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Abstract

Prenatal ethanol exposure disrupts cortical neurite initiation and outgrowth, but prior studies have
reported both ethanol-dependent growth promotion and inhibition. To resolve this ambiguity and
better approximate /in vivo conditions, we quantitatively analyzed neuronal morphology using a
new, whole hemisphere explant model. In this model, Layer 6 (L6) cortical neurons migrate,
laminate and extend neurites in an organotypic fashion. To selectively label L6 neurons we
performed ex utero electroporation of a GFP expression construct at embryonic day 13 and
allowed the explants to develop for 2 days /n7 vitro. Explants were exposed to (400mg/dL) ethanol
for either 4 or 24 hrs prior to fixation. Complete 3-D reconstructions were made of >80 GFP-
positive neurons in each experimental condition. Acute responses to ethanol exposure included
compaction of the Golgi apparatus accompanied by elaboration of supernumerary primary apical
neurites, as well as a modest (~15%) increase in higher order apical neurite length. With longer
exposure time, ethanol exposure leads to a consistent, significant disorientation of the cell (cell
body, primary apical neurite, and Golgi) with respect to the pial surface. The effects on cellular
orientation were accompanied by decreased expression of cytoskeletal elements, microtubule
associated protein 2 and F-actin. These findings indicate that upon exposure to ethanol, developing
L6 neurons manifest disruptions in Golgi apparatus and cytoskeletal elements which may in turn
trigger selective and significant perturbations to primary neurite formation and neuronal polarity.
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INTRODUCTION

METHODS

Mice

Prenatal exposure to ethanol is a leading cause of mental retardation (Jones and Smith,
1973) with the developing cerebral cortex particularly vulnerable to ethanol exposure.
Studies conducted primarily in rodent have reported ethanol-induced impairments in
neurogenesis (Goodlett and Horn, 2001), neuronal migration (Aronne et al., 2011) and
axonal outgrowth (Granato et al., 2003; Lindsley et al., 2003; Livy and Elberger, 2008).
Regarding the latter, low (12.5 mM) concentrations of ethanol impair growth cone responses
to guidance cues, including semaphorins and netrins (Sepulveda et al., 2011), known to
regulate axonal growth and targeting (Behar et al., 1996; Luo et al., 1995; Serafini et al.,
1994; Steup et al., 2000). Attention has also been directed to ethanol-mediated suppression
or enhancement of dendritic growth (Granato and Van Pelt, 2003; Lawrence et al., 2012;
Yanni et al., 2002). The consequences of ethanol exposure upon dendritogenesis appear to
be context specific, and may depend on the presence or absence of astrocyte-derived factors.
Ethanol dependent changes in spine density may also compound the disruption of dendritic
structure (Hamilton et al., 2010; Whitcher and Klintsova, 2008) and depend on cortical area
and cell class. The combination of ethanol effects may contribute to altered excitability of
the dendritic arbor (Granato et al., 2012).

Although much cortical dendritic growth occurs postnatally, recent studies have
demonstrated that dendritic initiation occurs prenatally, coincident with neuronal migration
arrest and cellular positioning (Nichols and Olson, 2010; Olson et al., 2006). Early cortical
development may therefore represent a critical period for ethanol-induced teratogenesis;
particularly in regards to dendritic initiation, growth, and function.

To explore and characterize potential negative consequence(s) of ethanol exposure upon
apical neurite initiation and growth, and to gain insights into possible mechanisms
underlying cytoarchitectural effects of ethanol exposure, we exposed cortical explants to
ethanol during an early period of cortical development that includes Layer 6 (L6) neuron
dendritogenesis. A new, whole cerebral hemisphere explant model was used, in which
prospective L6 neurons develop in an organotypic fashion during the period of neuronal
positioning and dendritic initiation (Nichols and Olson, 2010; O’Dell et al., 2012). This
explant system permits precise control of ethanol delivery and dosage while preserving all
cell-cell and cell-extracellular matrix interactions that are likely required for proper neuronal
growth and differentiation. Using this approach, we report significant disruptions in cortical
neuron development, particularly at the level of apical neurite growth. We observed a rapid
increase in primary apical neurite number accompanied by condensed Golgi morphology
after 4 hrs of ethanol exposure. Cumulative exposure for 24 hrs leads to significant
disorientation of neurites and cell bodies accompanied by altered content of the essential
cytoskeletal elements F-actin and microtubule associated protein 2 (MAP2).

The Institutional Animal Care and Use Committee of SUNY Upstate Medical University
approved all animal procedures. Time pregnant Swiss Webster mice (Taconic Laboratories,
Germantown, NY) were obtained at embryonic day 12 (E12). The day of plug discovery was
designated embryonic day 0 (EO).

Ex Utero Electroporation

Pregnant dams were sacrificed by CO5 inhalation on E13. Embryos were removed from the
uterus via caesarean section and submerged in cold Hanks Balanced Saline Solution (HBSS,
Invitrogen Life Technologies, Grand Island, NY). Ex utero electroporations were then
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performed on intact embryos. A plasmid encoding the chicken actin globin (CAG) promoter
coupled to an enhanced Green Fluorescence Protein coding sequence (CAG-eGFP)
(Matsuda and Cepko, 2004) was prepared at a concentration of 0.33 mg/ml with 0.01% Fast
Green dye in sterile water. Using a Hamilton syringe fitted with a #30 beveled needle, 2-3
pl of plasmid DNA solution was injected so as to fill the lateral ventricle completely.
Successful injections were ascertained by the filling of the lateral ventricle with Fast Green
dye. Tweezer electrodes connected to a BT X830 electroporator (Harvard Apparatus,
Holliston, MA) were then positioned on the head of the embryo with the anode positioned
along the cerebral midline and the cathode under the chin. DNA was electroporated with
five 30 V pulses of 50 msec duration with an interpulse interval of 950 msec. This recently
developed ex utero electroporation approach (O’Dell et al., 2012) allowed consistent
targeting of the dorsomedial region of the neocortex (Embryonic Field 1) (Takahashi et al.,
1995). After electroporation, the embryos were kept in ice-cold HBSS until dissection and
whole hemisphere explant preparation (below). The interval between electroporation and
dissection did not exceed 1 hr.

Cortical Explant Cultures

Histology

A whole hemisphere explant model was utilized in which organotypic development is
observed for a period of 2 days /n vitro (DIV) (Nichols and Olson, 2010; O’Dell et al.,
2012). Following electroporation, the whole brain was removed from the embryo and
divided along the sagittal midline. The left (electroporated) hemisphere was further
dissected from hindbrain and cerebellar anlage, taking care to leave sub-cortical matter and
the meninges intact. The hemispheres were then placed midline down, onto a collagen-
coated, polytetrafluoroethylene (PTFE) filter with a 3-um pore size (TranswellCOL,
Corning). The filters were then placed in 2.7 ml DMEM-F12 media containing Glutamax
and supplemented with 2% B-27, 1% G5 and 1% Penicillin- Streptomyocin (Invitrogen Life
Technologies, Grand Island, NY). Explants were then placed in a high oxygen (95% O,/5%
COy) incubator chamber (Billups-Rothenberg, Del Mar, CA) at 37°C. At either 24 or 4 hrs
prior to fixation culture media was brought to 87 mM ethanol (400 mg/dl) or treated with
equivalent volumes (13.7pl) of sterile H,0 (Control). The elapsed time between
electroporation and placing the cultures in the incubator never exceeded 1.5 hrs.

Following 48 hrs of total culture time, the explants were fixed in 4% paraformaldehyde in
Pagano buffer (250 mM sucrose, 25 mM MgCls, 2.5 mM KCI, 50mM HEPES; pH = 7.4) for
one hr. The hemispheres were then embedded in 10% gelatin blocks, post-fixed for 24 hrs in
4% paraformaldehdye/Pagano solution and sectioned at 100 um thickness using a
Vibratome (Ted Pella, Redding, CA). For immunohistochemical processing the sections
were first incubated in phosphate buffered saline containing 0.5% Triton-X 100 and 2%
bovine serum albumin (PBST+B) pH 7.4 for one hr prior to overnight incubation in primary
antibody (diluted in PBST+B). The sections were washed 3 times in PBS and then incubated
in appropriate secondary antibodies (diluted in PBST+B) for 2 hrs. The primary antibodies
were anti-GM130 (1:150, BD Biosciences, San Jose, CA) and anti-microtubule associated
protein 2 (MAP2; 1:1000, Sigma, St. Louis, MO). The secondary antibodies were
AlexaFluor-conjugated anti-mouse and anti-rabbit (1:500, Invitrogen Life Technologies,
Grand Island, NY) used at a 1:500 dilution. AlexaFluor 555-conjugated Phalloidin (1:200,
Invitrogen Life Technologies, Grand Island, NY was used to detect F-actin. Hoechst 33342
(2 pg/mL, Invitrogen Life Technologies, Grand Island, NY') was used for visualization of
individual cell nuclei.
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SDS-PAGE and Western Blot Analysis

Whole cerebral hemisphere lystates were prepared in cold RIPA lysis buffer (20 mM Tris,
pH 7.5, 150 mM NacCl, 1.0% Nonidet P-40, 0.50% sodium deoxycholate, 1.0 mM EDTA,
and 0.10% SDS supplemented with a protease inhibitor cocktail (P-8340, Sigma, St. Louis,
MO), 1.0 mM sodium orthovanadate, and 20 mM sodium fluoride. The samples were
homogenized and centrifuged for 10 min at 15,300 x g. Protein samples (30 j.g) were
combined with sample buffer (300 mM Tris-HCI, 50% glycerol, 5.0% SDS, 0.025%
bromophenol blue, and 250 mM B-mercaptoethanol) and separated by SDS-PAGE using a
4-15% TGX gradient gel, (Bio-rad, Hercules, CA). The separated proteins were transferred
to Immobilon-P (polyvinlyidene difluoride) membranes (EMD Millipore, Billerica, MA) for
subsequent immunoblotting.

The immunoblotting followed a three-step procedure. Nonspecific immunoreactivity was
blocked in Tris buffered saline containing 0.01% Tween-20 and 3% bovine serum albumin
(TBST+B) for 1 hr at room temperature. The membranes were then incubated overnight
with a primary antibodies diluted in TBST+B. The primary antibodies were anti-MAP2
(1:1000, clone HM-2, Sigma, St. Louis, MO), anti-Tbr1 (1:1000, Abcam, Cambridge, MA)
and anti-GM130 (1:500, BD Biosciences, San Jose, CA). Membranes were rinsed 3X in
TBST and incubated with either a horseradish peroxidase (HRP)-linked anti-mouse or anti-
rabbit secondary antibody (1,10:000; Bio-Rad, Hercules, CA). HRP activity was visualized
using chemiluminescence (Supersignal WestPico, Thermo Fisher Scientific, Waltham, MA)
detected by Kodak Biomax XAR film. To ensure equal protein loading in each lane,
membranes were then stripped in a buffer containing 62.5 mM Tris-HCI, 2.0% SDS, and 10
M B-mercaptoethanol at 50°C for 30 min and reprobed with the anti-Thrl antibody.

Imaging and analysis

Images were collected with a Zeiss LSM510 laser scanning confocal microscope (SUNY
Upstate Medical University Center for Bioresearch Imaging). Digital images (z-stacks) were
collected at 1 wm z-step interval typically through 60 pwm of tissue. The stacks were then
imported into FIJI (www.fiji.sc), an open source distribution of Image J (Wayne Rasbhand,
NIH). To determine apical neurite lengths and branching, one z-stack was analyzed per
explant. A maximum of 6 cells were traced in each z-stack for an average of 80 cells
analyzed pertreatment group. The cells were selected by an investigator blinded to
treatment status. Within each z-stack, cells for analysis were selected along the lateral to
dorsal transneural genetic gradient (Takahashi et al., 1995) (Supplemental Figure 1A) to
ensure that there was no bias in neuronal maturity of the selected cells. Only neurons within
50 wm of the pial surface were analyzed as these were previously shown to be Thrl and
Ctip2 positive (L6 neuronal markers, O’Dell et al, 2012). 3-D reconstructions (Figure 1A)
were made using the open source Simple Neurite Tracer plugin in the F1JI package (Longair
etal., 2011). The axon was readily recognized as the fine caliber neurite extending from the
base (ventricular side) of the soma (Figure 1C and Supplemental Figure 1A) and was
excluded from analysis. Tracing was then only performed on those cells that had all their
remaining neurites contained within the image stack. Cells were excluded if located within
~100 pm of a heterotopia. Although leptomeningeal heterotopias can be caused by ethanol
(Komatsu et al., 2001), and were occasionally observed in our 24 hr-treated explants,
neurons in these areas were avoided for the purpose of analysis as any abnormal cellular
morphology might then be a result of the changes in the cellular environment due to the
hetereotopia, rather than a direct effect of ethanol on cellular morphology. The apical neurite
length and branching values were determined within FIJI and exported to Excel. The
quantified apical arbor was divided into two categories for analyses: namely, primary apical
neurites (neurites emitted directly from the neuronal soma) and higher order apical neurites
(all non-primary apical neurites). This approach was adopted because primary neurites are
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thought to directly reflect neuronal polarity (Horton et al., 2005; Matsuki et al., 2010;
Nichols and Olson, 2010) and may differentially respond to ethanol exposure.

Orientation Measures

A custom MATLAB (Version 7.14, Mathworks Inc. Natick, MA) script was developed to
determine orientation angle of the primary neurite and cell soma with respect to the shortest
path tangent to the pial surface. First, the pial surface was manually traced in each z-step of
the stack; these contour lines were imported into MATLAB and interpolated as a surface.
The skeletonized neuron (Figure 1B) from Simple Neurite Tracer was imported and the
shortest distance between the rendered neuronal soma and the interpolated surface was
determined. The angles between the shortest line to the surface and either the primary
neurite or the long axis of the neuronal soma were then determined in 3-D (Figure 1C).

Golgi Elongation Measurement

Proximal to distal Golgi length measurements were made of Golgi localized within GFP+
cells by tracking the GM130 immunosignal through the z-series that contained the cell.
Orientation of the Golgi was determined from the angle subtended between proximal/distal
line and the shortest path to the overlying pia. The angle was then assigned to a quadrant
(Q1-Q4, each occupying 90° around the cell soma). Quadrants 2 and 3 were combined in
the analysis, as these left/right orientation angles depended upon the arbitrary orientation of
the mounted section. Five cells were quantified per explant, and averaged. These per-explant
averages were then compared between treatments groups.

Immunofluorescence Signal Analysis

Control and experimental brain sections were processed in parallel. Images were acquired at
the same z-depth and in similar locations in the dorsal cortex with matched acquisition
parameters (laser power, gain, blacklevel, pinhole size and zoom). Image quantification was
achieved in ImageJ by placing ROIs (Regions of Interest) within the marginal zone (MZ)
that is enriched in L6 dendrites (Nichols and Olson, 2010), the cortical plate (CP) that
contains the L6 neuron cell bodies (O’Dell et al., 2012) and the intermediate zone (1Z) that
contains immature multipolar cortical neurons and L6 axonal processes (Hatanaka and
Yamauchi, 2012; Tabata and Nakajima, 2003). Following background correction, the mean
pixel value of each ROI was measured and the measurements were exported to Excel for
further comparison.

Statistical Analysis

Differences among the treatment groups were analyzed using a one-way ANOVA across
treatment times (0, 4 and 24 hrs). In cases where data was binned (e.g., Golgi orientation), a
one-way mixed measures ANOVA across treatment time and ROI, was run. Upon detection
of significance, Fishers LSD was used for post-hoc analysis. In some cases the data failed
the Shapiro-Wilk normality test and thus a Kruskal-Wallis One Way ANOVA on Ranks was
performed. Significant differences (p < 0.05) were then ascertained by post-hoc Dunn’s pair
wise comparison.

RESULTS

Ex utero electroporation labeling of Layer 6 neurons

To label L6 neurons for subsequent morphological characterization, we performed ex utero
electroporations of a GFP expression construct (CAG-eGFP) on E13 mouse embryos.
Immediately after electroporation, whole hemisphere explants were prepared and cultured
for 48 hrs. A single dose ethanol exposure was performed during hours 24-48 (24 hr dose)
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or hours 44-48 (4 hr dose) immediately prior to fixation and histology. During the explant
culture period (E13-E15) GFP labeled prospective L6 neurons migrate from the ventricular
zone (VZ) through the 1Z, where they initiate axonal development (Hatanaka and Yamauchi,
2012), and position themselves in the forming cortical plate (CP) where they initiate
dendritic development. The GFP+ neurons found within the CP at 48 hrs post
electroporation express the transcription factors Ctip2 and Tbr1 that identify L6 cortical
neurons during this time in cortical development (O’Dell et al., 2012). Two exposure times
were chosen to distinguish the acute (4 hr) ethanol responses of cells within the area of
analysis (i.e., within 50 wm of the pial surface, see Methods), from the cumulative (24 hr)
response that would represent neurons exposed for 24 hrs within the area of analysis and
also be expected to include a population of cells that migrated into the area of analysis
during the exposure period. The appropriate transcription factor expression and normal
migration behavior of these GFP+ neurons as well as the growth of CP in the portion of the
explant corresponding to dorsomedial cortex verify organotypic cortical development is
occurring during the culture period (Nichols and Olson, 2010).

Dendritic outgrowth and arborization

To quantify the morphology of L6 neurons after 4 and 24 hrs of ethanol exposure, confocal
z-series were acquired through 60 pwm of tissue and complete 3-D rendering of the GFP+
neurons in the CP were then generated (Supplemental Movies 1, 2 and 3). The neurites of
neurons contained in these 3-D reconstructions were then traced using Simple Neurite
Tracer (Longair et al., 2011) for subsequent quantification of neurite morphology. A set of
representative flattened images (Figure 2A—-C) and traced neurons (Figure 2D) illustrate the
morphological changes seen following ethanol exposure. While neurites continue to
elaborate in ethanol treated explants, the cells appear to have abnormal orientations of both
their cell body and neurites. In contrast to the pial directed growth of control neurites, a
number of the neurites of ethanol treated cells appeared to grow away from the pial surface
(red arrows).

The complete 3-D neurite tracings were then analyzed to obtain the apical neurite lengths
and branching patterns of control and ethanol treated neurons. For these analyses, neurites
extending directly from the cell body are referred to as “primary apical neurites” and these
primary apical neurites were analyzed as a separate category from the remaining apical
neurites which are called “higher order apical neurites” (Figure 3). Both 4 and 24 hrs of
ethanol exposure modestly increased higher order apical neurite length (~ 15%) compared to
control (Figure 3A; p< 0.01), but did not change the total number of higher order apical
neurites (Figure 3C; p=0.59). Although ethanol exposure did not affect the total number of
higher order neurites, the organization of the arbor did change. The number of primary
apical neurites (neurites extending directly from the neuronal soma, Figure 3B) increased in
response to ethanol exposure: 27% of control neurons extend more than one primary apical
neurite (1.30 £ 0.06), whereas 56% of ethanol treated neurons exhibited multiple primary
apical neurites (2.07 + 0.12), with some ethanol treated neurons extending up to eight
primary apical neurites (Figure 3C, D). This effect was seen following 4 hrs of ethanol
exposures, indicating a rapid reorganization of the dendritic arbor in response to ethanol.

As a consequence of the radial organization of the cerebral cortex, most cortical excitatory
neurons orient their apical neurite and cell soma towards the pial surface. To measure the
orientation of the neurite and soma, the skeletonized neuron from Simple Neurite Tracer
along with the traced pial surface was imported into MATLAB. A custom script then
determined the shortest path extending from the neuronal soma to the pial surface. The angle
of the primary apical neurite and the long axis of the neuronal soma made with respect to
that shortest line was then determined (Figure 1; See Methods). The primary apical neurite
of control neurons extends at an angle of 46 + 2.4° with respect to the shortest path to pia
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while neurons exposed to ethanol for 24 hrs displayed a significantly different neurite
orientation (60 = 3.7°) (Figure 4B). Similar values and effects were observed for somal
orientation with respect to the pial surface (Figure 4A). Taken together these observations
indicate that acute ethanol exposure triggered a rapid (<4 hrs) formation of supernumerary
primary apical neurites and modest increase in apical neurite length. Cumulative ethanol
exposure for 24 hrs caused a change of the soma and primary apical neurite orientation.

Golgi Elongation and F-actin Expression

For most excitatory cortical neurons the axon emerges as the migrating neuron moves
through the 1Z. At this time the position of the Golgi apparatus and the centrosome
anticipates the site of axon emergence (de Anda et al., 2010). During subsequent dendrite
initiation in the CP, the Golgi apparatus shifts to the opposite side of the developing
pyramidal neuron and becomes invested in the apical dendrite, forming Golgi “outposts”
that are required for asymmetric dendritic growth (Horton et al., 2005; Matsuki et al., 2010;
Nichols and Olson, 2010). To assess whether ethanol exposure causes abnormalities of
Golgi positioning or investment in the apical neurite, we immunostained treated neurons for
the cis-Golgi marker GM130 (Nakamura et al., 1995). Whereas neurons in control explants
had clearly elongated Golgi structures within the GFP+ neurons that could extend into the
primary apical process (Figure 5A), both 4 and 24 hr ethanol exposure (Figure 5B, C)
resulted in apparent compaction of the Golgi, creating a more “ball-like” structure manifest
in a 41% reduction in the organelle’s proximal-to-distal length (p < 0.001; Figure 5D). This
ethanol-dependent compaction of the Golgi was accompanied at 24 hrs by an intracellular
repositioning, such that the Golgi was more likely to occupy lateral areas of the neuronal
soma (Figure 5E). This change in GM130 immunostaining does not seem to correspond to a
loss of GM130 protein in whole explant lysates (Figure 5F). Thus both cumulative (24 hr)
and acute (4 hr) ethanol exposure causes Golgi apparatus compaction, while Golgi
redistribution was only observed with cumulative exposure.

The Golgi apparatus is believed necessary for forward secretory trafficking of cytoskeletal
proteins and plasma membrane components necessary for normal dendritic growth (Ye et
al., 2007). We therefore screened for possible effects of ethanol exposure upon two
indicators of cytoskeletal architecture, F-actin and MAP2. To perform this analysis, ROIs
were placed to measure average signal intensity within the MZ, CP and 1Z (Figure 6A; top
row). Both 4 hr (Figure 6B, D, p< 0.001) and 24 hr (Figure 6C, D, p < 0.001) ethanol
exposure caused a significant reduction in F-actin content, which was particularly
pronounced at the MZ (Figure 6D). Similarly, the levels of MAP2 immunofluorescence
were significantly (p < 0.05) reduced in the MZ of ethanol treated explants, but only after 24
hr exposure (p < 0.01) to ethanol (Figure 6E). The reduction of immunofluorescence was
confirmed by Western blot analysis of whole hemisphere lysates (Figure 6F). A reduction in
level of mature MAP2 (the a and b isoforms) was observed by 24 hrs, with little change
apparent at 4 hrs. In contrast, the “immature” form of MAP2 (c isoform) showed little
change at 4 and 24 hrs. Thus, coincident with disruptions of neuronal orientation and apical
neurite growth, we observe disruption(s) to the Golgi apparatus and cytoskeletal components
known to be critical for neurite growth and stability.

DISCUSSION

Our investigations revealed acute (4 hr) and cumulative (24 hr) responses of developing L6
neurons to ethanol exposure within an organotypic environment. The acute responses are
characterized by Golgi apparatus compaction and an increase in the number of primary
apical neurites. Higher order apical neurite length, however, is only slightly increased. The
cumulative responses are characterized by both persistence of the more acute effects, as well
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as diminished MAP2 and F-actin content in the MZ, and a significant disorientation of the
neuron with respect to the pial surface.

Although the neurites of these very immature cells were not strongly immunopositive for the
canonical dendritic marker MAP2, or the canonical axonal marker SM1312 (Supplemental
Figure 1A, B), it is well established that immature postmitotic neurons /n vivoand in vitro
have multiple neurites, one of which is specified as the axon while the remaining neurites
become specified as dendrites (Dotti and Banker, 1987; Dotti et al., 1988; Hatanaka and
Yamauchi, 2012; Tabata and Nakajima, 2003). For maturing cortical neurons axon
specification occurs during migration through the intermediate zone (Hatanaka and
Yamauchi, 2012). The remaining neurites become dendrites once the migrating neuron has
reached the top of the CP (O’Dell et al., 2012; Olson et al., 2006). Since all of the neurons
analyzed were 1) in the forming CP and 2) showed a fine caliber axon that descended
towards the forming white matter/1Z, it is likely that the apical neurites analyzed in this
study are nascent dendrites.

The centrality of the Golgi apparatus to the developing dendrite has been identified and
highlighted in several recent publications (Horton et al., 2005; Matsuki et al., 2010; Nichols
and Olson, 2010; Ye et al., 2007). In the emerging model, appropriate deployment of the
Golgi apparatus is required for both proper orientation and growth of the dendritic arbor.
Dendritic orientation is thought to emerge from the coupling of cellular polarity mechanisms
including Reelin/Dab1 signaling, operating in opposition to LKB1/Strada signaling, to
localize the Golgi at the appropriate site for dendritic initiation and growth (Matsuki et al.,
2010; Shelly et al., 2011; Shelly and Poo, 2011). The Golgi then could provide a number of
functions supportive to the emerging dendrite, including acting as a microtubule nucleating
center (Kodani and Sutterlin, 2009) and providing the cellular membrane and proteins
required for process extension and growth (Horton et al., 2005; Ye et al., 2007).

Several functions of the Golgi apparatus are known to be sensitive to ethanol exposure;
ethanol inhibits glycoprotein trafficking and causes impairment of exocytosis and
endocytosis (Marin et al., 2010; Megias et al., 2000; Tomas et al., 2002; Tomas et al., 2005).
Impairment of these essential cellular functions could alter the adhesive (Greenberg, 2003)
or chemotropic properties (Sepulveda et al., 2011) of the neurite and produce the observed
alterations in neuronal cytoskeletal structure and morphology, including the reduction of
polymerized tubulin and actin assembly within the extending dendrite (Romero et al., 2010).

Function of the Golgi apparatus may also be sensitive to metabolites of ethanol including
acetaldehyde (Marinari et al., 1993). Acetaldehyde is a teratogen in its own right that can
potentiate the negative consequences of ethanol consumption during pregnancy (Chen et al.,
1995; Qu and Wu, 1999). While the fetal brain does metabolize ethanol into acetaldehyde
via catalase (Hamby-Mason et al., 1997), the /n vivo environment would contain
acetaldehyde metabolized by both mother and fetus. Thus ethanol exposure might be more
disruptive of Golgi function /in vivothan in the whole hemisphere explant model.

Ethanol might also disrupt cellular polarity by delocalizing the Golgi apparatus from the
apical (pial) side of the neuron (Figure 5E). Prior studies have suggested a direct relationship
between Golgi localization and polarized dendritic growth in the cortex and hippocampus
(Matsuki et al., 2010; Nichols and Olson, 2010). Similarly, Golgi position anticipates the
developing Purkinje neuron primary dendrite and blockade of atypical PKC (aPKC) function
disrupts Golgi position and causes cells to display multiple primary dendrites (Tanabe et al.,
2010). Thus the compaction and de-localization of the Golgi from the primary apical
dendrite observed in this study may contribute both to the increase in primary dendrite
number and the loss of F-actin and MAP2 content in the dendritic processes.
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Ethanol exposure is also known to alter the neuronal expression of critical cytoskeletal
regulatory genes. The expression of RhoA, Paxillin, CDC42 and DYNLL1 are rapidly
induced following exposure to a single dose of ethanol in fetal cerebral cortical cell cultures
(Camarillo and Miranda, 2008). Interestingly, DYNLL1, a subunit of the minus-end
microtubule motor complex Dynein, is responsible for directing Golgi outposts into
dendrites, enabling their branching and growth (Marin et al., 2010; Ye et al., 2007). Ethanol
may thus interfere with neuronal polarity and dendritic growth through multiple, possibly
interacting, mechanisms at the level of the cytoskeleton and Golgi apparatus.

The ethanol-dependent disruptions of L6 neurons identified in this study may manifest
functional consequences that persist into postnatal life. While the whole hemisphere
explants show organotypic growth for 2-3 DIV, this period does not encompass the
synaptogenic period for L6 neurons. Thus the electrophysiological consequences of ethanol
exposure cannot be directly assessed in the whole hemisphere explant model. However, L6
neurons are the first neurons to populate the forming CP and do so by splitting the preplate
into the MZ and subplate (Marin-Padilla, 1978). Failure to correctly split the preplate is
associated with later cortical disruptions including aberrant thalamocortical axonal
pathfinding and disrupted cortical migration (Gilmore et al., 1998; Molnar et al., 1998; Pinto
Lord et al., 1982). Although chronic ethanol exposure from E8 is known to disrupt cortical
column structure (Gressens et al., 1992), it is likely that ethanol-induced disruption of
preplate splitting at E13-E15 could trigger neuroanatomical and therefore functional deficits.
For example, a single dose of ethanol during the period of preplate splitting in rat cortex
leads to ectopic pyramidal neurons in the molecular and external granular layers, as well as a
loss of layer 4 neurons (Ferreira et al., 2004). In contrast, a single incident of ethanol
exposure at later developmental time points has more modest effects on cellular morphology
(Granato and Van Pelt, 2003). Minimally a sustained alteration of early dendrite formation
in L6 neurons is likely to impact their signaling interactions and synapse formation with
Layer 1 (presynaptic) neurons. Altered dendritic morphology might then alter the number or
effectiveness of synapses that are generated during later development, and the subsequent
ability of the dendritic arbor to integrate synaptic signals. In this sense, even modest prenatal
exposure to ethanol could negatively and persistently impact development and function in
the postnatal period.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Morphological Analyses

(A) Complete 3-D neuronal reconstructions were performed by importing confocal z-stacks
into FI1JI and using Simple Neurite Tracer to trace the primary apical (green) and complete
apical neurite arbor (pink). Neurite length and branching values were then obtained from
these 3-D reconstructions (B) To determine orientation angles of the primary dendrite and
soma, the skeletonized neuron (pink) and contour lines representing the pial surface (blue)
were imported into a custom MATLAB script. (C) The line in 3-D space connecting the
neuronal soma to the closest point on the pial surface was identified (red) and the angles that
the primary apical neurite (green) and the long axis of the soma (blue) make with respect to
that connecting line was calculated. Scale bar, 20 pm.
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Figure 2. L6 cortical neuron responseto 4 and 24 hrs of ethanol exposure

Confocal images of explant sections containing (A) control L6 neurons, (B) L6 neurons after
4 hrs of ethanol exposure, and (C) L6 neurons after 24 hrs of ethanol exposure. Disruption
of somal and primary apical neurite orientation is apparent after 24 hrs of ethanol treatment.
The neurons are labeled with GFP (green) and the sections were counterstained with
Hoechst nuclear dye (blue) to reveal overall cortical histology. (D) 3-D neuronal traces
obtained with Simple Neurite Tracer were flattened to illustrate the differences in neuronal
morphologies between treatment conditions. The red arrows indicate examples of aberrant
neurites growing away from the pial surface. Scale bar, 25 um; MZ, marginal zone; CP,
cortical plate; 1Z, intermediate zone.
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Figure 3. Apical neurite growth and branching after ethanol exposure

(A) Quantified main primary apical neurite (longest primary extending from the cell body)
and higher order apical neurite length after 4 and 24 hrs ethanol exposure (mean = SEM).
(B) Examples of neurons with single and multiple primary apical neurite (arrows). (C)
Quantification of the average number of primary apical neurites perneuron, and the higher
order apical neurite number perneuron, after 4 and 24 hr ethanol exposure (mean = SEM)
(D) Distribution of neurons based on the number of primary neurites. n=85, 114, and 81 for
control, 4 and 24 hr ethanol, respectively. The single asterisk (*) denotes p < 0.05, ANOVA
across treatments followed by a Dunn post-hoc test. Scale bar, 20 um.
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Figure4. Somal and primary dendrite orientation after ethanol exposure

(A) Somal and (B) Apical neurite orientation angles calculated

from 3-D reconstructions of

individual neurons after 4 and 24 hr ethanol exposure. Each plot point represents the angle
of an individual neuron. The bar graphs indicate the orientation angle (mean + SEM) within
each treatment condition. 24 hrs of ethanol exposure causes a significant change in both
somal and apical neurite orientation angles. n=85, 114, and 81 for control, 4 hr, and 24 hr
ethanol, respectively. The single asterisk (*) denotes p < 0.05, ANOVA across treatments

followed by a Dunn post-hoc test.
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Figure 5. Golgi apparatus compaction and repositioning after ethanol exposure
Immunolabeling with the cis-Golgi marker GM130 (red) reveals elongated Golgi (white
arrows) within the apical neurite of GFP+ neurons in A, A”) control explants and compacted
Golgi (blue arrows) within GFP+ neurons in B, B") 4 hr and C, C”) 24 hr ethanol exposed
explants. The z-stack depths in um are denoted in the upper right of each image and the
enlarged images (A’-C") are smaller in z-depth to capture only those Golgi contained in the
identified GFP+ cell. D) Proximal-to-distal Golgi length measurements (mean + SEM). The
single asterisk (*) denotes p< 0.05, ANOVA across treatments followed by a Dunn post-hoc
test. E) Localization of Golgi in neuronal soma by quadrants (Q1-4). 24 hrs of ethanol
exposure causes a significant relocalization of the Golgi into lateral quadrants (Q2+Q4)
from the apical quadrant (Q1). n=41, 38, and 41 for control, 4 hr, and 24 hr ethanol,
respectively. (F) Immunoblot of GM130 protein in lysates of whole hemispheric cortical
explants following 4 and 24 hr ethanol exposure. The transcription factor Tbhrl was used as a
loading control. The double asterisk (**) denotes p < 0.01, ANOVA across treatments
followed by Fishers LSD between conditions and quadrants. Scale bar, 20pm.
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Figure 6. Reduction of F-actin and MAP2 content after ethanol exposure

(A) The first column shows GFP-expressing (green) neuronal morphology and Hoechst
nuclear dye (blue) to provide overall cortical histology. The second column is the
corresponding AlexaFluor-Phalloidin (F-actin: red) labeling of the same explant sections,
illustrating a reduction in label signal specific to the MZ after (B) 4 hrs and (C) 24 hrs
ethanol exposure. The third column demonstrates a similar decrease in MAP2 immunosignal
(red) that is restricted to the MZ after 24 hr exposure (C). (D, E) Quantified MAP2 and
Phalloidin signal. The summed pixel values for a defined ROI in each cortical zone in each
condition are reported and compared. n=4, 4, and 3 for control, 4 hr, and 24 hr ethanol,
respectively. (F) MAP2 immunoblotting on whole hemisphere cortical explants. MAP2ab
appear as a single 280kD band during early cortical development whereas the immature
form, MAP2c is 70kD. Ethanol treatment decreased mature MAP2 content without
significantly affecting immature MAP expression. The Tbrl band provides a protein loading
control. A 3 treatment x 3 ROI mixed model ANOVA was performed followed by post-hoc
Fisher LSD. *p < 0.05, **p < 0.01, ***p <0.001. Scale bar, 20 m.
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