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Altered voltage-gated calcium channels in rat inferior colliculus
neurons contribute to alcohol withdrawal seizures
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Abstract

We have previously reported that enhanced susceptibility to alcohol withdrawal seizures (AWS)
parallels the enhancement of the current density of high-threshold voltage-gated Ca?* (Cay))
channels in rat inferior colliculus (IC) neurons. However, whether this increased current density is
a cause or consequence of AWS is unclear. Here, | report changes in the current density of Cay
channels in IC neurons during the course of alcohol withdrawal and the potential anticonvulsant
effect of intra-1C infusions of L- and P-type Cay, channel antagonists. Whole-cell currents were
activated by depolarizing pulses using barium as the charge carrier. Currents and seizure
susceptibility were evaluated in control animals 3 h after alcohol intoxication, as well as 3 h
(before AWS), 24 h (when AWS susceptibility is maximal), and 48 h (when AWS susceptibility is
no longer present) after alcohol withdrawal. Nifedipine, nimodipine (L-type antagonists) or -
agatoxin TK (P-type antagonist) were infused intra-1C to probe the role of Cay, channels in the
pathogenesis of AWS. Cay, current density and conductance in IC neurons were significantly
increased 3 and 24 h after alcohol withdrawal compared with the control group or the group tested
3 h following ethanol intoxication. Blockade of L-type Cay channels within the IC completely
suppressed AWS, and inhibition of P-type channels reduced AWS severity. These findings
suggest that the enhancement of Cay, currents in 1C neurons occurs prior to AWS onset and that
alterations in L- and P-type Cay, channels in these neurons may underlie the pathogenesis of AWS.
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1. Introduction

Neuronal hyperexcitability following the cessation of chronic alcohol intake (alcohol
withdrawal) often leads to enhanced susceptibility to generalized tonic-clonic seizures
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(GTCS). The inferior colliculus (IC) is critical for the initiation of acoustically evoked reflex
GTCS (audiogenic seizures, AGS) in rats subjected to alcohol withdrawal (Chakravarty and
Faingold, 1998; Faingold and Riaz, 1995; Eckardt et al., 1986; Frye et al., 1983; McCown
and Breese, 1990, 1993; Riaz and Faingold, 1994). Electrophysiological studies report
increased I1C neuronal firing prior to and during AGS in animals subjected to alcohol
withdrawal (Chakravarty and Faingold, 1998). Similarly, in vitro studies show elevated IC
neuronal excitability during alcohol withdrawal (Evans et al., 2000). These functional
findings confirm the importance of IC neurons in networks involved in alcohol withdrawal
seizures (AWS, Faingold et al., 1998). Voltage-gated Ca2* (Cay/) channels play an important
role in the neuronal hyperexcitability that leads to AGS during alcohol withdrawal, as
indicated by the suppression of these seizures by L-type channel blockade (Little et al.,
1986). Furthermore, we have reported an enhancement of the current density of L- and P-
type high-threshold Cay, channels in IC neurons 24 h during alcohol withdrawal, when the
susceptibility to AGS is peaked (N’Gouemo and Morad, 2003). At 48 h, when the
susceptibility to AWS was no longer present, Cay channel currents returned to nearly
control levels (N’Gouemo and Morad, 2003). Recently, a time-course study reported that
AGS susceptibility was absent in the first 7 h but progressively develops after 7 h, peaking
at 24 h and disappearing at 48 h during alcohol withdrawal (Faingold, 2008). It is unknown
whether the enhanced Cay, channel currents found in IC neurons precedes the onset of AWS
susceptibility. The roles of L- and P-type Cay channels within the IC in the pathogenesis of
AWS are also unknown. Here, | report the possible role of enhancement of Cay, channel
currents in 1C neurons in the pathogenesis of AWS.

2. Experimental procedures

2.1. Animals

Male Sprague-Dawley (250-300 g, Taconic, Germantown, MD, USA) rats were used.
Animals were maintained in a temperature/humidity-controlled room on a 12 h/12 h light/
dark cycle with free access to food and water. All possible efforts were made to minimize
the number of animals used in experiments. All experimental procedures were approved by
the Georgetown University Animal Care and Use Committee and followed the NIH Guide
for the Care and Use of Laboratory Animals.

2.2. Cannula guide implantation

Animals were anesthetized with ketamine/xylazine (85/3 mg/kg i.p.). Guide cannulae (21-
gauge, Plastics One, Roanoke, VA, USA) were implanted bilaterally over the IC (-9.15 mm
posterior to bregma, +1.5 mm lateral to bregma), and the injection cannula was subsequently
inserted vertically to 4.5 mm below the surface of the brain (Paxinos and Watson 1998). A
stylet was placed in each guide cannula to prevent clogging when not in use.

2.3. Ethanol administration

Five to seven days after stereotaxic surgery, animals were subjected to chronic ethanol
intoxication. Ethanol (95%) was administered by intragastric intubation in rats in a 30% v/v
solution in ISOMIL Infant Formula. Ethanol administration consisted of three doses every 8
h for 4 days, and the levels of intoxication was evaluated using a standard behavior rating
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scale (Majchrowicz, 1975; Faingold, 2008). The priming dose of ethanol was 5 g/kg (body
weight), and the subsequent doses were adjusted for each animal to maintain a moderate
degree of ataxia. The daily amount of ethanol administered varied from 9 to 15 g/kg (body
weight) for each animal; these amounts allowed intoxication to be maintained at a level
sufficient to achieve a consistent, moderate ataxia. Ethanol administration was ceased on the
fourth day, after the second daily dose. The behavioral signs of ethanol withdrawal consisted
of hyperactivity, tremors, tail spasticity, and spontaneous seizures (myoclonus, forelimb
clonic seizures), and ethanol withdrawal induced episodes of acoustically evoked startle and
seizures. To determine the effects of ethanol intoxication, animals received a single dose of
ethanol (5 mg/kg body weight, p.o.). Control animals were maintained under similar
conditions and schedules but were fed only the ISOMIL without ethanol. Weight loss and
the incidence of mortality were negligible. Animals used for electrophysiological studies
were not subjected to acoustically evoked seizure testing because long-lasting increases in
extracellular GABA levels have been observed as a result of evoked seizures (Ueda and
Tsuru, 1995). Such released GABA and various degree seizure severity and duration may
alter Cay channel currents.

2.4. Seizure testing

To analyze seizure susceptibility of various groups, two animals from each group were
randomly selected and tested for AGS at 2-4 h (3 h group), 22—-24 h (24 h group) and 46-48
h (48 h group) during ethanol withdrawal, as well as at 2—4 h (3 h group) during ethanol
intoxication. The acoustic stimuli (pure tones or mixed sounds at 100-110 decibel sound
pressure levels; Med Associated, St. Alban, VVT) were presented until either wild running
seizures (WRS) were elicited or 60 s passed with no seizure activity. Convulsive seizure
behavior was classified into four stages: stage 0, no seizures in response to acoustic stimuli;
stage 1, one episode of WRS and/or jumping; stage 2, two episodes of WRS and/or jumping;
stage 3, one episode of WRS and/or jumping followed by bouncing GTCS (clonus). WRS
and clonus correspond to the pre-convulsive and convulsive phases of AGS, respectively.

2.5. Focal microinjection

For microinjection procedures, stylets were removed from the implanted cannula guide
tubes, and vehicle (phosphate buffer, pH 7.4) was infused through an injection cannula (26
gauge, Plastics One) at a rate of 0.25 uL/min for 2 min (Millan et al 1986). Animals were
then tested for susceptibility to AGS. Only animals exhibiting AGS during ethanol
withdrawal were used for focal pharmacological studies. Animals were closely monitored
following administration of w-agatoxin TK (30 nM/side), nifedipine (10 uM/side) or
nimodipine (1 uM/side). Animals were tested for AGS susceptibility at 0.5, 1 and 2 h post
infusion. In another set of control experiments, animals that exhibited AGS after
microinjection of the vehicle were tested at 0.5, 1 and 2 h. At the end of the experiment, the
animals received bilateral infusions of Fast green (0.5 pL/side, Electron Microscopy
Science, Hatfield, PA, USA) at the microinjection sites. Animals were then deeply
anesthetized with Nembutal (100 mg/kg i.p.), and coronal sections of the IC were obtained
to microscopically verify the sites of microinjections.
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2.6. Blood ethanol levels

In another set of experiments, blood ethanol concentrations (BECs) were measured in the
control group, at 3 h following administration of a single dose of ethanol (5 mg/kg, body
weight, ethanol intoxication group) as well as at 3, 24 and 48 h during ethanol withdrawal.
Blood samples were collected in anesthetized animals (Nembutal 50 mg/kg i.p.) by
intracardiac sampling using 21-gauge needles. Serum ethanol concentrations were measured
using an Analox model GM7 Micro Stat analyzer (Analox Instruments, London, UK).

2.7. Cell preparation

Controls and rats subjected to ethanol intoxication and withdrawal were anesthetized with
Nembutal (50 mg/kg, body weight, i.p.). The brains were perfused with a solution
containing (in mM) 110 choline chloride, 2.5 KCI, 1.2 NaH,PO4, 26 NaHCO3, 2.4 sodium/
pyruvate, 1.3 L-ascorbic acid, 20 mM dextrose, 0.5 CaCl, and 7 MgCl, (adjusted to 290-
300 mOsm with sucrose, bubbled with 95% O, and 5% CO,). Brains were removed and
coronal IC slices (400 pM thick) were sectioned using a Leica VT1200S Vibratome (Leica
Microsystems Inc., Buffalo Grove, IL, USA). The cutting solution contained (in mM) 205
sucrose, 5 KClI, 1.2 NaH,PO4, MM NaHCOs3, 2.4 sodium/pyruvate, 1.3 L-ascorbic acid, 20
dextrose, 0.2 CaCl,, and 1.3 MgSO, (adjusted to 290-300 mOsm with sucrose, bubbled
with 95% O, and 5% CO»). The central nucleus of the IC was dissected and placed in
Leibovitz’s L-15 medium (Life Technologies, Gaithersburg, MD, USA) containing papain
(20 U/mL; Worthington, Lakewood, NJ, USA) for 60 min (at 30-32°C and bubbled with
100% oxygen). The enzyme was washed with Leibovitz’s L-15 medium containing
ovomucoid inhibitor-albumin (1 mg/mL; Worthington). Neurons were then dissociated by
gentle trituration with a fire-polished Pasteur pipette in Neurobasal-A medium (Life
Technologies) supplemented with 2% B27 (Life Technologies), penicillin (100 U/mL) and
streptomycin (0.1 mg/mL). The dissociated IC neurons were then plated onto concanavalin-
A (100 mg/mL)-coated glass coverslips and placed in a CO, incubator at least 1 h prior to
the start of voltage clamp experiments.

2.8. Electrophysiology

Ca?* channel currents were recorded at room temperature using whole-cell patch clamp
techniques (Hamill et al., 1981). The patch electrodes were made from borosilicate glass
capillary tubes and had 3 to 4 QM resistances when filled with a solution containing (in
mM) 90 cesium methanesulfonate, 10 EGTA, 30 phosphocreatine, 10 HEPES, 10 glucose, 4
Na,-ATP, 5 MgCl, and 0.4 Na-GTP (adjusted to pH 7.3 with CsOH). A whole-cell
recording configuration was established in a solution containing (in mM) 145 NaCl, 5.4
KCI, 2 CaCl,, 1 MgCls, and 10 HEPES (adjusted to pH 7.4 with NaOH). The extracellular
recording solution for isolating barium (Ba%*) currents contained (in mM) 5 BaCl,, 130
TEACI, 10 HEPES, 1 MgCl,, 20 CsCl,, 10 glucose and 0.001 TTX (adjusted to pH 7.4 with
TEAOH). Although Ca2* is the biological charge carrier through Ca2* channels, Ba?* was
instead selected to be used to characterize Ca?* currents. Ba?* permeates Ca2* channels as
well as Ca2* but does not inactivate the channels. In addition, Ba2* suppresses residual K*
currents. Thus, Ba2* currents were referred to as Cay channel currents. VVoltage clamp
experiments were performed with either a Dagan 8900 (Dagan Corporation, Minneapolis,
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MN, USA) or MultiClamp B patch clamp amplifier (Molecular Devices, Sunnyvale, CA,
USA). Currents were filtered at 10 kHz and normalized relative to the membrane
capacitance as an estimate of current density. Whole cell capacitance and series resistance
were compensated, and leak and residual capacitance currents were subtracted. Whole cell
measurements were corrected for liquid junction potentials and currents were recorded from
relatively large IC neurons (~22 um in diameter).

Voltage protocols—IC neurons were held at -80 mV unless otherwise stated. A 0.5-s
conditioning pulse to —60 mV was first applied to inactivate low-threshold voltage-activated
Ca?* channels. Ba2* currents were then activated by applying voltage steps to 0 mV at 10-s
intervals until a stable recording was obtained. The voltage step to 0 mV was chosen
because the resulting peak current density was maximal compared with other tested voltage
steps in 1C neurons (N’Gouemo and Morad, 2003). Peak Ba2* currents were measured 5-ms
after the start of the test pulse, in part to approximate the action potential duration (which is
~1-ms at half-maximal amplitude, Li et al., 1994). To determine current-voltage
relationships, currents were evoked by using 50-ms depolarizing pulses from a holding
potential of —90 mV (depolarization range: =90 mV to +60 mV by 10 mV increments).

2.9. Statistical analysis

Statistical analyses were performed using OriginPro 9.1 software (Origin, Northampton,
MA, USA) and Primer Biostatistics program version 6.0 software (The McGraw Hill
Education, New York, NY, USA). Data were collected using Clampex v10 and analyzed
off-line using Clampfit v10 (Molecular Devices) and Origin 9.1 software (Origin). The
voltage dependence of peak BaZ* current density was fitted using the following modified
Boltzmann equation: T=[Gyax X (V—Viyey)]/[1+exp{(Vo5—V)/k}] Where I () is the
peak current density at the command potential V, G,y is the maximum conductance, Ve iS
the reversal potential, Vg 5 is the half-activation potential, and k is the slope factor. The
conductance (G=1/V-V,q,) was determined at each command potential (V). The voltage
dependence of Ba2* conductance was plotted as a function of the test pulse and was best fit

with a modified Boltzmann equation: G=G ., /[ 1+exp(~(V~V05)/k)], where Gpay is the
maximum conductance, generating values for conductance (G) at the potential V¢ 5 and the
slope factor k. The modified Boltzmann equation was also used to calculate Gy« in the
control group, during ethanol intoxication and ethanol withdrawal. To determine differences
in Ba2* current density and conductance, one-way analyses of variance (ANOVA) with
Bonferroni tests for post hoc comparisons were performed. Data were first subjected to a
normality test (Kolmogorov-Smirnov) and tests for homogeneity of variance (Levene’s test
and Brown-Forsythe’s test) before ANOVA. For in vivo pharmacological studies and
seizure testing, animals that did not display seizures within the 60-sec acoustic stimulation
period were considered to be protected from seizure activity. For each group, the incidences
of WRS and clonus were recorded and analyzed using the McNemars test (x2). The seizure
severity score was analyzed using the Kruskal-Wallis test. A value of P<0.05 was
considered statistically significant. Data on BECs, current densities, and conductance are
presented as the mean+S.E.M., or median seizure scorexS.E.M. for seizure severity and the
percentage (%) for the incidence of WRS and clonus. Current trace illustrations represent
the average of 3-5 consecutive traces.

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

N’Gouemo Page 6

3. Results

3.1. Seizure susceptibility during ethanol intoxication and withdrawal

Figure 1 (panel 1A) demonstrates AGS susceptibility in the control group, at 3 h during
ethanol intoxication, and at several time points (3, 24 and 48 h) during ethanol withdrawal
period. AGS in rats subjected to ethanol withdrawal consisted of WRS followed by clonus.
This seizure phenotype was observed in all animals tested 24 h after ethanol withdrawal
(n=10). The seizure susceptibility was transient and occurred during a finite period.
Specifically, no seizures were observed at 3 h (n=8) or 48 h (n=8) after the initiation of the
ethanol withdrawal period or at 3 h during ethanol intoxication (n=8); nor were any seizures
observed in the control group (n=8) at those time points.

3.2. Blood ethanol concentrations during ethanol intoxication and withdrawal

Figure 1 (panel B) reveals that BECs were significantly elevated 3 h during ethanol
intoxication (0.38+0.05 g/dL, n=6) compared with the control group (0.007+0.001 g/dL,
n=6, t=9, P<0.05) and 3 h during ethanol withdrawal (0.25+0.04 g/dL, n=6, t=3, P<0.05).
During ethanol withdrawal, BECs were also significantly elevated at 3 h (0.25+0.04 g/dL,
n=6, t=6, P<0.05) but negligible at 24 h (0.010+0.001 g/dL, n=6) and 48 h (0.011+0.001
g/dL, n=6) compared with the control group (0.007+0.001 g/dL, n=6). BECs of the 3 h
group during ethanol withdrawal also were significantly elevated compared to 24 h (t=6,
P<0.5) and 48 h (t=6, P<0.05) group.

3.3. Altered Ca?* channel currents during ethanol intoxication and withdrawal

Figure 1 (panel 1C) shows the mean of the peak Ba%* currents in IC neurons obtained from
the control group 3 h after ethanol intoxication and at 3, 24 and 48 h during ethanol
withdrawal. ANOVA revealed that group means were significantly different (F= 19,
P<0.001). Interestingly, the peak Ba2* current density evoked at 0 mV was significantly
enhanced both before the onset of AWS susceptibility (3 h; 27+1 pA/pF, n=14, t=5, P<0.05)
and when the incidence of AWS was highest (24 h; 31+1 pA/pF, n=18, t=8, P<0.05) during
ethanol withdrawal compared with the control group (201 pA/pF, n=16). At 48 h during
ethanol withdrawal, when seizure susceptibility was no longer present, the current density
(24+1 pAJ/pF, t=3, P<0.05, n=16) remained significantly elevated compared to the control
group (20+1 pA/pF, n=16). The mean of the peak current density at 24 h (311 pA/pF,
n=18, t=5, P<0.05) but not at 3 h during ethanol withdrawal was also significantly enhanced
compared with 48 h (24+1 pA/pF, n=16) during ethanol withdrawal. The peak current
density was only slightly increased at 24 h (31+1 pA/pF, n=18) compared to 3 h (271
pA/pF, n=14) during ethanol withdrawal. Quantification of the data also showed that ethanol
withdrawal enhanced the current density compared with ethanol intoxication. Notably, the
current density at 3 h following ethanol withdrawal (27+1 pA/pF, n=14, t=3, P<0.05) was
significantly elevated compared with 3 h following ethanol intoxication (21+2 pA/pF,
n=10). Ethanol intoxication (21+2 pA/pF, n=10) did not alter the current density in IC
neurons compared with the control group (20+1 pA/pF, n=16). The increase in CaZ* currents
was not accompanied by a significant change in cell capacitance (control group: 71+4 pF,
n=16; 3 h ethanol intoxication: 715 pF, n=10; ethanol withdrawal: (i) 3 h group: 72+5 pF,
n=14; (ii) 24 h group: 735 pF, n=18; and (iii) 48 h: 73£5 pF, n=16).
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Figure 2 shows the original traces of total Ba2* currents evoked at a range of voltages from
five representative 1C neurons obtained from the control group (panel 2A), 3 h after ethanol
intoxication (panel 2B) or 3 h (panel 2C), 24 h (panel 2D) or 48 h (panel 2E) following
ethanol withdrawal. The voltage protocol is showed in panel 2E. At the voltage command of
—-20 mV, the current density was enhanced 2.3-fold at 24 h following ethanol withdrawal
compared with the control group, the group tested 3 h following ethanol withdrawal and the
group tested 3 h after ethanol intoxication. Similarly, ethanol withdrawal enhanced the
current density 2-fold at 48 h compared with the control group, the group tested 3 h
following ethanol withdrawal or the group tested 3 h after ethanol intoxication.

3.4. Ethanol withdrawal alters the voltage-dependence of Ca2* channel currents

Quantification of the currents over a larger range of voltages (-90 mV to +60 mV, Figure 3)
revealed that the activation of peak Ba2* currents occurred at =342 mV in four conditions:
in the control group (n=14; panels 3A,B; filled squares), at 3 h during ethanol intoxication
(n=7; panel 3A; filled diamonds), and at 3 h (n=10; panels 3A,B; filled triangles) and 48 h
(n=10; panels 3A,B; filled octagons) during ethanol withdrawal. At 24 h during ethanol
withdrawal, however, activation of peak Ba2* currents occurred at -53+3 mV (n=11; panels
3A,B), which was significantly lower than in the other four groups (t=7, P<0.0, panel B;
filled circles). Figure 3A evaluates the current density in the control group, 3 h during
ethanol intoxication and 3 h during ethanol withdrawal. Comparison of the current-voltage
relationship between the control group (filled squares, panel 3A) and the group tested 3 h
during ethanol intoxication (filled diamonds, panel 3A) showed a +10 mV shift in the
maximal value of the peak current and no change in the magnitude of the peak current
density at voltages between —90 mV and +60 mV. Comparison of the current-voltage
relationship between the control group (filled squares) and the group tested 3 h during
ethanol withdrawal (filled triangles, panels 3A,B) showed a significant (P<0.05) increase in
the current density by an average of 47% at voltages between —10 mV and +40 mV (panels
3A,B). This enhancement of the current density was accompanied by a +10 mV shift in the
test potential 3 h during ethanol withdrawal (panels 3A,B). Similarly, the current density at 3
h during ethanol withdrawal (filled triangles, panel A) was also significantly (t=4, P<0.05)
elevated at 0 mV compared to 3 h during ethanol intoxication (filled diamonds, panel A).
Figure 3B evaluates changes in the current density during ethanol withdrawal.
Quantification of the data showed that the peak Ba2* current density at 24 h during ethanol
withdrawal (filled circles, panel 3B) exhibited, on average, a 3-fold increase (P<0.05) at
voltages between —40 mV and 0 mV compared with 3 h during ethanol withdrawal (filled
triangles, panel B). This enhancement of the currents was associated with —15 mV shifts in
the maximum of the peak Ba2* currents. When compared with the control group (filled
squares), the group assayed 24 h during ethanol withdrawal (filled circles) exhibited, on
average, 1.3-fold increases (P<0.05) in the current density over a large range of voltages
between —40 mV and +40 mV. Figure 3B also shows that the peak current density at 24 h
during ethanol withdrawal (filled circles) was significantly elevated by a mean of 3.5-fold at
voltages between —40 mV and 0 mV compared with the group assayed 48 h during ethanol
withdrawal (filled octagons). Quantification of these data also showed that the current
density in IC neurons remained non-significantly increased by 28% at voltages between —20
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mV and +50 mV at 48 h during ethanol withdrawal (filled octagons) compared with the
control group (filled squares).

3.5. Ethanol withdrawal alters Ca2* channel conductance and voltage-dependence

Figure 4 (panels 4A,C,D) shows the Ba2* conductance and voltage relationships in the
control group (filled squares), in the group tested 3 h after ethanol intoxication (filled
diamonds) and in the group tested 3 h during ethanol withdrawal. Figure 4 (panels B,C,E)
also shows the Ba2* conductance and voltage relationships in the control group (filled
squares) and in groups tested at several time points, including at 3 (filled triangles), 24
(filled circles) and 48 h (filled octagons) during ethanol withdrawal. The most prominent
changes include the following: i) 34% and 31% increases in conductance compared with the
control group at voltages above 0 mV at 3 h and 24 h during ethanol withdrawal,
respectively (panel 4B) and ii) significantly (F=4, P<0.01, panel 4C) elevated mean Guax
values of 47% and 44% at 3 h (0.47+0.03 pS/pF, n=10, t=3, P<0.05) and 24 h (0.46+0.04
pS/pF, n=11, t=3, P<0.05) following ethanol withdrawal, respectively, compared to the
control group (0.32+0.02 pS/pF, n=14). G« Values were not significantly increased 3 h
after ethanol intoxication (0.4+0.03 pS/pF, n=7, panel 4C) compared with the control group
(0.32+0.02 pS/pF, n=14) and the group tested 3 h following ethanol withdrawal (0.47+0.03
pS/pF, n=10). No significant changes in Gyax Values were found at 48 h (0.38+0.05 pS/pF,
n=10) following ethanol withdrawal compared with the control group (0.32+0.02 pS/pF,
n=14, panel 4C). G/Gax curves (Fig. 4, panel D) revealed that the activation parameter V5
non-significantly shifted toward more positive values at 3 h after ethanol intoxication
(-15£2 mV, n=7) and at 3 h (-14+2 mV, n=10) during ethanol withdrawal compared with
the control group (—19+2 mV, n=14). G/Gp,,x curves (Fig. 4, panel E) also revealed that the
activation parameter V 5 non-significantly shifted toward more positive values at at 3 h
(-14£2 mV, n=10) and 48 h (=151 mV, n=10) during ethanol withdrawal but shifted
toward a negative value at 24 h (-30£3 mV, n=11) during ethanol withdrawal compared
with the control group (-19+2 mV, n=14). Nevertheless, the activation parameter V( 5 was
significantly shifted toward negative values at 24 h during ethanol withdrawal (-30+3 mV,
n=11) compared with the groups tested 3 h (-14+2 mV, n=10; t=-5, P<0.05) and 48 h
(=151 mV, n=10; t=5, P<0.05) after ethanol withdrawal as well as the control group
(-19£2 mV, n=14, t=—4, P<0.05). Ethanol withdrawal did not alter the mean value of the
slope factor of activation (k) at 3 h (4.7+0.4, n=10), 24 h (2.6£0.3, n=11) or 48 h (3.1£0.1,
n=10) during ethanol withdrawal compared with the control group (3.2+£0.2, n=14). Ethanol
intoxication also did not modify the mean value of the slope factor of activation (4+0.4,
n=7) compared with the control group (3.2+0.4, n=14) or the group tested 3 h durining
ethanol withdrawal (4.7+0.4, n=10).

3.6. Focal administration of Ca2* channel blockers within the inferior colliculus
suppresses alcohol withdrawal seizures

Figure 5 reveals the anticonvulsant potential of potent blockers of L- (nifedipine and
nimodipine) or P-type (w-agatoxin TK) Cay, channels. Panels 5A and B, 5C and D, and 5E
and 5F show the effects of bilateral microinjections of w-agatoxin TK (30 nM/side),
nifedipine (10 uM/side) and nimodipine (1 uM/side), respectively, on the time course of
seizure severity (median score) and on the incidence of WRS and clonus following ethanol
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withdrawal. Kruskal-Wallis ANOVA showed that bilateral microinjections of w-agatoxin
TK did not significantly (Kruskal-Wallis=2, P<0.1, panel A) alter seizure severity during the
first 2 h following treatment. Focal microinjections of either nifedipine (Kruskal-Wallis=11,
P<0.01, panel C) or nimodipine (Kruskal-Wallis=12, P<0.01, panel E) significantly reduced
seizure severity during the first 2 h following treatment. The time course also revealed that
the most potent effects of w-agatoxin TK, nifedipine and nimodipine were observed at 2 h
post infusion within the IC (panels A,C,E). Thus, bilateral intra-1C microinjections of m-
agatoxin TK (panel A) and nifedipine (panel C) reduced the median seizure severity from 3
to 1 (n=6) and from 3 to 0.5 (n=6), respectively, while infusions of nimodipine (panel E)
produced a complete suppression of the seizures (from a median seizure severity of 3 to 0,
n=6). Note that at 30 min post infusion within the IC, w-agatoxin TK and nifedipine reduced
the seizure severity score from 3 to 2.5 (n=6, panel A) and from 3 to 2 (n=6, panel C),
respectively, while nimodipine markedly reduced the seizure severity score from 3 to 0.5
(n=6, panel E). Quantification at 2 h post infusion showed that w-agatoxin TK (panel 5B),
nifedipine (5D) and nimodipine (5F) significantly (P<0.001) reduced the incidence of WRS
by 33% (32=67, P<0.001), 50% (x2=48, P<0.001) and 83% (32=15, P<0.001), respectively,
compared with pre-drug conditions. The incidence of clonus was significantly reduced by
67% (x2=31, P<0.001) and 83% (x2=15, P<0.001) after microinjections of agatoxin TK and
nifedipine but was completely suppressed (32=98, P<0.001) after nimodipine infusion into
the IC. Microinjections of the vehicle into the IC did not affect the incidence or severity of
acoustically evoked AGS following ethanol withdrawal. Notably, a median seizure severity
score of 3 was found at 0.5, 1, and 2 h after bilateral microinjection of the vehicle into the
IC. Histological analysis showed that the microinjection sites were within the central nuclei
of the IC.

4. Discussion

The major findings of this report are that i) the current density of high-threshold Cay
channels in IC neurons was significantly enhanced before the onset of susceptibility to AWS
and ii) focal administration of L-type and to a lesser extent of P-type Cay channel blockers
within the IC markedly reduced the occurrence of GTCS during alcohol withdrawal. The
finding that the increase in Cay, current density occurs prior to the onset of AWS
susceptibility, but not following alcohol intoxication, suggests that these changes are not
induced by seizure activity but may instead represent an important factor in the etiology of
alcohol withdrawal hyperexcitability that leads to seizures. The lack of AWS susceptibility
at 3 h during alcohol withdrawal may be due to elevated BECs.

The precise mechanisms underlying the upregulation of high-threshold Cay, channel currents
in 1C neurons prior to the onset of AWS remain unknown. In this study, significant increases
were found in the mean value of G« at 3 h and 24 h following alcohol withdrawal but not
at 3 h after alcohol intoxication. However, these changes in G,ax values were not
accompanied by significant changes in the channel activation Vq 5 compared with controls,
suggesting that alcohol withdrawal does not significantly alter the gating and permeation
properties of Cay channels before the onset of AWS. Thus, enhancement of Cay, channel
currents in 1C neurons at 3 h following alcohol withdrawal may be due to an upregulation of
the surface expression of the channels. Interestingly, it has been suggested that the increased
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Cay channel currents in hippocampal neurons obtained from ethanol-tolerant mice during
the withdrawal period may be due to an increase in the number of functioning Cay, channels,
as no changes in their gating and permeability were found (Huang and McArdle, 1993).

The IC neurons play an important role in AGS initiation following alcohol withdrawal
(Faingold et al., 1998, for review). Pharmacological studies report that systemic
administration of L-type Cay channels suppresses AGS during alcohol withdrawal,
suggesting that remodeling of these channels occurs, at least in IC neurons, and contributes
to the pathogenesis of AWS (Little et al., 1986). Consistent with this hypothesis, we have
previously reported an enhancement of L- and P-type Cay, channel currents in IC neurons
during alcohol withdrawal when the susceptibility to seizures was maximal (N’Gouemo and
Morad, 2003). These findings suggest a possible causal relationship between the
upregulation of L- and P-type Cay, channels in IC neurons and the occurrence of AWS. L-
and P-type CaV channels play important roles in synaptic plasticity and glutamate release,
respectively (Thiagarjan et al 2005; Ermolyuk et al 2013). The enhancement of L-and P-type
Cay currents in IC neurons during alcohol withdrawal is likely to prolong somatic action
potentials, increasing the likelihood of bursting behaviors and enhanced neurotransmitter
release, thus providing for increased AWS susceptibility. The present study demonstrates
that inhibition of L-type Cay, channels markedly reduces the severity of AWS. Thus, the
enhancement of Cay, channel currents observed in IC neurons prior to the onset of AWS is
likely not a consequence of seizure activity. The phenotypes of Cay channels that contribute
to the observed elevated current density were not pharmacologically identified in this study.
Nevertheless, we have previously reported that enhancement of the currents in IC neurons is
specifically limited to L- and P-type high-threshold Cay, channels when the susceptibility to
AWS is peaked (N’Gouemo and Morad, 2003). It is possible that these Cay, channel currents
are also enhanced before the onset of AWS. Notably, our recent data demonstrate that the
expression of MRNA associated with Cay,1.3 but not Cay/1.2 L-type channels is upregulated
in IC neurons before the onset of AWS susceptibility (N’Gouemo et al., 2015). This
upregulation may therefore represent a molecular mechanism for the enhancement of the
currents before the onset of AWS.

Cay channels and Ca?*-dependent mechanisms are thought play an important role in the
neuronal hyperexcitability that leads to seizures because intracellular Ca?* levels rise and
extracellular Ca%* levels decrease during seizure activity (Heinemann et al., 1977). The
enhancement of Cay, channel currents has also been suggested as a possible mechanism for
the generation of AWS, as the activation of L-type Cay, channels has been shown to increase
alcohol withdrawal hyperexcitability, while the blockade of these channels has the opposite
effect (Whittington and Little, 1993; Whittington et al., 1993; present study). The
mechanisms by which elevated Cay, channel currents contribute to neuronal
hyperexcitability and subsequent AWS remain unknown. It is thought that the elevated Cay,
channel currents trigger increases in intracellular Ca2* and that these increases in
intracellular Ca%* in turn activate several Ca?*-dependent mechanisms, including Ca2*
release from intracellular Ca2* pools, Ca2*-activated K* channels and Ca%*-activated
chloride channels. Whether these mechanisms are altered at 3 h following alcohol
withdrawal remains unknown.
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The nature and phenotype of the IC neurons evaluated in this study were not identified. The
IC contains both GABAergic (~25%) and non-GABAergic neurons (~75%; Ito & Oliver,
2012). We have previously reported that an elevated incidence of AWS is associated with a
loss of GABA-mediated inhibition and elevated glutamatergic function in IC neurons
(N’Gouemo et al., 1996; Evans et al., 2000; Faingold et al., 2000). Interestingly, these IC
neurons also exhibited elevated Cay channel currents and reduced large-conductance Ca2*-
activated K* currents (N’Gouemo and Morad, 2003, 2013). It is likely that the
downregulation of GABA receptors and large-conductance Ca2*-activated K* channels,
together with the upregulation of Cay, channels and glutamate receptors, results in the
generation of bursts of action potentials, leading to increased neuronal excitability during
alcohol withdrawal.

The present study is the first to demonstrate that high-threshold Cay, current density is
enhanced in IC neurons before the onset of AWS and that inhibition of L- and to a lesser
extent of P-type Cay channels within the IC suppresses these seizures. Because L-type Cay
channels play an important role in the control of neuronal excitability, and inhibiting these
channels markedly suppressed the occurrence of GTCS, these data provide a possible
molecular mechanism for the pathogenesis of neuronal hyperexcitability that leads to AWS.
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Figure 1.
Seizure incidence, blood ethanol levels and Ba2* currents. A. At 24 h during ethanol

withdrawal, all tested animals (n=10) exhibited wild running seizures (WRS) that evolved
into bouncing generalized tonic-clonic seizures (clonus). No seizure susceptibility was
observed 3 h (n=8) or 48 h (n=8) during ethanol withdrawal or in the control group (n=8) or
3 h after ethanol intoxication. The seizure incidence was significantly (P<0.001; x2) elevated
24 h compared with 3 h and 48 h during ethanol withdrawal, 3 h after ethanol intoxication
and the control group. B. Blood ethanol concentrations (BECs) were also significantly
elevated 3 h during ethanol intoxication (h=6) compared with the control group (n=6,
P<0.05, Bonferroni’s test) and the group tested 3 h during ethanol withdrawal (n=6, P<0.05,
Bonferroni’s test). During ethanol withdrawal, BECs were significantly elevated 3 h (n=6,
P<0.05, Bonferroni’s test) but negligible 24 h (n=6) and 48 h (n=6) during ethanol
withdrawal compared with the control group (n=6). BECs measured 3 h during ethanol
withdrawal were significantly (n=6, P<0.05, Bonferroni’s test) elevated compared with 24 h
or 48 h during ethanol withdrawal. C. The mean peak Ba2* current density in IC neurons
was significantly higher 3 h (n=14, P<0.05, Bonferroni’s test), 24 h (n=18, t=5.9, P<0.05,
Bonferroni’s test) and 4h (n=16, t=3, P<0.05, Bonferroni’s test) during ethanol withdrawal
than in the control group (n=18). The current density was also significantly higher 24 h
(n=18, P<0.05, Bonferroni’s test) than 48 h (n=16) following ethanol withdrawal. The mean
peak BaZ* current density 3 h (n=14, P<0.05, Bonferroni’s test) following ethanol
withdrawal was significantly enhanced in IC neurons compared with 3 h (n=10) after
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ethanol intoxication. The current density was not altered in IC neurons after ethanol
intoxication compared with the control group. Ba2* currents were activated as shown in the
inset. Each bar graph represents the mean + S.E.M or percentage (%). *P<0.05, ***P<0.001.

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

N’Gouemo

Page 16

CONTROL 48 h ETHANOL WITHDRAWAL

B

3 h ETHANOL INTOXICATION

-90 mV

-30 mV

-20 mV

-10 mV

-10 mv

-90 mvV

D

Figure 2.

-20 mV

24 h ETHANOL WITHDRAWAL

Representative traces of whole-cell BaZ* currents activated by different voltages in IC
neurons obtained from the control group (panel A), 3 h after ethanol intoxication (panel B)
or 3 h (panel C), 24 h (panel D) or 48 h (panel E) during ethanol withdrawal. Of particular
interest, the peak current density at —20 mV was enhanced 0.1-fold, 2.3-fold and 1.3-fold 3 h
(-8 pA/pF), 24 h (-23 pAJpF) and 48 h (=16 pA/pF) during ethanol withdrawal,
respectively, compared with the control group (=7 pA/pF). The peak current density at —20
mV was not altered 3 h after ethanol intoxication (-8 pA/pF) compared with the control
group (-7 pA/pF). Whole-cell Ba2* currents were activated as shown in the inset (panel E).
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Figure 3.
Altered voltage-dependence of BaZ* currents during ethanol withdrawal. The average peak

current density-voltage curves were fitted using a modified Boltzmann function (see
Materials and Methods). For comparison, the voltage dependence of the currents in IC
neurons from three (panel A) and four (panel B) conditions are plotted. Ba2* currents were
activated as shown in the inset (panel A). A. The current density was significantly increased
(P<0.05, Bonferroni’s test) in IC neurons obtained 3 h (filled triangles, n=10) during ethanol
withdrawal at voltages positive to 0 mV compared with the control group (filled squares,
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n=14). The current density measured at the 0 mV voltage step 3 h following ethanol
withdrawal (filled triangles, n=10) was significantly (P<0.05, Bonferroni’s test) elevated
compared with 3 h during ethanol intoxication (filled diamonds, n=7). B. The current
density was increased in IC neurons obtained 24 h (filled circles, n=10) during ethanol
withdrawal at voltages between —40 mV and +40 mV compared with the control group
(filled squares, n=14). The current density at 24 h following ethanol withdrawal (n=10) also
was significantly (P<0.05, Bonferroni’s test) elevated at voltages negative to 0 mV
compared with 3 h (filled triangles, n=10) and 48 h following ethanol withdrawal. Each
point represents the mean = S.E.M. *P<0.05.
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Figure 4.
Altered Ba2* conductance and channel activation during ethanol withdrawal. A. Plots of

normalized conductance as a function of voltage in IC neurons from the control group, 3 h
during ethanol intoxication and 3h during ethanol withdrawal. Quantification revealed that
at positive voltages, the conductance was increased by 34% 3 h (n=10, filled triangles)
during ethanol withdrawal compared to the control group (n=14, filled squares). Only a 9%
increase was observed 3 h after ethanol intoxication (n=7, filled diamonds) compared with
the control group (n=14, filled squares). B. Plots of normalized conductance as a function of
voltage in IC neurons from the control group, 3, 24 and 48 h during ethanol withdrawal.
Plots of normalized conductance as a function of voltage revealed that conductance was
enhanced in IC neurons at positive by 34%, 31%, and 14% at 3 h (n=10, filled triangles), 24
h (n=11, filled circles), and 48 h (filled octagons) after the withdrawal of ethanol,
respectively, relative to the control group (n=14, filled squares). C. The mean maximal
conductance, Gnax, Calculated using a modified Boltzmann function (see Materials and
Methods), was significantly enhanced in IC neurons 3 h n=10, P<0.05, Bonferroni’s test)
and 24 h (n=11, P<0.05, Bonferroni’s test) during ethanol withdrawal compared with the
control group (n=14). Gyhax Values were non-significantly increased 3 h during ethanol
intoxication (n=7) compared with the control group (n=14, filled squares). Similarly, Gnax
values were non-significantly increased 3 h after ethanol intoxication compared with 3 h
during ethanol intoxication (n=10). D. G/Gpax curves are plotted in three conditions: control
group (n=14, filled squares), 3 h during ethanol intoxication (n=7, filled diamonds) and 3 h
during ethanol withdrawal (n=10, filled triangles). G/Gp,ax curves fitted with a modified
Boltzmann function (see Materials and Methods) were not altered during ethanol

Eur Neuropsychopharmacol. Author manuscript; available in PMC 2016 August 01.



1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

N’Gouemo

Page 20

intoxication or withdrawal (3 h group) compared to the control group. F. G/Ga« curves are
plotted in four conditions: control group, 3, 24 and 48 h during ethanol withdrawal. G/Gax
curves fitted with a modified Boltzmann function indicate a shift toward negative values 24
h during ethanol withdrawal (n=11, filled circles) compared with 3 h (n=10, filled triangles)
and 48 h (n=10, filled octagons) during ethanol withdrawal, as well as with the control group
(n=14, filled squares). Each point represents the mean+ S.E.M.
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Figure 5.

Ef?‘ects of bilateral microinjection of Cay/1 channel blockers into the 1C on the susceptibility
to acoustically evoked seizures following ethanol withdrawal. A. The time course of the
effects of bilateral microinjections of w-agatoxin TK (30 nM/side) showed no significant
reduction in the median score of seizure severity from 3 to 2.5, 1 and 1at 0.5, 1 and 2 h post
infusion, respectively, compared to pre-infusion (n=6, P<0.2, Kruskal Wallis test). B.
Microinjection of w-agatoxin TK significantly reduced the incidence of WRS and clonus by
33% (P<0.001, ¥2) and 67% (P<0.001, x2), respectively, by 2 h post-infusion during the
ethanol withdrawal period compared with pre-infusion. C. The time course of the effects of
bilateral microinjections of nifedipine (10 uM/side) showed a significant reduction of the
median score of seizure severity from 3to 2, 0.5 and 0.5 at 0.5, 1 and 2 h post-infusion
compared to pre-infusion (n=6, P<0.05, Kruskal-Wallis test). D. Bilateral microinjections of
nifedipine significantly reduced the occurrence of WRS and clonus by 50% (P<0.001, x2)
and 83% (P<0.001,, x2), respectively, by 2 h post-infusion during the ethanol withdrawal. E.
The time course of the effects of bilateral microinjections of nimodipine (1 uM/side) showed
a suppression of the median score of seizure severity from 3t0 0.5, 0.5and 0 at 0.5, 1, and 2
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h post-infusion during ethanol withdrawal (n=6, P<0.05, Kruskal Wallis test). F.
Microinjection of nimodipine significantly reduced the occurrence of WRS (n=6, P<0.001,
x2) and completely suppressed the occurrence of clonus (n=6, P<0.001, y2) at 2 h post-
infusion during the ethanol withdrawal period. Each point and bar graph represents the mean
+ S.E.M and percentage (%), respectively. *P<0.05, ****P<(.001.
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