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ABSTRACT

During neurulation, cranial neural crest cells (CNCCs) migrate long distances from the
neural tube to their terminal site of differentiation. The pathway traveled by the CNCCs
defines the blueprint for craniofacial construction, abnormalities of which contribute to
three-quarters of human birth defects. Biophysical cues like naturally occurring electric
fields (EFs) have been proposed to be one of the guiding mechanisms for CNCC
migration from the neural tube to identified position in the branchial arches. Such
endogenous EFs can be mimicked by applied EFs of physiological strength that has been
reported to guide the migration of amphibian and avian neural crest cells (NCCs), namely
galvanotaxis or electrotaxis. However, the behavior of mammalian NCCs in external EFs
has not been reported. We show here that mammalian CNCCs migrate towards the
anode in direct current (dc) EFs. Reversal of the field polarity reverses the directedness.
The response threshold was below 30mV/mm and the migration directedness and
displacement speed increased with increase of field strength. Both CNCC line (09-1) and
primary mouse CNCCs show similar galvanotaxis behavior. Our results demonstrate for
the first time that the mammalian CNCCs respond to physiological EFs by robust

directional migration towards the anode in a voltage-dependent manner.

Key words

Galvanotaxis; Electrotaxis; Cranial neural Crest Cells; O9-1; Electric fields; Directional
cell migrations; Mouse.
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INTRODUCTION

Neural crest cells (NCCs), a “fourth germ layer”, is innovation that developed in
vertebrates as they evolved from protochordates (Hall, 2000; Hu et al., 2014). It facilitated
the generation of novel vertebrate head structures that contributed to chordate diversity
and adaptation to most niches of the planet. Originally identified by William His in 1868,
NCCs originate from the dorsal half of the developing neural tube (Ruhrberg and
Schwarz, 2010). During neurulation, dorsal neuroepithelial cells undergo epithelial-to-
mesenchymal transition (EMT), followed by a rostrocaudal emigrational wave of NCCs to
the terminal site of differentiation (Baker and Bronner-Fraser, 1997; Litsiou et al., 2005).
Based on their axial position of origin, and differentiating lineage, NCCs can be
categorized as cranial, sacral, vagal, or trunk (Barlow et al., 2012; Hall, 2000; Walker and
Trainor, 2006). Cranial neural crest cells (CNCCs) can be considered as multipotent
progenitors that can differentiate into most of the cartilage and bone of the skull, face,
and pharyngeal skeleton (Crane and Trainor, 2006). They can migrate long distances,
from the neural tube to the branchial arches, with the aim of sculpting a scaffold for
vertebrate craniofacial development (Trainor, 2010; Trainor et al., 2002). Three-quarters
of human birth defects involve craniofacial abnormalities. Annual treatment cost for
children born with cleft lip and/ or cleft palate alone is US$697 million (Cordero et al.,
2011; Trainor, 2010). This highlights the importance of studying how CNCCs establish
stereotypical directional migratory behavior and acquire positional identity to architect the

destined structure (Craniofacial) (Mehta and Singh, 2019; Minoux and Rijli, 2010).

CNCCs detect various micro environmental cues that guide their long distance

migration (Epperlein et al., 2007; Gilbert et al., 2007; Golding et al., 2000; Gov, 2007;
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Kulesa and Fraser, 1998; Reyes et al., 2010; Wynn et al., 2013). Significant progress has
been made in underpinning the molecular mechanisms and gene regulatory networks that
are crucial for targeted CNCC migration (Litsiou et al., 2005; Minoux and Rijli, 2010). In
recent years, considerable progress has also been made to identify environmental cues
(chemoattractant and mechanical signals) that are involved in long distance migration of
CNCCs (Abzhanov et al., 2006; Bajanca et al., 2019; Barriga et al., 2018; Marcucio et al.,

2005; Shellard and Mayor, 2019; Szabo et al., 2019; Walheim et al., 2012).

Endogenous EFs are present during neurulation (Metcalf et al., 1994; Shi and
Borgens, 1995). During amphibian embryogenesis electric current is driven out of the
lateral margins of the neural tube, and out of the blastopore, and returns inward at the
neural grove and at the lateral skin, creating an EF gradient of 27 £ 4 mV/mm along the
rostral-caudal axis, which changes temporally during neurulation (Hotary and Robinson,
1994; Metcalf et al., 1994; Shi and Borgens, 1995). Manipulating these electric fields
(EFs) caused neurocristopathies, e.g. retarded eye development and reduced head

formation (Hotary and Robinson, 1994), suggesting contributing role of the EFs.

Applied EFs of physiological strength can guide direction cell migration, suggesting
involvement of EFs in directed cell migration (Chang and Minc, 2014; Levin et al., 2017;
Levin et al., 2019; Mathews and Levin, 2018). Different putative sensors have been
suggested that can determine cell directedness (Allen et al., 2013; Forrester et al., 2007;
Kennard and Theriot, 2020; Zhao et al., 2020). In culture, avian and amphibian NCCs
respond to applied EFs by directional migration (galvanotaxis / electrotaxis) towards the
cathode (Cooper and Keller, 1984; Gruler and Nuccitelli, 1991; Nuccitelli and Smart,

1989). It is however not known whether mammalian NCCs respond to EFs, and what is

4



1 their preferred directedness. We report here that a well-characterized cranial NCC line,
2 ‘09-1" showed robust directional migration toward the anode in applied EFs, and primary

3  cultures of NCCs of the same cranial lineage had the same anodal galvanotaxis.
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MATERIALS AND METHODS

Cell Culture

09-1 mouse CNCC line is an extended culture of primary CNCCs isolated from E8.5
mouse embryo, which express NCC markers, and can differentiate into osteoblasts,
chondrocytes, smooth muscle cells, and glial cells (Ishii et al., 2012). The O9-1 cell line
(Sigma Millipore, Cat# SCC049) was cultured in cell culture flasks pre-coated with 1:50
diluted Matrigel™ (Fisher, Cat# CB-40234) at room temperature for 1 hour; then cells
were grown in complete ES cell medium with 15% FBS and LIF (Sigma Millipore, Cat#
ES-101-B) + 25 ng/ml recombinant human bFGF (Sigma Millipore, Cat# GF003) at 37 °C,

5% CO2. Primary mouse CNCCs were isolated from the frontal and nasal bones of the

cranial vault of neonatal wildtype C57BL/6J mouse, following the established protocol
(Chen et al., 2019; Wong and Cohn, 1975; Zhang et al., 2002). They were cultured in
growth medium containing high glucose DMEM + 10% heat-inactivated fetal bovine

serum (FBS) + 100 U/ml penicillin/streptomycin (P/S) at 37 °C, 5% CO2. Passage 3-5 of

primary cells were used. The animals use was approved by the UCLA IACUC committee.

Real-time quantitative polymerase chain reaction (RT- gPCR)

Real-time PCR was performed using the QuantStudio™ 3 real-time PCR System
instrument (Applied Biosystems, Foster City, CA, USA) as described previously (Ishii et
al., 2012; James et al., 2015; Mehta et al., 2019; Mehta and Singh, 2017). A set of
representative genes of NCCs were selected to define the cells in this study (Ishii et al.,
2012; Szabo and Mayor, 2018; Trainor, 2005) (Table 1). All data are representative of

three experimental set of cells with PCR triplicates and are presented as the fold change.
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Table 1

Primer Sequence (Forward) Sequence (Reverse)

GAPDH 5-ATTCAACGGCACAGTCAAGG-3’ 5-GATGTTAGTGGGGTCTCGCTC-3’
Snail1 5-CTTGTGTCTGCACGACCTGT-3’ 5-CTTCACATCCGAGTGGGTTT-3’
Twist1 5-GGAGGATGGAGGGGGCCTGG-3’ 5-TGTGCCCCACGCCCTGATTC-3’
Nestin 5-AATGGGAGGATGGAGAATGGAC-3'  5-TAGACAGGCAGGGCTAGCAAG-3’
CD44 5-GTGGCACACAGCTTGGGGA-3’ 5-TCAGAGCCAGTGCCAGGAGAGAT-3’
Sca-1 5-CTCTGAGGATGGACACTTCT-3’ 5-GGTCTGCAGGAGGACTGAGC-3’

Alkaline phosphatase (ALP) and mineralization assays

Osteogenic differentiation of CNCCs is assayed using the leukocytes ALP staining Kit
(Sigma-Aldrich, Cat# 86R-1KT) and Alizarin Red (AR) staining with 2% Alizarin Red
stains (Lifeline, Cat# CM-0058) (Chen et al., 2019). On Day-7 of initiation of
differentiation, the cells were fixed in 4% paraformaldehyde and incubated with a mixture
of Naphthol AS-BI alkaline solution and FRV-alkaline solution. Areas that stained pink or
light purple were designated as positive. For AR staining, on Day-21, cells were fixed in
4% paraformaldehyde and incubated with 2% Alizarin Red stains. Calcification nodules

were stained bright red after thorough wash with water.

Galvanotaxis assay and time lapse imaging

Galvanotaxis experiments were done as described previously (Cooper and Keller, 1984;
Song et al., 2007). CNCCs were loaded into the electrotactic chamber (pre-coated with
1:50 diluted Matrigel™) with a density of ~100 cells per square millimeter. The cells were
incubated for 4 hours at 37°C with air containing 5% CO: to allow attachment. Agar/saline
(100% Steinberg's solution gelled with 1% agar) bridges were placed into the chamber
channels and connected to wells containing 100% Steinberg's solution and silver-silver
chloride electrodes. Time-lapse images of 5-min intervals of cells were acquired using an
inverted microscope (Carl Zeiss, Oberkochen, Germany).

7
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ImagedJ (National Institutes of Health) software was used to analyze cell migration
as described (Song et al., 2007). ‘Directedness’ is the quantitative measurement of how
directionally cells migrated in response to an EF. The directedness was assessed as
cosine 8, in which 8 was the angle between EF direction and a straight line that connects
the start and end positions of a cell. A cell moving directly to the cathode or the anode
would have a directedness value of 1 or —1, respectively. Migration distance (in ym) is
calculated as (1) accumulated distance, which is the full trajectory distance traveled by
the cell, and (2) Euclidean distance, which is the straight-line distance between the
starting and final positions of a cell. Displacement speed (in pym/min) is the Euclidean

distance over time.

Statistics

Statistical analysis was performed using unpaired, two tailed student t-test. Data are

expressed as mean + SEM. P-value less that 0.05 was considered statistically significant.
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RESULTS

Mammalian CNCCs show anodal galvanotaxis

We first determined the migratory response of mammalian CNCCs 09-1 line to applied
EFs. In control condition without EFs, cells migrated actively in random direction (Fig. 1,
A,B and Movie 1). When a direct current (dc) EF was applied, the cells showed robust

directional migration towards the anode (Fig. 1, C,D and Movie 2).

This noteworthy impact on the migration directedness of O9-1 cells, imposed by a
dcEF, is further illustrated by reversing the field polarity. We reversed the EF polarity after
CNCCs have been exposed to an EF and migrated for 2h in one direction, then reversed
the field direction 180°. In the first 2h, as expected cells migrated towards the anode (left)
(Fig 1. E,F and Movie 3). Within 5-10 minutes following the polarity reversal, cells started
migrating towards the new anode (right) (Fig1. E,G and Movie 3). The migration
trajectories of the individual cells show the directional change upon reversal of the field

polarity (Fig 1. F,G). O9-1 cells in culture thus showed anodal galvanotaxis.

Voltage dependent responses of mammalian CNCCs

To determine the threshold voltage for galvanotaxis of O9-1 cells, we applied EFs of
different strength. We found that at the low field strength of 15 mV/mm, CNCCs did not
show statistically significant change in migration direction (Fig 2. A,G and Movie 4).
However, in a field with strengths of 30 mV/mm and greater, CNCCs show statistically
significant directional migration towards the anode (Fig 2. B-G and Movie 4), suggesting

that the threshold for O9-1 cell galvanotaxis is between 15mV/mm — 30mV/mm (Fig 2.
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B,G).

Displacement speed of O9-1 cells show progression with the increase in EF
strengths (Fig 2. H). The displacement speed in the absence of EF is 0.45 + 0.04
(um/mm), which significantly increased to 0.829 + 0.08 in an EF of 30 mV/mm and
continues to increase with the increase in field strength. The threshold for increased

displacement speed is likely between 15-30mV/mm.

Galvanotaxis of primary cultures of CNCCs

Next, to rule out any cell line specific response, we used primary cultures of CNCCs to
test galvanotaxis of the same cranial lineage. The primary cells were from the frontal and
nasal bones of neonatal wildtype (C57BL/6J) mouse cranial vault (Fig 3. A). This region
in mouse is derived only from CNCCs (Chen et al., 2020; Jiang et al., 2002). The primary
cells were validated for their CNCC properties by performing RT-gPCR of representative
markers (Snail1, Twist1, Nestin, CD44 and Sca-1) (Ishii et al., 2012; Szabo and Mayor,
2018; Trainor, 2005) (Fig 3. B). Expression of those markers were confirmed in the O9-1
cells as well, which were used to normalize expression levels in the primary cells. Also,
differentiation potentials of both 09-1 and primary CNCCs were tested for osteogenesis
(Fig 3. C). Potency of osteogenesis distinguishes CNCCs from other NCC populations
(Le Douarin and Kalcheim, 1999; Noden, 1988; Santagati and Rijli, 2003; Szabo and
Mayor, 2018). We placed cells in osteogenic conditions and performed ALP staining and
AR staining at different time points (Day-7 and Day-21 following differentiation induction).
Both types of cells achieved positive ALP activity, and mineralization stained by AR (Fig

3.C).
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We recorded voltage dependent response of primary CNCCs. Similar to cell lines
(O9-1), directed migration of primary CNCCs also improved with increasing field strength
(Fig 3. D-l and Movie 5,6). Effect on migration directedness became significant at
100mV/mm, and further at 200mV/mm. The effect on displacement speed however,
started to show significance even at much lower field strength of 15mV/mm, which was

further increased at 100-200mV/mm (4-5 times faster than that of no EF control) (Fig 3.

1).
Culture density of CNCCs did not affect galvanotaxis

We finally asked whether galvanotaxis of CNCCs is affected by the cell culture density.
Cell-cell contact has been shown to be important in chemotaxis of NCCs (Kasemeier-
Kulesa et al., 2006; Kasemeier-Kulesa et al., 2005; Krull et al., 1995; Theveneau et al.,
2010). The CNCCs migrate in three streams from the hindbrain, and cells within these
streams often form chainlike arrays, in which they maintain contact and migrate
collectively. CNCCs migrating together in chain have higher directionality then cells
migrating individually (Kulesa and Fraser, 1998; Teddy and Kulesa, 2004). Therefore, we
studied galvanotaxis in high density culture (approx. 620 cell/mm?2), in which cells
maintained multiple cell-cell contact. (Fig. 4, and Movie 7). Galvanotaxis of the cells in
high cell density cultures turned out to be very similar to that of low-density cultures
(approx. 150 cell/mm?) under the same strength of EF (15, 30, 50, 75, 100, and 200
mV/mm) (Fig 4. A-F, H and Movie 7 vs. Fig 2. A-F, Fig 4. G, and Movie 4). The
directedness of high density CNCCs is slightly higher (Fig 4. 1), and displacement speed
is slightly lower (Fig 4. J) for every tested voltage strength but without statistical

significance.

11



10

11

12

13

14

15

16

17

18

19

20

21

22

DISCUSSION

Our results demonstrate that (1) mammalian CNCCs migrate towards the anode in
applied dcEFs of physiological strength; (2) Directedness, and displacement speed are
voltage-dependent with threshold likely to be between 15-30mV/mm, very similar to the

fields measured in vivo (27 + 4 mV/mm) (Hotary and Robinson, 1994; Metcalf et al., 1994).

NCCs, arising over the vertebrate axis, start to emigrate from the midbrain region
in chick at approximately five to six somite stage (embryonic day (E) 1.5) (Tosney, 1982),
xenopus at stage 12 (Sadaghiani and Thiébaud, 1987), zebrafish at 13-14 hr
postfertilization (Schilling and Kimmel, 1994), and in mouse at five somite stage (E8.25)
(Nichols, 1986). The migration is critical for development and the underlying mechanisms
have been investigated, mostly for chemotaxis, and more recently for durotaxis (Barriga
et al., 2018; Dyson et al., 2018; Shellard and Mayor, 2019; Shellard et al., 2018; Szabo

and Mayor, 2018).

Naturally occurring EFs in embryos and galvanotaxis of NCCs

Endogenous EFs occur naturally in embryos. The activity of various ion pumps and
transporters generate charge difference across the epithelium that is manifested as
transepithelial potential (TEP) (Kennard and Theriot, 2020; Shi and Borgens, 1995). The
TEP across the embryonic ectoderm is the driving force capable of producing ionic-
current flow through, and out, of the embryos at the region of low electric resistance. This
current flow in turn sets up endogenous EFs within the embryos (Metcalf and Borgens,
1994; Metcalf et al., 1994). TEPs have been recorded during blastula, gastrula, and

neurula stages in amphibian, in primitive streak, during later stages development in the

12
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chick, and have also been suggested in mouse blastomeres (Jaffe and Stern, 1979;
McCaig and Robinson, 1982; Metcalf et al., 1994; Nuccitelli, 1992; Nuccitelli and Wiley,
1985; Regen and Steinhardt, 1986). Modification of these fields during neurulation can
cause developmental abnormalities (Nuccitelli, 2003). It was suggested that EFs in the

range of 20-200 mV/mm exist along the migration pathways of NCCs.

Avian and amphibian NCCs in culture showed directional migration, even in an EF
as low as 7mV/mm (Nuccitelli et al., 1993). Our results add experimental evidence that
mammalian cranial NCCs also have robust galvanotaxis response. The threshold of EFs
to increase displacement speed and to induce directional migration appears to lie
between 15- 30 mV/mm (Figs. 2, 3, 4). These threshold values fall into the voltage
gradients detected in avian and amphibian embryos (Jaffe and Stern, 1979; McCaig and
Robinson, 1982; Metcalf et al., 1994; Nuccitelli, 1992; Nuccitelli and Wiley, 1985; Regen
and Steinhardt, 1986). Another interesting point is that the directedness values of
galvanotaxis in threshold fields seem fall in the range of average migration directionality
of NCC in vivo from (0.19 £ 0.1 to 0.3 £ 0.1) (Kulesa et al., 2004; Kulesa and Fraser,

1998) (Fig. 2G and Fig. 3H).

Anode vs. cathode galvanotaxis of NCCs

The avian and amphibian NCCs migrate toward the cathode (Cooper and Keller,
1984; Gruler and Nuccitelli, 1991). Mouse CNCCs, however, showed anodal
galvanotaxis, opposite to previous reported cathodal migration of avian and amphibian
NCCs. In the absence of EFs, CNCCs are flatter, have multipolar protrusions with no

preferential direction of cell protrusion and migration (movie 1). CNCCs in EFs assume
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a morphology with long bipolar filipodia perpendicular to the field line, and smaller active
protrusions projected in the direction of migration (Movie 2). Cell membrane protrusions
in the direction of migration is consistent with that reported in vitro as well as in vivo (Dang

et al., 2013; Kennard and Theriot, 2020; Pollard and Cooper, 2009).

Why is there such a contrasting difference in galvanotaxis direction? We speculate
that the difference may be due to lineage difference (cranial vs trunk population),
developmental stage, and/or due to different species from which cells have been isolated.
CNCCs are a special group of NCCs that have osteogenesis potential (Le Douarin and
Kalcheim, 1999; Noden, 1988; Santagati and Rijli, 2003; Szabo and Mayor, 2018).
Osteogenesis were confirmed in both the O9-1 and primary cells (Fig. 3 C), confirming
this unique property. CNCCs also have very distinct gene expression profiles, different
from the trunk NCCs (Hu et al., 2014; Rothstein et al., 2018). It was suggested that axial-
specific genetic circuits operate in each subpopulation and underlie their unique features.
Such phylogenic difference may impact vertebrate evolution (Clay and Halloran, 2010;
Kuo and Erickson, 2011; Rothstein et al., 2018). NCCs used in previous studies were
more likely to be the trunk subpopulations from earlier stage of development. Species
difference might be a possible reason, because mammalian NCCs have some unique
features (Barriga et al., 2015; Simdes-Costa and Bronner, 2015). Indeed, species
difference in NCC migration is recently been elegantly demonstrated with ray-finned

fishes (Stundl et al., 2020).

In conclusion, externally applied EFs with a threshold voltage between 15-
30mV/mm direct mammalian CNCCs to migrate towards the anode with increased

displacement speed. This threshold voltage is of the size reported in embryos.
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Galvanotaxis alongside well-elucidated chemotaxis and durotaxis, is likely to regulate
NCC migration. Further investigation is warranted to determine galvanotaxis in guiding

migration of NCCs in development, especially the craniofacial development.
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Figure Legends

Fig 1. Galvanotaxis of mammalian cranial neural crest cell (CNCC) line — ‘O9-1".
(A,B) Migration of CNCCs in control cultures without applying EF (C,D) Significant
directional migration of CNCC to the anode in an applied EF. B and D show the migration
tracks of CNCCs for 3 hours as in A and C respectively. (E,F,G) Reversal of EF polarity
reversed cell migration direction. (F) In the first 2 hours cells move toward the anode on
the left. Then the field polarity was reversed for next 2 hours. (G) Cells reversed their
direction within 5-10 minutes following reversal of field polarity and migrated towards the
new anode on the right. Migration trajectories of selected cells in A, C and E are presented
as temporal color codes. F and G show migration tracks as from E for total of 4 hrs with
field polarity reversed after 2 hrs. Cells migrate towards the left are shown in red, and to
the right in black. The position of all cells in B,D, F, G, at t = 0 min is positioned at the
origin (0, 0). n=50 cells from one experiment and confirmed in two additional experiments.
09-1 cells were cultured in complete ES cell medium with 15% FBS and LIF + 25 ng/ml
recombinant human bFGF. EF= 200 mV/mm.

Fig 2. Voltage dependence of galvanotaxis of mammalian CNCC (09-1 cell line). (A-
F). Migration trajectories of CNCCs for 3 hrs. All cells started from the origin. Cells
migration towards the anode to the left are shown in red, and towards the cathode to the
right in black (G). The migration directedness, and (H) displacement speed of CNCCs
increase with the increasing field strength. Data are mean + SEM. *P<0.05, **P<0.01,
***P<0.001.

Fig 3. Galvanotaxis of primary CNCCs. (A) Primary CNCCs were isolated from the
frontal and nasal bones of neonatal mouse cranial vault (green part labeled). They were
expanded in growth medium (passages 3-5). Cranial lineage of primary culture of CNCCs
were validated by (B) RT-qPCR and (C) Osteogenic differentiation. (B) Gene expression
of NCC markers (Snail1, Twist1, Nestin, CD44 and Sca-1) in primary NCCs was
normalized to O9-1 CNCCs. N=3, each template underwent reverse transcription from an
RNA pool of 3 experimental sets of cells. (C) Osteogenic differentiation of O9-1 and
primary CNCCs were initiated by culturing the cells in osteogenic differentiation medium
(ODM) (+/- 100ng/ml BMP2). ALP staining was performed on Day-7, and AR staining was
performed on Day-21. Images are representative from triplicates of each group. (D-G)
Migration trajectories. Cells migrate towards the anode to the left as shown in red, and
towards cathode to the right in black. All cells started from the origin and migrated for 3
hours. (H) Applied EFs directed cell migration () increased displacement speed. *P<0.05,
**P<0.01, *** P<0.001 when compared to the no EF control. Scale bar 50 um.

Fig 4. CNCCs in high density cultures showed similar galvanotaxis. (A-F) Cell
migration trajectories in high density culture, with starting position from the origin for 3
hours. All cells started from the origin. Cells migration towards the anode to the left are
shown in red, and towards the cathode to the right in black. 50 CNCCs from one
experiment, repeated with two more experiments. Representative example of (G) low
density CNCCs and (H) high density CNCCs. (I) Migration directedness, and (J)
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displacement speed of cells in high density cultures are very similar to that of cells in low
density culture in fields of all strengths tested.

Movie Legends

Movie 1: CNCCs (09-1) migrate in random direction in no EF control culture.

Movie 2: CNCCs (O9-1) migrate directionally towards the anode to the left in an electric
field.

Movie 3: Reversal of EF polarity reverses migration direction of CNCCs from old anode
towards left (first 2hrs) to new anode towards right (another 2hrs).

Movie 4: Voltage dependent response of low density CNCCs (O9-1) in EFs of 15, 30, 50,
100, and 200 mV/mm. Anode on the left, and Cathode on the right.

Movie 5: Primary CNCCs migrate in random direction in no EF control culture.

Movie 6: Voltage dependent response of Primary CNCCs in EFs of 15, 100, and 200
mV/mm. Anode on the left, and Cathode on the right.

Movie 7: Voltage dependent response of high density CNCCs (09-1) in EFs of 15, 30,
50, 100, and 200 mV/mm. Anode on the left, and Cathode on the right.
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Figure 1.
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Figure 4.

CNCC (09-1) +EF (High density)
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