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Abstract
Calcium (Ca2+) channels are sensitive to ethanol and Ca2+ signaling is a critical regulator of
axonal growth and guidance. Effects of acute and chronic exposure to ethanol (22, 43, or 87 mM)
on voltage-gated Ca2+ channels (VGCCs) in whole cells, and KCl-induced Ca2+ transients in
axonal growth cones, were examined using dissociated hippocampal cultures. Whole-cell patch-
clamp analysis in neurons with newly-formed axons (Stage 3) revealed that rapidly inactivating,
low-voltage activated (LVA) and non-inactivating, high-voltage activated (HVA) currents were
both inhibited in a dose-dependent manner by acute ethanol, with relatively greater inhibition of
HVA currents. When assessed by Fluo-4-AM imaging, baseline fluorescence and Ca2+ response to
ethanol in Stage 3 neurons was similar compared to neurons without axons, but peak Ca2+

transient amplitudes in response to bath-applied KCl were greater in Stage 3 neurons and were
decreased by acute ethanol. The amplitude of Ca2+ transients elicited specifically in axonal growth
cones by focal application of KCl was also inhibited by acute exposure to moderate-to-high
concentrations of ethanol (43 or 87 mM), whereas a lower concentration (22 mM) had no effect.
When 43 or 87 mM ethanol was present continuously in the medium, KCl-evoked Ca2+ transient
amplitudes were also reduced in growth cones. In contrast, Ca2+ transients were increased by
continuous exposure to 22 mM ethanol. Visualization using a fluorescent dihydropyridine analog
revealed that neurons continuously exposed to ethanol expressed increased amounts of L-type
Ca2+ channels, with greater increases in axonal growth cones than cell bodies. Thus, acute ethanol
reduces Ca2+ current and KCl-induced Ca2+ responses in whole cells and axonal growth cones,
respectively, and chronic exposure is also generally inhibitory despite apparent up-regulation of L-
type channel expression. These results are consistent with a role for altered growth cone Ca2+

signaling in abnormal neuromorphogenesis associated with fetal alcohol spectrum disorders.
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1.0 Introduction
Despite widespread public awareness that alcohol is damaging to the fetus, alcohol
consumption during pregnancy is common, and 3% of pregnant women have alcohol use
disorders and are unable to abstain from alcohol (CDC, 2009). Fetal alcohol spectrum
disorders (FASD) are caused by maternal consumption of alcohol during pregnancy and
affect an estimated 2–5% of children in the United States (May et al., 2009). FASD is
characterized by persistent and disabling neurobehavioral deficits, some of which result
from damage to the developing hippocampus (West et al., 1981; Berman and Hannigan,
2000; Hamilton et al., 2003; Zucca and Valenzuela, 2010). Histopathologic studies have
consistently demonstrated that developmental exposure to ethanol decreases the complexity
of hippocampal dendritic arbors and spine density, and disorganizes axon trajectories in the
hippocampus and in other brain regions (Pentney and Miller, 1992; Lindsley, 2006). These
effects are consistent with disrupted process outgrowth and guidance. However, the
mechanisms by which exposure to ethanol in utero produces abnormal neuronal morphology
and circuitry are incompletely understood.

Neuronal morphogenesis is greatly influenced by intracellular calcium (Ca2+) concentration,
which is tightly regulated by numerous Ca2+ conducting channels, Ca2+ pumps and Ca2+-
binding proteins (Berridge et al., 2003; Bolsover 2005; Zheng and Poo, 2007). Some of
these Ca2+ signaling components are highly sensitive to ethanol. Extensive research
indicates that the function of voltage-gated calcium channels (VGCCs) is altered in a variety
of neural cell types by exposure to ethanol at intoxicating concentrations (10–50 mM)
(Walter and Messing, 1999). Acute ethanol generally inhibits L-, N- and P/Q-type voltage-
gated calcium channels by various mechanisms (Wang et al, 1994; Huang and McArdle,
1994; Solem et al., 1997), whereas chronic ethanol up-regulates channel density (Messing et
al., 1986; Dolin et al., 1987; McMahon et al., 2000; Newton et al., 2005). However, few
studies to date have explored ethanol effects on either the Ca2+ currents or VGCCs in
immature neurons and, to our knowledge, none have investigated whether ethanol affects
Ca2+ signaling in the specialized motile tip of growing axons, called the growth cone. This
is important because the growth cone is a localized site for detecting extracellular growth-
regulating cues that influence extension and retraction dynamics as axons navigate to
synaptic targets, and Ca2+ plays a central role in these events (Henley and Poo, 2004;
Gomez and Zheng, 2006). That growth cones are unique with regard to Ca2+ signaling is
suggested by studies reporting differential Ca2+ responses in the cell body and growth cone
in response to simultaneous application of extracellular cues (Nishiyama et al., 2003). We
elected to begin our investigations of ethanol effects on growth cone Ca2+ signaling in
developing neurons by focusing on VGCCs. Not only are VGCCs sensitive to ethanol, they
are the major source of Ca2+ influx and are expressed early during development, including
on growth cones (Gottmann and Lux, 1995). In addition, evidence indicates the effects of
ethanol on VGCC function in neural cell lines may be altered upon stimulation with growth
factors that induce neurite outgrowth (Mullikin-Kilpatrick and Triestman, 1995; Bergamashi
et al., 1995).

We previously reported that ethanol present continuously in the medium of low-density rat
hippocampal pyramidal neuron cultures dose-dependently inhibits dendritic development
(Yanni and Lindsley, 2000; Lindsley et al., 2002) and delays initial axon outgrowth, but that
the rate of axon growth increases overall due to a shorter distance retracted during pauses
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between bursts of elongation (Lindsley et al., 2003). The axonal growth cones formed in
these cultures express functional VGCCs as early as 12 hours after plating and undergo
redistribution and changes in channel subtype expression during development (Blalock et
al., 1999; Pravettoni et al., 2000; Obermair et al., 2004), closely mirroring expression
patterns observed in the mouse hippocampus (Schlick et al., 2010). Therefore, the current
study sought to first characterize the whole cell VGCC currents in these neurons, at a stage
of development when newly formed axons are growing, and their response to acute ethanol.
This was followed by experiments to assess effects of acute and chronic ethanol on
depolarization-evoked Ca2+ transients, and on L-type channel expression specifically in
axonal growth cones.

2.0 Experimental Procedures
2.1 Isolation and Primary Culture of Rat Hippocampal Neurons

Primary cultures of hippocampal pyramidal neurons were prepared from fetal Sprague-
Dawley rats (Taconic Farms) on gestational day 19, as described by Kaech and Banker
(2006). Briefly, hippocampi were dissected from the cerebral hemispheres, cleaned of
meninges, then dissociated by treatment with trypsin (0.25% for 15 min at 37°C), and
triturated with a fire-polished Pasteur pipette. The neurons were plated in Minimal Essential
Medium with 10% heat-inactivated horse serum at a density of 5650 cells/cm2 on glass
coverslips precoated with poly-L-lysine. After neurons were allowed to adhere for 2–3 hrs,
the coverslips were transferred into serum-free neuron maintenance medium (Minimal
Essential Medium with N2-supplement (Invitrogen), 0.1 mM pyruvate, and 10 mM HEPES)
that was conditioned for 2 days by rat cortical astrocyte cultures. All experiments were
performed using neuronal cultures 18–30 hr after plating, when neurons are actively
extending processes but before they develop synapses.

2.2 Chronic Ethanol Exposure
To study the effects of chronic exposure to ethanol on VGCC functions, 100% USP ethanol
was added to the neuron maintenance medium to achieve a final concentration of 22, 43 or
87 mM, just prior to transfer of the neurons from the plating medium. These concentrations
of ethanol are comparable to levels commonly achieved in the blood of chronic alcoholics
(100 to 400 mg/dl) and correlated with increased risk of CNS damage to the fetus (Maier
and West, 2001). Control cultures received no ethanol. Control and ethanol-treated cultures
were maintained in modular incubator chambers at 36°C in 5% CO2 saturated with water or
water/ethanol at the target concentration in the medium, which attenuates evaporation of
ethanol from the medium over time (Yanni and Lindsley, 2000).

2.3 Identification of Pyramidal Neurons
Only pyramidal neurons, which make up greater than 90% of the cells in these cultures,
were selected for testing the effects of chronic or acute ethanol exposure on VGCC
functions. The criteria used to distinguish pyramidal neurons from GABAergic interneurons
and non-neuronal cells are based on criteria of Dotti et al., (1988) and were described
previously in Clamp and Lindsley (1998). Briefly, pyramidal neurons undergo a stereotyped
developmental progression; first, they extend a lamella that surrounds the soma (Stage 1),
then 2–5 neurites extend to reach lengths of ≤ 20 µm (Stage 2), until about 12 hrs after
plating one of these neurites grows rapidly and acquires distinct axonal characteristics
(Stage 3). At 1–2 d in vitro, Stage 3 pyramidal neurons have a cell body diameter of 15–20
µm, 2–5 undifferentiated neurites, and a single axon with length greater than 40 µm.
Nonpyramidal neurons have spindle-shaped cell bodies of 8–10 µm diameter and 2–3 short,
thick processes. Nonneuronal cells are flattened, have poor phase contrast, and lack distinct
processes.
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2.4 Whole-Cell Recording
Whole-cell patch-clamp recordings from Stage 3 hippocampal pyramidal neurons were
obtained 18–30 hr after plating in medium without ethanol. Voltage clamp recordings were
performed at room temperature (20–22°C) using an Axopatch 200B amplifier. Current
signals were filtered a 2kHz with an 8-pole Bessel filter, digitized at 5kHz and stored on a
Macintosh PowerPC-G3 computer. Recording microelectrodes (TW150F; World Precision
Instruments, Sarasota, FL) had resistances of 2–5 MΩ when filled with an internal solution
containing (in mM): 135 CsCl, 10 CsF, 10 HEPES, 5 EGTA, 1 MgCl2, 0.5 CaCl2, pH 7.2,
295 mOsm. Neurons were superfused continuously at a rate of 1 ml/min with standard
extracellular solution containing (in mM): 145 NaCl, 3 KCl, 5 HEPES, 10 BaCl2, 10 4-AP,
8 TEA-Cl, 1 MgCl2, 10 glucose, 1 µM tetrodotoxin and 0.1 mg/ml phenol red, pH 7.3, 300
mOsm. Offset potentials were nullified prior to on-cell seal formation, and drift was
minimized by use of an agar bridge to a ground pellet in 1 M KCl. Only cells having < 80
pA holding current at −80 mV holding potential (Rm > 1 GΩ) stably throughout recording
duration were used for analysis. Perfusion of control, ethanol- or drug-containing solutions
was controlled using a multivalve solution exchange system as described previously (Fleck,
2002). Voltage-gated currents were tested at 10 sec intervals and changes were monitored to
equilibrium. Alterations to these standard conditions are given in the text and figure legends.

Voltage-gated calcium channel currents were elicited by voltage steps from −80 to −20 mV,
which included both transient low-voltage activated (LVA) and sustained high-voltage
activated (HVA) currents, versus steps from −40 to −20 mV to inactivate the LVA currents
in isolation. Preliminary experiments determined that a membrane holding potential (Vhold)
−40 mV was sufficient to fully inactivate the LVA currents in Stage 3 neurons and the Vhold
−80 mV was sufficient to fully de-inactivate the LVA currents. Activation profiles were
examined by voltage steps from −80 mV to various test potentials between −100 to 100 mV.
Activation profiles were also examined by recording currents during a voltage ramp from
−100 to 100 mV over 0.5 sec. Current densities were calculated using the whole-cell
capacitance measurements from the compensation circuitry of the amplifier. NiCl2 was
added dropwise to the bath with perfusion stopped to achieve a final concentration of 100
µM.

2.5 Whole Cell and Axonal Growth Cone Ca2+ Imaging
The effects of chronic or acute ethanol exposure on depolarization-induced calcium
transients were assessed using standard, non-ratiometric methods, essentially as described
for Fluo-3 imaging by Shitaka et al., 1996, but taking advantage of more rapid loading and
superior brightness of Fluo-4. Briefly, 18–30 hr after plating, cells were washed three times
with Krebs-Ringer buffer (in mM; 140 NaCl, 3 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10
glucose, at pH 7.4 and 295–305 mOsm), then loaded with 2 µm Fluo-4-AM (InVitrogen) for
15 min at room temperature and rinsed again three times with fresh Krebs-Ringer buffer. All
wash solutions contained the same concentration of ethanol as the neuron maintenance
medium. The coverslip with Fluo-4-loaded cells was mounted on the stage of a Zeiss LSM
510 META microscope system, maintained at room temperature, and imaged using the
488nm excitation of the argon laser with fluorescence signal capture between 500 and
550nm. Because Fluo-4 is used at a single excitation wavelength, changes in relative Ca2+

concentration within a region of interest (ROI) were calculated using Zeiss AIM software.
The average fluorescence pixel intensity at a given time minus background fluorescence in
the same size ROI positioned in a cell free region of the coverslip (F) was divided by pre-
stimulus basal fluorescence (F0) in the same region (F/F0, in arbitrary units).

2.5.1 Comparing Neurons at Different Stages of Development—Calcium imaging
of the cell body of neurons at different stages of development was performed using a 25×/
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0.8N.A. PlanApo water immersion objective focused on coverslip fields with 6–10 neurons.
First, we collected baseline images, then bath-applied control buffer or buffer with 87 mM
ethanol, then evoked Ca2+ transients by bath application of 7 mM KCl (in mM; 7 KCl, 136
NaCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose, at pH 7.4 and 295–305 mOsm), with or
without 87 mM ethanol. Images were collected for 1 min after each addition of reagent.
Calcimycin (1 µg/ml, Molecular Probes, Eugene, OR) and EGTA were added sequentially
after imaging to determine maximum fluorescence (Fmax) and minimum fluorescence (Fmin),
respectively. The peak amplitude of the responses of control neurons to buffer followed by
the addition of KCl, or to ethanol followed by KCl, was calculated as percent of maximal
fluorescence in a 18×25 pixel ROI positioned in the soma (%F). About 60% of all cells
displayed a KCl-induced Ca2+ transient increase of greater than 15% over baseline, and
were therefore included in the analyses. Neurons without an axon (Stage 1 + Stage 2) were
considered together and compared to Stage 3 neurons.

2.5.2 Chronic Ethanol and Growth Cone Response at Stage 3—Calcium
transients were evoked in axonal growth cones of Stage 3 neurons by the focal application of
70 mM KCl solution (in mM; 70 KCl, 73 NaCl, 1 MgCl2, 2 CaCl2, 10 HEPES, 10 glucose,
at pH 7.4 and 295–305 mOsm) via picospritzer-controlled ejection through a polished glass
micropipette (8 p.s.i., internal diameter = 3 µm) positioned approximately 100 µm from the
growth cone. Responses were visualized with a 63×/1.4 N.A. PlanApo oil immersion
objective. Following collection of 10 baseline fluorescence images, whole-cell Ca2+

response elicited by a 500 msec pulse of 70 mM KCl was recorded to confirm cell
responsiveness. To verify a graded Ca2+ response in the axonal growth cone, responses to
sequential 500, 250 and 100 msec pulses of 70 mM KCl were recorded every 592 msec with
a 2.7× zoom at the growth cone. Effects of acute addition of ethanol were assessed by
imaging graded responses, first in control buffer at time 0, then again 30 sec and 5 min after
replacement with buffer containing 0, 22, 43 or 87 mM ethanol. In some experiments, the
order of pulses was reversed or buffer without KCl was ejected from the pipette. To assess
possible photobleaching, the same pattern and timing of stimulation was also performed
with control buffer. Ca2+ responses to the 500 and 250 msec pulses of KCl were quantified
in an 18×25 pixel ROI positioned in the axonal growth cone, and %Fluorescence was
calculated as described above. To be included in the analyses, fluorescence in the ROI had
to return to baseline between evoked Ca2+ transients and the shape of the axon had to be
stable throughout the imaging session. More than 90% of cells met these criteria.

2.5.3 Acute Ethanol and Growth Cone Response at Stage 3—Depolarization-
evoked responses within the growth cone ROI were measured in control buffer (F0; Peak
fluorescence at t=0), then again in the same ROI 30 sec and 5 min after the addition of
Krebs-Ringer containing 22–87 mM (Ft; Maximal fluorescence at t=30 sec or 5 min).
Values were calculated as percent change in maximal fluorescence at t=0.

2.5.4 Statistical Analyses—The effects of chronic ethanol treatment were determined by
ANOVA with posthoc comparison using Newman-Keuls test, and for acute ethanol
experiments, by Newman-Keuls test of repeated measures for each growth cone before and
after ethanol addition. A p-value of <0.05 was considered significant. All statistical analyses
were performed using Statistica software (StatSoft, Tulsa, OK).

2.6 DM-Bodipy-DHP binding
DM-Bodipy-DHP, a dihydropyridine (DHP), L-type Ca2+ channel antagonist conjugated to
the fluorophore BODIPY (4,4-difluoro-4-bora-3a,4a-diaza-s-indacene) (Molecular Probes)
was bound to hippocampal neurons and visualized by confocal microscopy to assess the
expression of L-type channels; their cellular distribution and relative abundance. We
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followed methods described previously, with minor modifications (Shitaka et al., 1996). To
limit intracellular accumulation of fluorophores, neurons on coverslips were incubated for
10 min in the dark at room temperature with 100 nM DM-Bodipy-DHP in Krebs-Ringer
buffer. After incubation, the neurons were washed rapidly 2 times by immersion for 30 sec
in ice-cold Krebs-Ringer buffer to remove unbound label, and all fluorescence
measurements were carried out within 10 min. All dye and rinse solutions were made with
ethanol concentrations equal to that of the maintenance medium of the neurons. Immediately
after labeling, the coverslip was placed on the stage of a confocal laser-scanning microscope
and the fluorescence was visualized with a 63× 1.4 NA oil immersion objective and
excitation and emission filter wavelengths of 488 and 515 nm, respectively. To permit
comparison of fluorescence intensity in parallel cultures from different treatment groups, the
same filters and image settings were used for all images. Under these conditions, the
fluorescence was stable and photobleaching was minimized. To confirm the specificity of L-
type channel labeling, some coverslips were incubated simultaneously with 100 mM DM-
Bodipy-DHP and 10 µM nifedipine. To estimate the fluorescence intensity in the soma and
in axonal growth cones, these regions were traced and the mean intensity in arbitrary units
for the horizontal optical slices (~5 at <2 µm intervals), minus background in a region the
same size but placed over a cell free area of the field, was calculated using Zeiss AIM
software. The experiment was replicated in three separate culture preparations with 2–4
coverslips for each treatment group. As similar results were obtained in separate
experiments, the data were combined after recalculating each measurement as a percent of
the mean control for each experiment, then analyzed by ANOVA with Newman-Keuls post
hoc tests using Statistica software (StatSoft, Tulsa, OK).

3.0 Results
3.1 Effect of Axon Specification on KCl-evoked Calcium Responses

Hippocampal pyramidal neurons undergo a stereotyped elaboration of axons and dendrites,
described as stages, which mimics their development in vivo (Dotti et al., 1988; Craig and
Banker, 1994). The earliest of these stages are achieved within a few hours after plating;
neurons first form a lamellipodia that encircles the cell soma (Stage 1) followed by
formation of several short minor processes (Stage 2). Axon specification occurs within the
next 12 hours when one minor process extends rapidly, becoming the axon (Stage 3). A
number of studies have generally observed both LVA and HVA currents and differential
development of VGCCs during initial neurite outgrowth in these cultures (Yarri et al., 1987;
Toselli and Taglietti, 1992; Kortekaas and Wadman, 1997; Chameau et al., 1999; Pravettoni
et al., 2000; Shin et al., 2008). Other studies indicated that differentiation state may affect
how ethanol acts on VGCC function (Mullikin-Kilpatrick and Trestman, 1995; Bergamashi
et al., 1995). We, therefore, sought to determine whether effects of acute ethanol on Ca2+

signaling differ with the stage of hippocampal neuron development and focused on the
establishment of an axon as a key developmental event.

The effects of depolarization by KCl and acute ethanol on relative levels of Ca2+ in neurons
before they initiate axon outgrowth (Stage 1–2) or after axon specification (Stage 3) were
measured in Fluo-4-AM-loaded hippocampal neurons 18–30 h after plating. Results are
summarized in Figure 1, showing the response of Stage 2 (Fig. 1A) and Stage 3 (Fig. 1B)
neurons during recording of baseline fluorescence in control buffer, followed by addition of
either 87 mM ethanol or buffer, then by addition of KCl. No significant differences were
observed between the baseline percent fluorescence of cells imaged before or after the acute
addition of 87 mM ethanol, regardless of whether they had extended axons. Both control
neurons, and neurons acutely exposed to 87 mM ethanol, displayed KCl-induced Ca2+

responses that were significantly greater in Stage 3 neurons than in Stage 1–2 neurons.
However, the peak amplitude of Ca2+ response to KCl was reduced in Stage 3 neurons
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exposed to 87 mM ethanol before KCl stimulation compared to Stage 3 control neuron
response to KCl. The remainder of our investigations focused on ethanol effects on KCl-
induced Ca2+ responses in Stage 3 neurons.

3.2 Characterization of Calcium Currents in Stage 3 Hippocampal Neurons In Vitro
To investigate the presence of functional Ca2+ channel subtypes in Stage 3 hippocampal
pyramidal neurons in culture during the first 18–30 h after plating, we measured voltage-
activated Ba2+ currents (IBa), with 10 mM BaCl2 replacing CaCl2, using whole-cell patch-
clamp recording techniques. Sodium channels were blocked by 1 µM tetrodotoxin, and the
relative amplitudes of LVA and HVA currents were assessed when IBa were elicited by step
depolarizations from Vhold −80 or −40 mV, respectively, to various membrane potentials
(Fig. 2). Rapidly inactivating LVA Ca2+ currents could be elicited in neurons held at −80
mV or more negative holding potentials, which had an average peak of 97 ± 10 pA and
decay time constant of 19.9 ± 1.2 msec to a sustained current of 35 ± 3.0% of the peak
remaining after 90 msec. LVA current was eliminated at −40 mV holding potential, leaving
mostly intact the larger non-inactivating HVA current (Fig 2A). When examined by 100 ms
duration progressive voltage steps, IBa activation peaked around +5 mV with a pronounced
shoulder between −20 and −40 mV. More informative was activation by 0.5 s voltage ramp
over the same range, which isolated 2 distinct currents with peak activation voltages
corresponding to the LVA and HVA activation profiles seen in the voltage step results (Fig.
2B). Here too, it was clear that HVA was the dominant whole-cell current, which is
consistent with previous findings in hippocampal neurons (Yaari et al., 1987; Ozawa et al.,
1989; Kortekaas and Wadman, 1997). Voltage ramp data from 52 Stage 3 neurons revealed
LVA currents that were, on average, 42 ± 3 pA and peaked around −30 mV under control
conditions; HVA currents were 234 ± 22 pA and peaked around +5 mV. The ratio of HVA/
LVA current amplitudes ranged from 2.3 to 12.5 across the 52 cells.

In conjunction with the voltage ramp protocols used to separate the LVA and HVA currents,
specific channel blockers were tested in a subset of cells to further identify the channel types
contributing to IBa in Stage 3 neurons. Bath perfusion of 5 µM nifedipine eliminated 15.1%
of LVA current and 45.5% of HVA current, compared to pre-drug control conditions, and
reduced the HVA/LVA ratio by ~35% from 6.8 ± 0.7 to 4.4 ± 0.6 (n = 11 neurons). In other
cells, 500 nM ω-conotoxin GVIA eliminated 26.0% of LVA current and 54.2% of HVA
current, and reduced the HVA/LVA ratio by ~33% from 6.5 ± 0.8 to 4.4 ± 0.8 (n = 12
neurons). Notably, both the LVA and HVA currents were entirely blocked by 100 µM
NiCl2, which was used in subsequent experiments for leak subtractions to better resolve the
isolated Ca2+ currents. Notably, the leak subtracted currents (Fig. 4) showed a substantial
contribution by the HVA component at the peak of the LVA current, which accounted for
nearly half the measured LVA amplitude. The relatively modest inhibition by nifedipine and
ω-conotoxin GVIA of LVA currents is therefore entirely consistent with their selective
inhibition of L-type and N-type channels, which predicts 23% and 27% inhibition,
respectively.

3.3 Acute Ethanol Inhibits Whole-Cell Calcium Currents
To determine whether Ca2+ channel function is altered by acute exposure to ethanol, whole
cell LVA and HVA Ba2+ currents of Stage 3 hippocampal neurons were monitored
continuously before and after ethanol perfusion (Fig. 3). Rapidly inactivating LVA and non-
inactivating HVA currents were elicited by voltage ramps from Vhold −80 mV or −40 mV,
respectively. After a steady baseline was established, ethanol (22, 43 or 87 mM) was added
by perfusion in the external solution. Current amplitude changes were then monitored to
equilibrium, which was generally between 1–3 minutes. Analyses of the voltage ramp data
showed a dose-related inhibition of LVA and HVA current amplitudes, but with relatively
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greater inhibition of HVA currents (Fig. 3A–B). Results of IV ramp analyses of these
whole-cell current are summarized in Figure 3C. Ethanol at a concentration of 22 mM,
reduced the LVA and HVA current amplitudes to 87.1% and 82.5%, respectively, compared
to control cells not perfused with ethanol. The HVA/LVA ratio was 4.22 ± 0.46, compared
to 4.35 ± 0.43 for controls. Greater inhibition was observed after perfusion with 43 mM
ethanol, which reduced LVA and HVA current amplitudes to 75.2% and 55.9% of controls,
and the HVA/LVA ratio to 3.28 ± 0.36. Perfusion with 87 mM ethanol further reduced the
LVA and HVA current amplitudes to 62.3% and 31.7% of controls, the HVA/LVA ratio to
2.09 ± 0.19. Importantly, these currents did not recover more than 20% of reduced
amplitude after 10 min wash-off. The same result was obtained in comparing IBa current
densities after normalizing by whole-cell capacitance as when raw IBa amplitudes were
compared. Whole cell capacitance values for Stage 3 neurons 18–30 h after plating ranged
from 7–10 pF. As with nifedipine and ω-conotoxin GVIA above, the relatively small
inhibition of LVA currents by ethanol was consistent with a selective inhibition of L-type
and N-type channels, which predicts 34% inhibition of the LVA peak if 87 mM ethanol
inhibits only the HVA component (Fig. 4).

3.4 Acute Ethanol Inhibits Calcium Transients in Axonal Growth Cones
Having observed that acute ethanol inhibited whole cell Ca2+ currents, we next focused on
assessing ethanol effects on growth cone Ca2+ signaling. The effect of acute exposure to
ethanol on depolarization-evoked Ca2+ response in axonal growth cones was examined
using confocal imaging of Stage 3 neurons loaded with Fluo-4-AM 18–30 h after plating.
Intracellular Ca2+ responses in the axonal growth cones and distal axon were elicited by
focal application of 70 mM KCl positioned near the growth cone with a picospritzer. Growth
cone changes in Ca2+ were readily visualized as a rapid rise and slower decay to basal Ca2+

levels (Fig. 5A). Only Stage 3 neurons with axonal growth cones in which KCl pulses of
varying duration (250 and 500 msec) yielded progressively larger (graded) responses were
subsequently treated with ethanol, and more than 90% met this criterion. For each neuron,
Ca2+ was quantified in a region of interest (ROI) in the palm of the growth cone (for
example of ROI placement, see Fig. 5A, red oval), for pulses of KCl before the addition of
ethanol (t=0) and for the same pulse series applied 30 sec and 5 min after the addition of
ethanol. The maximal amplitude of the transients was reduced in a time- and dose-dependent
manner after adding ethanol, but the graded response and return to baseline was not affected
(Fig. 5B). Pulse ejection of buffer without KCl had no effect (data not shown).

To quantify the effects of acute ethanol exposure on Ca2+ response in the growth cone, the
peak amplitude of Ca2+ transients in the ROI in response to the 500 msec pulse of KCl was
calculated and plotted as percent of the peak amplitude in control neurons recorded within
20 sec after this depolarizing pulse (t=0) (Fig. 5C). Maximal amplitudes of KCl-evoked
Ca2+ transients were significantly reduced when recorded 30 sec or 5 min after addition of
87 mM ethanol, by 15.2% and 32.7%, respectively. Significant reductions in the peak
amplitude of Ca2+ transients were also observed after the addition of 43 mM ethanol.
Calcium transients were not significantly affected by the acute addition of 22 mM ethanol.
The addition of buffer alone during repeated stimulations showed no detectable shift in
baseline, suggesting that photobleaching was negligible during the course of the experiment.
Thus, acute ethanol inhibited depolarization-induced Ca2+ transients in axonal growth cones,
with significant inhibition observed only at moderate to high concentrations of ethanol.

3.5 Effect of Chronic Ethanol on Calcium Responses in Axonal Growth Cones
Previously, we showed that continuous exposure to 43 or 87 mM ethanol in the medium,
beginning shortly after plating, alters axon growth dynamics during early stages of
hippocampal neuron development in culture (Lindsley et al., 2003), but has no significant
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effect on neuron survival for up to 14 days in these cultures (Yanni et al., 2000). To
determine whether the same exposure conditions that altered axon growth dynamics also
alter Ca2+ responses in axonal growth cones, we compared KCl-induced Ca2+ responses in
the growth cones of Stage 3 neurons in cultures maintained for 18–30 h in control medium
or medium containing 22, 43, or 87 mM ethanol. As withdrawal from ethanol is known to
elicit numerous rapid effects, the same concentrations of ethanol were present in buffers
used throughout the protocol for imaging.

Results are plotted as percent of total fluorescence, calculated as the maximal KCl-evoked
fluorescence after the 500 msec pulse minus pre-stimulus fluorescence, divided by the total
fluorescence after the addition of calcimycin and EGTA (Fig. 6). In control neurons, the
mean amplitude of KCl-evoked Ca2+ transients in the axonal growth cone was 57.9% of
total fluorescence. The time-course of the response to KCl was not altered by ethanol
compared to controls (data not shown). Continuous exposure to 43 or 87 mM ethanol in the
medium significantly reduced the mean amplitude of Ca2+ transients in the growth cone, to
51.4% and 29.5% of total fluorescence, respectively. In contrast, when neurons developed in
the presence of 22 mM ethanol, the mean amplitude of Ca2+ transients evoked by KCl in the
growth cone was significantly increased compared to controls, to 65.8% of total
fluorescence.

In summary, acute exposure and chronic exposure to 43 or 87 mM ethanol both reduced the
mean amplitude of calcium transients in growth cones compared to controls. Along with
whole cell current data, these results are consistent with ethanol reducing calcium channel
function. However, our finding that chronic exposure to the lower concentration of 22 mM
ethanol increased the amplitude of calcium transients in growth cones compared to controls,
raises the possibility that a second, opposing effect of ethanol, namely increased channel
expression. Long-term, chronic ethanol exposure reportedly up-regulates L- and N-type
VGCC expression in a variety of neuronal cell types (Walter and Messing, 1999; Newton et
al., 2005). We therefore reasoned that chronic exposure to 22 mM ethanol and higher may
have up-regulated channel expression thereby increasing calcium transient amplitude, but
that only the 43 and 87 mM ethanol sufficiently inhibited channel function to overcome the
effects of increased channel expression, resulting in a net decrease in calcium transient
amplitude we observed at the higher chronic ethanol concentrations. To test this, we
compared growth cone responses of neurons chronically exposed to 22 mM ethanol when
they remained in 22 mM ethanol to their response when ethanol concentration was acutely
increased to 87 mM. We first measured the KCl-evoked Ca2+ response in the growth cones
of neurons exposed continuously to 22 mM ethanol, then again after increasing the
concentration of ethanol in the bath to 87 mM. The results were plotted as percent maximal
amplitude of the KCl-induced Ca2+ transient in the growth cone ROI before increasing the
ethanol concentration (Fig. 7). Calcium response in the growth cone was significantly
reduced after bath application of 87 mM ethanol, by 12.4% when recorded 30 sec later, and
by 26.6% when recorded 5 min later. The time-course of the response to KCl was not altered
by ethanol compared to controls (data not shown). The same protocol for changing solutions
was performed without increasing the 22 mM ethanol concentration, and this had no effect
on growth cone Ca2+ responses (data not shown). These results are consistent with chronic
ethanol exposure up-regulating calcium channels on axonal growth cones.

3.6 L-Type VGCCs are Up-Regulated in Axonal Growth Cones by Chronic Ethanol
Whether the significant increase in KCl-evoked Ca2+ response in axonal growth cones
continuously exposed to 22 mM ethanol was attributable to up-regulation of L-type channels
expression was directly assessed by labeling of L-type channels in living cells with DM-
Bodipy-DHP fluorescence, a dihydropiridine Ca2+ antagonist conjugated to a fluorophore.
Cellular regions with bound fluorescent label, including the soma and axonal growth cone,
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were readily visualized by confocal microscopy (Fig. 8). As expected from previous reports
(Shitaka et al., 1996; Pravettoni et al., 2000), DM-Bodipy-DHP fluorescence in control
neurons was intense on the soma where L-type VDCCs are expressed at high density (Fig.
8A,B). The minor processes and axon shaft were less intensely labeled overall, but puncta of
labeling were consistently observed especially along the distal axon shaft and axonal growth
cone (Fig. 8C). When 10 µM nifedipine was added during the period of dye loading, the
intensity of fluorescence over the soma and along neurites was dramatically reduced, and
punctate labeling nearly abolished (Fig. 8 D–F). In contrast, the addition of 1µM ω-
conotoxin GVIA during dye-loading had no effect on the pattern or intensity of fluorescence
(data not shown). This indicates that DM-Bodipy-DHP recognizes L-type VDCCs on
hippocampal neurons 18–30 h after plating, including their axonal growth cones.

When ethanol was present continuously in the culture medium, beginning shortly after
plating, the intensity of DM-Bodipy-DHP labeling on the soma and axonal growth cone of
Stage 3 neurons was increased dramatically compared with control neurons (Fig. 8 G–I).
The pattern of fluorescence intensity, including the presence of punctate labeling, was not
altered by ethanol treatment. Similar to control neurons, nifedipine present during dye
loading of ethanol exposed neurons decreased all but trace amounts of fluorescence (not
shown). Summary plots of DHP-binding fluorescence quantification show that the increase
in relative fluorescence intensity was especially pronounced in the growth cone (Fig. 9A),
where the mean intensity increased to 239% of control in neurons exposed to 22 mM
ethanol, and to nearly 400% in neurons exposed to 87 mM ethanol. Increases in the soma
were also observed, but were significantly greater than controls only in neurons exposed to
87 mM ethanol (Fig. 9B).

4.0 Discussion
Our results in dissociated hippocampal neurons reveal several novel effects of ethanol on
Ca2+ signaling during early stages of differentiation. First, we show that whole cell Ca2+

currents are reduced by about 50% in Stage 3 neurons by acute exposure to intoxicating
concentrations of ethanol, due to modulation of the HVA more than the LVA component.
Second, we find that depolarization-induced Ca2+ responses in axonal growth cones are
inhibited to a similar extent by acute exposure to ethanol. Third, we show that chronic
exposure to ethanol also generally reduces depolarization-induced Ca2+ responses in growth
cones, but does so despite a marked up-regulation of L-type channel expression. In all cases,
these effects become more pronounced with increasing ethanol concentrations. Although
much evidence indicates both the function and expression of VGCCs are modulated by
ethanol in a variety of neural cell types (Walter and Messing, 1999; McMahon et al., 2000;
Newton et al., 2005; Zucca and Valenzuela, 2010), this is the first to report that ethanol
affects Ca2+ signaling and L-type Ca2+ channel expression specifically in axonal growth
cones of immature neurons, in a model system in which effects of ethanol on morphogenesis
and axon growth dynamics are well-characterized (Clamp and Lindsley, 1998; Yanni and
Lindsley, 2000; Lindsley et al., 2002; Lindsley et al., 2003). As Ca2+ signaling is regarded
as a critical modulator of differentiation and survival of developing neuronal cells, including
process out growth and response to guidance factors (Henley and Poo, 2004; Gomez and
Zheng, 2006), altered VGCC activity may play an important role in the mechanisms of
ethanol disruption of neuromorphogenesis.

4.1. Calcium Currents and Stage-specific Effects of Ethanol
Hippocampal neurons in culture are commonly known to express at least two distinct
calcium currents; a transient, LVA current (T-type) that is only active from a resting
membrane potential (Vrest) below −60 mV, and a larger sustained HVA (L, N- and P/Q-
type) current that is only slightly enhanced at very negative Vrest (Yarri et al., 1987; Toselli
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and Taglietti, 1992; Kortekaas and Wadman, 1997; Chameau et al., 1999; Pravettoni et al.,
2000; Shin et al., 2008). Here, whole-cell patch-clamp analyses of Stage 3 neurons under
control conditions revealed predominantly HVA current and a smaller LVA current,
indicating both currents are already expressed at this early stage of development. About half
the HVA current was sensitive to L-type blocker nifedipine and half to N-type blocker ω-
conotoxin GVIA, which is in general agreement with IBa and Fura-2 analyses of Stage 3
hippocampal neurons depolarized by KCl in the presence of nifedipine or ω-conotoxin
(Pravettoni et al., 2000). Visualization of HA-tagged L-type channels (Obermair et al.,
2004), indicates both of these channel types are expressed on the axonal growth cone as well
as the neuronal cell body in these cultures. The predominance of the HVA component at
early stages of development when neurites first form, has also been reported in dissociated
embryonic hippocampal cultures similar to ours (Yarri et al., 1987; Chameau et al., 1999),
and in acutely dissociated rat neonatal hippocampal pyramidal neurons (Thompson and
Wong, 1991).

Our observations comparing the proportion of cells responsive to KCl before and after axon
specification are in line with results of Fura-2 imaging studies that showed 33% of neurons
had detectable KCl-induced increases in Ca2+ at 0.5 DIV (when most neurons are Stage 1–
2), whereas 74% showed increases at 2 DIV (presumably Stages 1–3) (Shitaka et al., 1996),
in good agreement with current observations that about 60% of all cells were responsive to
KCl 18–30 hours after plating. When we assessed relative baseline Ca2+ by Fluo-4 imaging
under control conditions, we found no difference between Stage 3 neurons and neurons at
earlier stages of development, but as expected from previous reports (Shitaka et al., 1996),
the peak amplitude of KCl-induced Ca2+ response was significantly higher in more mature
neurons. Others have also observed no effect of acute ethanol on basal intracellular calcium
in hippocampal neuron cultures (Webb et al., 1996), though increased basal calcium due to
release from internal stores has been reported (Mironov and Hermann, 1996; Xiao et al.,
2005).

We were especially interested in whether the effects of ethanol differed before and after
axon specification, as some studies using cell lines have detected differences in sensitivity to
ethanol effects on VGCCs in differentiated versus undifferentiated states (Bergamashi et al.,
1995; Mullikin-Kilpatrick and Triestman, 1995). Our findings indicate that ethanol
significantly inhibited the amplitude of KCl-induced Ca2+ transients only in Stage 3 neurons
but not in neurons at earlier stages of development before axon specification (Stage 1 and 2).
We previously showed that the morphoregulatory effects of ethanol are correlated with stage
of development in hippocampal cultures, as delaying the addition of ethanol until most
neurons are Stage 3 results in significantly shorter, less branched dendrites at Stage 5 than
when ethanol is added at plating (Lindsley et al., 2002). Developmental changes in the
expression and subcellular distribution of Ca2+ channels may contribute to such differences
in the sensitivity and adaptive responses of developing neurons to ethanol.

4.2. Effects of Acute Ethanol Exposure
The effects of acute ethanol exposure on whole-cell VGCCs in hippocampal neurons at early
stages of development have not been previously reported. Here, we show that acute ethanol
inhibited both HVA and LVA whole-cell current amplitudes, with relatively greater
inhibition of the predominating HVA currents. The HVA current had both nifedipine-
sensitive (L-type) and conotoxin-sensitive (N-type) components, each accounting for about
half of the HVA current. The LVA current was predominantly transient (T-type), but with a
sustained component most likely reflecting the L-type CaV1.3 channel (Avery and Johnston,
1996; Xu and Lipscombe, 2001; Striessnig et al., 2006; Liebmann et al., 2007). It is likely
that the relatively small effects of ethanol on the LVA current could be entirely explained by
selective inhibition of the HVA, due to the overlapping voltage ranges (Fig. 4). However,
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we cannot rule out additional effects of ethanol directly on the L-type CaV1.3 component of
the LVA current. This effect could not be attributed to reduced cell size, as current density
was not affected. Our results are in general agreement with reports that chronic ethanol
exposure decreases VGCC function in dissociated whole brain from neonatal rats (Lee et al.,
1996) and cerebellar slices from juvenile mice (Servais et al., 2007). Inhibition of L-type
VGCCs by acute ethanol, at 22–87 mM concentrations tested in the current study, has also
been documented in isolated nerve terminals of rat neurohypophysis in which it decreases
open channel probability (Wang et al., 1994), and in NGF-differentiated PC-12 cells where
it promotes steady-state inactivation (Mullikin-Kilpatrick and Treistman, 1995). Acute
ethanol also inhibits N- and P/Q-type channels in differentiated PC-12 cells via a mechanism
antagonized by PKA (Solem et al., 1997). Our results were consistent with these previous
findings, as we did not observe any change in the voltage dependence of activation of HVA
or LVA currents even after profound inhibition of the peak current amplitudes. Moreover,
the slow onset and poor wash-off of ethanol effects most likely point to an indirect
mechanism of action as others have suggested.

The initial Fluo-4-AM imaging experiments we re concerned with acute effects of ethanol
on KCl-evoked Ca2+ transients specifically in axonal growth cones. Our results indicate that
the amplitude of Ca+2 transients was inhibited by ethanol in a time-dependent manner, as
longer time intervals after KCl application induced progressively larger decreases in Ca2+

transients compared to Ca2+ transients in controls over the same time interval. The
inhibitory effect of ethanol was also dose-dependent, as 87 mM and 43 mM ethanol reduced
peak amplitudes by about 35% and 20%, respectively, and 22 mM ethanol was not
inhibitory.

4.3. Effects of Chronic Ethanol Exposure
Ca2+ imaging experiments focused on chronic effects of ethanol that were identical to
conditions that altered axon growth dynamics in our previous experiments (Lindsley et al.,
2003). Here, our results indicated that continuous exposure to moderate or high
concentrations of ethanol in the medium also reduced the amplitude of Ca2+ transients in
axonal growth cones depolarized by KCl, but continuous exposure to lower concentrations
of ethanol increased their amplitude. A likely explanation for this somewhat unexpected
result was provided by two additional experiments. First, our observation that Ca2+ response
in growth cones of neurons chronically exposed to 22 mM ethanol could be inhibited by
ethanol, provided the concentration was high enough, argues against an effect of chronic low
dose ethanol that in some way prevented the inhibitory effect of ethanol on mechanisms of
Ca2+ flux. An alternative possibility, that chronic low dose ethanol increased the expression
of growth cone Ca2+ channels was consistent with results of DHP-binding fluorescence
analyses showing increased L-type Ca2+ channel expression in neurons chronically exposed
to 22 mM ethanol. Surprisingly, we also observed several fold increases in L-type channel
expression at the higher concentrations of ethanol that inhibited KCl-induced Ca2+

transients. Competition with nifedipine displaced DHP, demonstrating specificity of the
assay. DHP-binding channels are up-regulated by chronic ethanol, especially in growth
cones, but despite this increased expression growth cone calcium response to KCl is
significantly blunted. Thus, we believe that chronic ethanol inhibits VGCCs current
amplitude in growth cones of newly formed axons in hippocampal neuron cultures, even as
it up-regulates L-type channel expression. Up-regulation of VGCCs is a well-documented
effect of chronic ethanol exposure in mature neurons and neural cell lines (Messing et al.,
1986; Dolin et al., 1987; McMahon et al., 2000; Newton et al., 2005), but this is the first
demonstration of a similar increase in growth cones.
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4.4. Implications of the Current Findings
In addition to playing a role in ethanol effects on neuromorphogenesis, altered Ca2+

signaling in developing neurons may also contribute to stage-specific vulnerability to the
cytotoxic effects of ethanol or withdrawal from ethanol. We previously showed that chronic
exposure to ethanol followed by withdrawal triggered cell death in Stage 5, but not in Stage
3 hippocampal neurons (Lindsley and Clark, 2004). Withdrawal-induced changes in cell
survival are especially interesting given the lack of effect on survival when ethanol is
present continuously for 14 days. The mechanisms of ethanol withdrawal-induced
hyperexcitability and neurotoxicity in the adult rat hippocampus may include increased
expression of VGCC channels (Fadda and Rossetti, 1998; Walter and Messing, 1999), such
as increases in L-type Ca2+ channel expression revealed in the current experiments.

Several reports argue for the importance of the source of Ca2+ in regulating axon growth and
guidance. For example, Ca2+ influx through L-type channels inhibits axon growth in cortical
cultures (Hutchins and Kalil, 2008), whereas Ca2+ release from intracellular stores promotes
axon growth (Jacques-Fricke et al., 2006). Some evidence supports the idea that ethanol-
induced changes in the release of Ca2+ from intracellular stores might contribute to
abnormal Ca2+ signaling in neurons, though high concentrations of ethanol are required to
observe this effect (Leslie et al., 1990). We did not test this possibility in the current study,
however, work of others suggests that under control conditions Ca2+ stores are not a major
contributor to KCl-induced Ca2+ responses in early stages of hippocampal neuron
development in culture, as depletion by thapsigargin prior to KCl depolarization has a
relatively small effect (Shitaka et al., 1996). Nevertheless, additional studies are needed to
directly assess the potential contribution of release from intracellular channels on Ca2+-
storing organelles to ethanol effects on Ca2+ signaling in developing neurons.

In summary, the current results are consistent with disruption of Ca2+ homeostasis in this
model, at least in Stage 3 neurons. Given evidence that Ca2+ channel subtypes change
expression and cellular distribution over this time-course in culture (Blalock et al., 1999;
Pravettoni et al., 2000; Obermair, 2004), much the way they change during development in
vivo (Schlick et al., 2010), further studies aimed at determining the effects of ethanol on
specific Ca2+ channel subtype expression, at earlier and later stages of neuronal
development, may shed light on the molecular basis for stage-specific vulnerability to
ethanol-induced neuronal damage. The mechanisms responsible for altered Ca2+ responses
in growth cones are currently under investigation and, based on key studies in other model
systems, might involve changes in the expression or subcellular distribution of specific
channel subtypes and modification of these channels by kinase/phosphophatase activity
(Mameli et al., 2005; Servais et al., 2007; Zucca and Valenzuela, 2010). It must be noted,
however, that although these cultures are well-suited to visualizing cell biological effects of
ethanol within subscribed cellular compartments, they have the disadvantage of being
removed from potentially important factors in the intact environment of the developing
brain. Therefore, confirmation of these findings in vivo should be an important goal of
future studies.

Research Highlights
Stage 3 hippocampal pyramidal neurons display HVA and LVA Ca2+ currents

Acute ethanol inhibits whole-cell Ca2+ current amplitudes

Acute and chronic ethanol inhibits KCl-induced Ca2+ transients in axonal growth cones

Chronic ethanol up-regulates L-type Ca2+ channel expression on axonal growth cones
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Abbreviations

Ca2+ calcium

Cal Calcimycin

Ethanol EtOH

LVA low-voltage activated

HVA high-voltage activated

ROI region of interest

Fmax maximum fluorescence

Fmin minimum fluorescence

F0 peak fluorescence before stimulation

Ft maximum fluorescence at given time after stimulation

VGCCs voltage-gated calcium channels

IBa barium current

FASD fetal alcohol spectrum disorders

DIC differential interference contrast

Vhold membrane holding potential

Vrest resting membrane potential
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Figure 1. Effect of axon specification on intracellular calcium response to 7 mM KCl after acute
exposure to 87 mM ethanol (EtOH) or buffer without ethanol
Hippocampal neurons were imaged 18–30 h after plating. Representative pseudocolor
images of a Stage 2 (A) and Stage 3 (B) neuron and a corresponding plot of Fluo-4
fluorescence intensity (in arbitrary units) over time after addition of reagents (arrows).
Images of peak fluorescence after addition of 1 ug/mL Calcimycin (Cal) under each
condition are shown to better visualize cell morphology, but intensities are not plotted. For
all treatment conditions, maximum and minimum fluorescence intensity was 233–245 and
1–10, after the addition of Cal and EGTA, respectively. C. Histogram plot of percent
fluorescence values (calculated as described in Methods) in an 18×25 pixel region of interest
(ROI) over the soma expressed as the means ± SEM. Data are the combined results of 3
separate cultures from which a total of 65 Stage 1 or Stage 2 neurons and 30 Stage 3 neurons
were sampled from a total of 10 separate coverslips. *p < 0.01 and **p < 0.001 compared to
pre-stimulated values (repeated measures ANOVA with Dunnett post hoc test); bar with p <
0.005 compared Control + KCl response with Ethanol + KCl response (ANOVA with
Newman-Keuls post hoc test). Scale bar = 50 µm
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Figure 2. Whole-cell calcium currents in Stage 3 rat hippocampal pyramidal neurons
A. Representative IBa traces from Stage 3 neurons 18–30 h after plating. Currents were
elicited by voltage steps to −20 mV from −80 or −40 mV holding potential. Rapidly
inactivating, low-voltage activated (LVA) calcium currents were observed in neurons at
holding potentials of −80 mV or more negative. Holding at −40 mV prior to the voltage
ramp eliminated the LVA, leaving only the non-inactivating, high-voltage activated (HVA)
current. B. Current-voltage plots showing the voltage-dependence of activation of LVA and
HVA currents. Open circles are peak IBa amplitudes from voltage steps from −80 mV to
various test potentials, interpolated by a dashed line. Solid lines are IBa amplitudes from
voltage ramps preceded by holding potentials of −80 mV (black line) or −40 mV (gray line).
Peak activation of LVA was −29.2 ± 0.9 mV. Peak activation of HVA was +5.6 ± 0.7 mV.
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Figure 3. Ethanol inhibits VGCCs in hippocampal pyramidal neurons
A–B. Representative IBa currents from voltage ramps from Stage 3 neurons 18–30 h after
plating. A. Current voltage properties of LVA and HVA currents in a control neuron at Vhold
−40 or −80 mV before and after exposure to 100 µM NiCl2. B. Current-voltage properties of
LVA and HVA currents in an individual neuron at Vhold −80 mV before and after exposure
to ethanol added by perfusion in the external solution. C. Summary of effects of ethanol on
LVA and HVA currents, plotted as percent of peak amplitudes in the absence of ethanol.
Asterisk indicates significant difference from the control group; *p < 0.005; **p < 0.0001
(n=15 neurons; repeated measures ANOVA with Dunnett posthoc test). Cross indicates
significant difference from the 43 mM ethanol group; ††† p < 0.0001.
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Figure 4. IBa components and ethanol inhibition after leak subtraction
A. Absolute values of LVA and HVA current components after subtraction of the NiCl2-
insensitive (leak) currents from voltage ramp data. Data from a representative Stage 3
neuron are shown as individual data points and fitted by one or two Gaussian distributions
(solid lines). B. Leak-subtracted LVA and HVA current components in a representative
neuron before and after exposure to 87 mM ethanol. In 6 cells compared before and after
leak subtraction, inhibition of LVA current by 87 mM ethanol averaged 41% before and
30% after subtraction, whereas inhibition of HVA currents averaged 69% before and 61%
after subtraction (not shown). Together, these results confirm greater sensitivity of HVA
currents even though nearly half the measured peak of LVA current reflects the HVA
component, and that ethanol effects are not related to altered leak currents.
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Figure 5. Acute ethanol inhibits depolarization-evoked calcium signals in axonal growth cones
A. Representative pseudocolor fluorescence images of a KCl-induced Ca2+ in the axonal
growth cone of a hippocampal pyramidal neuron 24 h after plating. B. Traces of Ca2+ in a
region of interest in the palm of the same growth cone, when evoked by KCl pulses of 500
msec (left) and 250 msec (right), before (t = 0; black line), and at 30 sec (blue line) and 5
min (red line) after bath application of 87 mM ethanol. Ethanol inhibition of the peak
fluorescence intensity increases with time. Ethanol does not alter the graded response to
pulse duration and Ca2+ returns to baseline between pulses. C. Histogram plot of peak
amplitudes of KCl-evoked calcium transients in axonal growth cones before, and at 30 sec
and 5 min after the addition of 22, 43 or 87 mM ethanol. Data are the mean ± SEM peak
fluorescence expressed as a percent of control transients evoked by the 500 msec pulse. The
inhibitory effect of ethanol is dose- and time-dependent. * P < 0.01, ** P < 0.001; repeated
measures ANOVA with Newman-Keuls posthoc test.

Mah et al. Page 22

Neuroscience. Author manuscript; available in PMC 2012 August 25.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6. Continuous exposure to ethanol in the medium alters depolarization-evoked calcium
transients in axonal growth cones
Plot of the mean peak fluorescence intensity in a ROI in the palm of the axonal growth
cones of control neurons and of neurons maintained for 18–30 h in medium containing 22,
43 or 87 mM ethanol. Ethanol at 22 mM increases, and at 43 or 87 mM decreases KCl-
induced Ca2+20. Data are the mean ± SEM peak total fluorescence from 17–19 growth
cones in each treatment group, collected from at least 3 separate cultures. * P < 0.005, ** P
< 0.0005; ANOVA with Newman-Keuls posthoc test.
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Figure 7. Interplay of acute and continuous ethanol exposure on calcium signaling in axonal
growth cones
Plot of the mean peak fluorescence intensity of KCl-evoked calcium transients in a ROI in
the palm of axonal growth cones of neurons maintained in medium containing 22 mM
ethanol for 18–30 h, recorded before and at 30 sec and 5 min after increasing the
concentration of ethanol in the bath to 87 mM ethanol. Data are the mean ± SEM peak
fluorescence of 11 growth cones, expressed as a percent of transients evoked by the 500
msec pulse before increasing ethanol concentration. The inhibitory effect of ethanol is dose6
dependent. * P < 0.05, ** P < 0.0005; repeated measures ANOVA with Newman-Keuls
posthoc test.
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Figure 8. Visualization of L-type VDCCs in axonal growth cones by DM-Bodipy-DHP
Representative DIC and pseudocolor confocal images of DM-Bodipy-DHP fluorescence of
Stage 3 hippocampal neurons maintained in control medium for 24 h after plating, then
loaded with 100 µM of DM-Bodipy-DHP dye alone (A–C) or with dye and 10 µM
nifedipine (D-F). Insets show the axonal growth cones at higher magnification. Nifedipine
markedly reduced fluorescence intensity. Representative images of a hippocampal neuron
maintained in medium containing 87 mM ethanol for 24 h after plating (G–I). Ethanol
markedly increased fluorescence intensity in the soma, distal axon and axonal growth cone.
Scale bar = 10 µm
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Figure 9. Summary plots of ethanol effects on DM-Bodipy-DHP fluorescence
Plots show fluorescence intensity in the axonal growth cones (A) and soma (B) of control
and ethanol-exposed neurons. Data are the mean ± SEM for 18–33 growth cones in each
treatment group in 2 separate cultures, expressed as percent of mean control fluorescence. **
p < 0.0005; * p < .05, compared to control (ANOVA with Newman-Keuls post hoc test).
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