute EtOH

exposure

After loading vibrodissociated neurons with AM-esterified Fluo-4 (Fig. 7A) and diluting
postsynaptic dye via the intracellular patch-pipette solution (Fig. 7B), several bright
dye-filled boutons were observed on the soma and dendrites of isolated neurons (Fig.

7C). In a subpopulation of the boutons on each neuron, spontaneous transient increases

in fluorescence were observed (Fig. 7D). Tetrodotoxin (TTX, 1 uM) eliminated these
spontaneous transients, showing that they are mediated by depolarization of the presynaptic
terminals initiated by the activation of voltage-gated sodium currents (Fig. 7E). The Fluo-4
loaded puncta (presumed boutons) were categorized into three groups: i) puncta that
exhibited fluorescence transients before and during EtOH exposure (e.g. Fig. 7F); ii) puncta
that could not be detected prior to EtOH application, but exhibited detectable fluorescent
transients during EtOH application, and iii) puncta that showed invariant fluorescence
throughout the experiment. In 32 fluorescent puncta selected as ROl from 6 neurons with
Fluo-4 loaded presynaptic terminals, 12 puncta showed fluorescence transients (i.e. fit into
categories i and ii), while no transient was observed in 20 puncta (and these puncta were
not included in the analysis of EtOH effects). To examine the effect of EtOH exposure

on the calcium transients, the boutons with fluorescence transients were monitored before
and during EtOH application. The frequency of calcium transients in the presynaptic
terminals significantly increased in the presence of 80 mM ethanol (Fig. 7F). The integrated
normalized fluorescence intensity (total area under the curves for all the transient waveforms
observed during a 2 min recording epoch) was calculated and plotted for control conditions
and EtOH exposure. After 3 min exposure to 80 mM ethanol, the total area of the calcium
transients increased from 6.4 £ 2.3 a.u. t0 49.2 + 22.2 a.u. (paired #test £< 0.05, n =12,
Fig. 7G). No change in the amplitude or area of each individual transient was observed.

In contrast, in a control condition without EtOH exposure, the total area of fluorescence
transients decreased over time from 112 + 15 a.u. to 66 + 9 a.u. presumably due to
photobleaching (Fig. 7H). It should be noted that the data in Fig. 7G include puncta in which
fluorescence was extremely low before EtOH application, but became readily detectable
after drug administration. In the control data only include puncta where fluorescence was
easily observed from the beginning of the recording are included. Thus, the range of y-axis
values is different in the two panels.
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4. Discussion

The present study shows EtOH potentiation of presynaptic 5-HT3 receptor-mediated
synaptic GABA release in a CA1 hippocampal pyramidal neuron/bouton preparation.
Potentiation was observed at concentrations associated with acute intoxication (10-80 mM),
and the potentiation persisted even after EtOH was removed from the preparation following
exposure to the highest EtOH concentrations. As predicted from previous studies, activation
of presynaptic 5-HT3 receptors increased the frequency of both sIPSCs and mIPSCs

(Choi et al., 2007; Koyama et al., 2000), indicating that receptors increase GABA release
independent of voltage-gated sodium channel function. EtOH did not potentiate 5-HT3
effects on mIPSCs measured in the presence of TTX. Blockade of N-type calcium channels
strongly suppressed 5-HT3R-mediated GABA release. Previous reports suggested that 5-
HT3 receptors on presynaptic nerve terminals have high calcium permeability because the
blockage of calcium channels did not affect GABA release induced by 5-HT3R activation
(Koyama et al., 2000; Ronde and Nichols, 1998; Turner et al., 2004). In this regard, our
findings may appear surprising. However, the evidence supporting a role for calcium influx
directly through 5-HT3R in potentiated release comes mainly from experiments using the
nonspecific channel blocker cadmium. In addition, the Ronde and Nichols (1998) and the
Turner et al. (2004) studies examined the effects of conotoxin in synaptosomal preparations,
where effects on release may differ relative to intact synapses. The calcium permeability

of the 5SHT3R may also vary with subunit composition of the 5-HT3R and the brain region
examined (Nayak et al., 1999; Stewart et al., 2003). These factors might contribute to the
apparent discrepancies between our findings and the previous studies by Koyama et al.
(2000) in amygdala and Ronde and Nichols (1998) in striatum. Overall, our observations
indicate that the increase in GABA release is unlikely to be a direct result of calcium
entering through the 5-HT3R pore. Instead, it appears that 5-HT3R activation triggers
activation of voltage-gated N-type calcium channels, probably via depolarization of the
presynaptic terminal.

Previous findings indicate that EtOH directly potentiates postsynaptic 5-HT3 function
(Lovinger and White, 1991). However, the present findings with TTX and N-type CaZ*
channel blockade suggest that this simple interpretation cannot account for the presynaptic
potentiation by EtOH. The blockade of EtOH actions by TTX, despite the fact that 5-
HT3R-driven GABA release still occurs under this condition, indicates that voltage-gated
sodium channels downstream of the receptor likely participate in the potentiation. The
loss of stimulated GABA release during N-type Ca2* channel blockade, regardless of

the presence or absence of EtOH, indicates that potentiation of 5-HT3R function is not
sufficient to produce enhanced release. Other characteristics of the EtOH potentiation are
also inconsistent with the receptor being the predominant mediator of this effect. Direct
EtOH potentiation of 5-HT3R function is readily reversible when examined with whole-cell
recording in cell lines or neurons (Lovinger and White, 1991; Rusch et al., 2007; Sung

et al., 2000), but persisted well beyond the period of simultaneous application of EtOH
and agonist in the neuron/bouton preparation. Thus presynaptic potentiation is not simply
due to the reversible enhancement of receptor function. In previous studies showing direct
EtOH potentiation of 5-HT3Rs, this effect was only observed at relatively low agonist
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concentrations. However, the concentration of mCPBG used in the present study was close
to saturating (Koyama et al., 2000), indicating that the presynaptic EtOH potentiation

may not involve only direct actions on 5-HT3 receptors. It seems very likely that factors
downstream of the receptor contribute to this potentiation.

Several studies have reported that EtOH activates cCAMP-PKA signaling in the CNS (Asher
et al., 2002; Asyyed et al., 2006; Lin et al., 2006). The observation that a cell permeable
PKA blocker prevents EtOH potentiation of 5-HT3-mediated GABA release indicates that
cAMP/PKA signaling plays a role in this plasticity. We did not attempt to block only
postsynaptic PKA activation, and thus we cannot say at the present time if the PKA
activation that is relevant to potentiation takes place in a pre- or postsynaptic neuronal
compartment. It is interesting to note that Koyama et al. (2000) observed faster recovery
from desensitization of presynaptic 5-HT3R-mediated responses and increased mIPSC
frequency in the presence of a cell-permeable cAMP mimic. Thus, there is precedent for
modulation of 5-HT3R actions by the cAMP/PKA pathway. The observed effect of N-type
Ca?* channel blockers on EtOH potentiation of GABA release, as well as the EtOH-induced
increases in presynaptic calcium transients suggests that calcium signaling also contributes
to potentiation.

It is notable that EtOH did not potentiate 5-HT-induced GABA release while the GABA
release induced by the selective agonist mMCPBG was clearly potentiated by EtOH. To
determine if 5-HT3R activation is a crucial factor in the long-lasting EtOH potentiation

of GABAergic transmission, high K* (20 mM) stimulation was employed in the absence
or presence of EtOH to depolarize the presynaptic terminals instead of the activation of
5-HT3 receptors. High-K*-induced GABA release was not increased after EtOH exposure,
indicating that the EtOH effect is not observed under every condition where presynaptic
function is enhanced, and thus has some specificity for 5-HT3-induced responses. The
reason for the lack of EtOH potentiation when receptors are activated by 5-HT, as opposed
to mCPBG, is unclear. However, Gi/o-coupled 5-HT 1 receptors reduce GABA release in
this preparation (Katsurabayashi et al., 2003). Activation of this receptor subtype may limit
ethanol effects when 5-HT is applied. This scenario would also be consistent with findings
from several laboratories showing that activation of Gi/o-coupled metabotropic receptors
reduces ethanol effects at GABAergic synapses in several brain regions (Ariwodola and
Weiner, 2004; Kelm et al., 2008; Roberto et al., 2010; Zhu and Lovinger, 2006; Wan et al.,
1996).

Ethanol has been shown to directly potentiate GABA receptors on postsynaptic neurons,
at least for some receptor subtypes in particular brain regions (Lobo and Harris, 2008).
However, ethanol enhancement of GABA receptors is not uniformly observed throughout
the nervous system, and EtOH potentiation of GABAergic transmission in the hippocampal
CAL region involves presynaptic as well as postsynaptic effects (Fleming et al., 2009;
Glykys and Mody, 2007; Silberman et al., 2008; Wafford and Whiting, 1992). The
potentiation we observed clearly involved increased sIPSC frequency and increased
presynaptic calcium transients, and occurred in the absence of any postsynaptic 5-HT3R-
mediated current or measureable EtOH potentiation of postsynaptic GABAAR function.
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Thus, the long-lasting potentiation of 5-HT3R-stimulated GABA release appears to be
mainly due to presynaptic mechanisms.

Imaging presynaptic terminals showed that the frequency of calcium transients increased
during EtOH (80 mM) exposure without explicit 5-HT3R activation. This EtOH effect
likely contributes to the enhancement of 5-HT3-induced GABA release (possibly even if
the agonist exposure is delayed until after the end of the EtOH application). Unfortunately,
calcium increases produced by 5-HT3 agonist alone could not be detected in the putative
presynaptic terminals we examined despite the electrophysiological data indicating that
5-HTj3 activation increases calcium-dependent GABA release. The relatively low sensitivity
of the calcium measurements, perhaps due to Ca2*-buffering by Fluo-4, is one likely factor
accounting for the failure to observe these responses. Dye loading with low concentrations
or for short times did not impair sIPSCs, but resulted in low fluorescence intensity and poor
detection of loading in terminals. Although spontaneous calcium transients were observed
from several puncta after dye loading, most of the puncta on a given neuron showed bright
fluorescence immediately after the loading procedure and did not change intensity with any
treatment, probably due to saturation of the dye binding to CaZ* ions. Thus, it is not yet
clear if presynaptic calcium increases stimulated by the receptor are increased during EtOH
exposure.

The experiments described at present were performed using isolated neurons from pre-
weanling rats as the mechanical dissociation procedure produces few, if any, viable neurons
from adults. Thus, it is not yet clear if a similar ethanol potentiation of 5-HT3 actions would
be observed in adult rats. Future experiments could examine this issue using brain slices.

Acute actions of alcohol on the central nervous system (CNS) produce intoxication that
directly contributes to alcohol use disorder and plays a role in problems involving chronic
alcohol abuse. Acute exposure to ethanol (EtOH) affects many neuronal molecules (Abrahao
etal., 2017). Among these effects, increased GABAergic inhibitory synaptic transmission
has been implicated in nervous system depression, leading to sedation (Chastain, 2006;
Hoffman and Tabakoff, 1996). Potentiation of the function of GABA, receptors has been
suggested to be the main contributor to these EtOH actions (Golovko et al., 2002; Hakkinen
and Kulonen, 1959). However, studies in the last fifteen years indicate that presynaptic
EtOH actions leading to increased GABA release are also important components of the
increased CNS inhibition produced by the drug (Criswell et al., 2008; Roberto et al.,

2003; Silberman et al., 2008; Zhu and Lovinger, 2006). Activation of the cAMP/PKA
signaling pathway is a strong candidate to mediate these effects (Kelm et al., 2008). As
previously mentioned, 5-HT3 receptors have been implicated in the acute neural actions of
EtOH as well as in EtOH drinking and preference (Fadda et al., 1991; Grant and Barrett,
1991; Johnson et al., 1993; LeMarquand et al., 1994a, b; McKenzie-Quirk et al., 2005;
Sellers et al., 1994; Shelton et al., 2004). Thus, the EtOH effects on presynaptic 5-HT3
receptors described in the present study might play an important role in EtOH intoxication
by enhancing GABAergic transmission as well as 5-HT3-modulation of release of other
neurotransmitters.
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Fig. 1. 5-HT increases the frequency and amplitude of spontaneous | PSCs.
A. Representative sIPSC traces before, during and after exposure to different concentrations

of 5-HT. Scale bar = 100 pA, 5 s. B. Bar graph showing peak amplitude of IPSCs evoked

by the different 5-HT concentrations (n = 3) C. Bar graph showing peak frequency of IPSCs
evoked by the different 5-HT concentrations (n = 3) D. Bar graph showing charge transfer of
IPSCs evoked by the different 5-HT concentrations (n = 3). (unpaired t-tests *~ < 0.05, **P
< 0.001). Cumulative probability distributions for E. IPSC amplitude, F. Rise time, and G.
Decay time.
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Fig. 2. 5-HT transiently increases the frequency of GABAergic sl PSCsthrough the activation of
5-HT 3 receptorsand ethanol potentiates the increase induced by a selective 5-HT 3 agonist.

A. The GABA receptor antagonist gabazine suppressed all sSIPSCs as well as the response
to 5-HT. Scale bar = 100 pA, 30 s. B, C. The response to 5-HT was blocked in the presence
of the selective 5-HT3R antagonist MDL 72222 while baseline sIPSCs remained (n = 5).
Scale bar = 200 pA, 30 s (unpaired t-tests *£< 0.05). D. Representative sIPSC waveforms
in response to 5-HT in the absence and presence of 80 mM EtOH. sIPSCs induced by
5-HT. Scale bar = 200 pA, 30 s. E, F. No difference was observed in the charge transfer
and peak frequency of sIPSC responses to 5-HT before and during EtOH incubation (n =
5). G. Representative sIPSC waveforms in response to the selective 5-HT3 receptor agonist,
mCPBG in the absence and presence of 80 mM EtOH. Scale bar = 200 pA, 30s. H, |. EtOH
potentiates the charge transfer and peak frequency of the 5-HT3 agonist-induced increase in
SIPSCs (paired t-tests *£ < 0.05, n = 10).
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Fig. 3. The sIPSC responseto mCPBG depends on EtOH exposure and the exposuretime.
A, B. The charge transfer and peak frequency of sIPSCs were not potentiated until EtOH

was applied (paired t-tests *£<0.05, n = 5). C. EtOH potentiation of sIPSC charge transfer
with different EtOH incubation times (unpaired t-tests *~<0.05, n = 4 for 0, 60 s conditions,
n =10 for 210 s condition). D. When a second mCPBG application was given at different
time points after EtOH exposure, the potentiation of the mCPBG response was smaller at
longer EtOH wash-out times (unpaired t-tests *£<0.05, **P<0.001, n = 6 for 90s condition,
n = 9 for other conditions). E, F. The charge transfer and peak frequency of sIPSC responses
to high K* were not potentiated by EtOH exposure (n = 5).
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Fig. 4. Potentiation of the response to mCPBG was maintained even after EtOH washout.
A. Representative waveforms of sIPSCs in response to 10 pM mCPBG before, during and

after washout of 80 mM EtOH. Scale bar = 400 pA, 10 s. B. Plots of sIPSC frequency
(paired t-tests *P < 0.05, n = 6). C. EtOH potentiation of sSIPSC charge transfer and peak
frequency was maintained even after EtOH washout (paired t-tests *£< 0.05, n = 6).

D. EtOH increases the charge transfer of sIPSC responses to mCPBG in a concentration-
dependent manner. The post-EtOH-washout potentiation was also more distinct with higher
EtOH concentrations. (paired t-tests *£< 0.05,n =9, 9, 8 and 6 for 10, 20, 40 and 80 mM
EtOH, respectively).
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Fig. 5. Voltage-gated calcium channels and voltage-gated sodium channelsareinvolved in 5-HT3
receptor-mediated | PSC increases.

A. Cay2.2 N-type voltage-gated Ca2* channel blocker w-conotoxin-GVIA (w-Ctx)
suppressed baseline sIPSCs as well as the mCPBG response. Scale bar = 400 pA, 10 s.

B, C. w-Ctx significantly decreased the charge transfer and peak frequency of the mCPBG-
induced increase in sIPSCs (paired t-tests **P< 0.01, n = 5). D. Cay2.1 P/Q-type voltage-
gated Ca2* channel blocker, w-agatoxin-1VA (w-AgaTx) had little effect on sIPSC responses
to mCPBG. Scale bar = 400 pA, 10 s. E, F. No difference was observed in the charge
transfer and peak frequency of sIPSC responses to mCPBG in the presence of w-AgaTx (n =
7). G. Representative waveforms of mIPSC responses to mCPBG before and during ethanol
exposure in the presence of TTX. Scale bar = 200 pA, 10 s. H, I. In the presence of TTX,
EtOH did not potentiate mIPSC charge transfer during mCPBG application (n = 4).
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Fig. 6. Ethanol potentiation involves the cAM P-dependent protein kinase.
A. Representative waveforms of sIPSC responses to mCPBG and mCPBG + EtOH in the

presence of the competitive PKA inhibitor, Rp-cAMP. Scale bar = 400 pA, 10s. B. Plots
of sIPSC frequency in the presence of Rp-cAMP (n = 6) before, during and after EtOH
exposure. C. EtOH potentiation of the 5-HT3 receptor-induced increase in charge trransfer
was inhibited in the presence of Rp-cAMP (n = 6).
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Fig. 7. Calcium imaging showsthat calcium entry isincreased in presynaptic boutons after EtOH
incubation.

A. Fluorescence image after calcium dye loading in a mechanically-dissociated neuron. B.
Wide-field image of patch pipette with giga-ohm seal on the neuron. C. Fluorescence image
2 min after opening the membrane for whole-cell recording. D. Calcium transients were
observed from a subpopulation of dye-loaded puncta (white arrowheads) after diluting the
dye in the postsynaptic neuron. Scale bar = 10 pm. E. The spontaneous calcium transients
were suppressed by TTX. F. Representative spontaneous normalized Ca2* transients before
and during EtOH incubation. G. The spontaneous calcium entry increased in the presence
of 80 mM EtOH (paired t-tests *~< 0.05, n = 12). H. In control experiments without EtOH
exposure, no increase of calcium entry was observed. The small decrease in transients in the
control condition is likely due to photo bleaching (n = 12).
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