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Abstract 

This study aimed to reveal the influence of brief DC electric stimulation on neurite outgrowth 

and outgrowth rates after application. Chick embryo dorsal root ganglia neurite outgrowth, rates, 

and overall alignment to EF were measured before stimulation and at two time points after 

stimulation. The presence of a 25 V/m EF for 10 min increased overall neurite outgrowth over 

controls for up to 48 h after stimulation and all growth was symmetric. These results demonstrate 

that even 10 min of stimulation, which is approximately 80% shorter than previous studies, 

promotes enhanced nerve growth.  
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Damaged nervous tissue results in injuries ranging from loss of feeling to complete 

paralysis. Various methods of treating nerve injury include the application of electric and 

magnetic guidance cues to encourage and direct regeneration. Electrical fields (EFs) and pulsed 

electromagnetic fields (PEMFs) have been found to improve repair of nerve injuries in vivo [Al-

Majed et al 2000; Borgens 1988; Borgens et al 1999; Sisken et al 1989] and enhance neuronal 

development by aligning and increasing neurite outgrowth in vitro [Erskine and McCaig 1995; 

Greenebaum et al 1996a; Jaffe and Poo 1979; Macias et al 2000; McCaig et al 2000; Patel and 

Poo 1982; Schmidt et al 1997; Zhang et al 2005]. Although this enhanced neural behavior is 

encouraging, further work is needed to fully understand and characterize the effects of field 

stimulation on neural tissue. In particular, more on the long-term effects of stimulation need to be 

revealed to better understand the potential benefits in vivo. 

While in vitro studies apply fields for extended times (2-18 h), in vivo studies have seen 

similar enhanced neural benefits from shorter applications. Stimulation of rat sciatic nerves with 

PEMF for as short as 1 h/day for 3 days increased nerve regeneration rates [Sisken et al 1989] or 

1 h reduced axonal regeneration time from 9 weeks to 3 weeks [Al-Majed et al 2000]. To 

determine long-term effects in vitro, neurite outgrowth and outgrowth rates were examined for 

up to 48 h after a 10 min, direct current-EF application. In order to provide this short duration 

stimulation, a chamber was constructed to supply a uniform EF. Neurite outgrowth was measured 

at 3 time points to characterize outgrowth after stimulation, revealing sustained effects in growth 

rates but no directed outgrowth. 

A stimulation chamber was fabricated to provide a suitable controlled and sterile 

environment for cell growth. The chamber consisted of a milled ultra high molecular weight 
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polyethylene block (ACI Plastic, (110 mm x 60 mm x 25 mm with 5 mm thick walls)) with the 

bottom cut out where a borosilicate glass window was glued with silicone adhesive (Loctite 

Corporation). The side walls were lined with platinum (Alfa Aesar (99.99% pure), ~200 mm2/

electrode contacting the solution) glued flat with instant adhesive and primer (Loctite 

Corporation), providing a uniform EF. Platinum was chosen as it is a suitable potential 

implantable electrode due to the mild tissue and allergenic response [Geddes and Roeder 2003]. 

Stainless steel wire was woven into the top of the platinum and led out of the chamber. A 

constant-voltage power supply was utilized during stimulation and disconnected after 

stimulation; the actual voltage between the platinum sheets was utilized to calculate the EF 

magnitude. Each chamber was sterilized by autoclaving (121°C, 25 min.) before stimulation. 

Circular 25 mm glass cover slips were acid etched with 9:1 H2SO4: H2O2 and the 

underside of the slip marked with a diamond tipped pen to indicate field alignment. Collagen (rat 

type I at 150 µg/mL) was adsorbed to the surface overnight at 2-8°C. The following day the slips 

were washed in PBS, sterilized by absolute alcohol treatment for 30 min, and stored in PBS. 

 DRG were harvested from 8-day-old chicken embryos (Specific Pathogen Free, Charles 

River Laboratories), cleaned of excess tissue, and incubated at 5% CO2 and 37°C for 4 h with 

minimal fluid (~500-700 µL) on collagen-coated slips to encourage attachment. After initial 

attachment period, up to 1 ml of supplemented media (F12K with 20% fetal bovine serum and 50 

ng/ml nerve growth factor) was added. Approximately 22 h after seeding (designated as day 1), 

DRG were imaged prior to stimulation. To stimulate, up to 3 cover slips were placed into a PBS-

filled chamber and oriented to the field. Stimulations with a DC electric field for 10 min were 

performed at 25 V/m (0.40-0.50 mA), which is similar in magnitude as previous studies (for 
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review, see [McCaig et al 2002]). Two controls were examined: sham-exposed samples were 

treated identically (i.e., placed in the PBS-filled chamber) except no field was applied and 

control slips were incubated in PBS-filled Petri dishes for 10 min. All slips were then re-

supplemented with media and incubated at 37˚C, 5% CO2. Additional images were taken 24 h 

(day 2) and 48 h (day 3) after stimulation by briefly removing the cultures from the incubator. 

Time points used throughout the study are referred to as day 1, 2, or 3 for conciseness. 

Images were analyzed to determine the neurite length and overall alignment to the 

electric field, similar to a previous study [Macias et al 2000], for all time intervals with the 10 

trials performed. Briefly, a circles with four quadrants (cathode facing (C), anode facing (A), and 

perpendicular facing (B, D)) were created from the orientation of the DRG in the field and 

centered on where the slips faced the cathode in order to achieve equal quadrants sizes with 90° 

angles. Each quadrant was further divided into 9 equal sections, where the longest neurite was 

measured by tracing a path from the start of the neurite at the DRG body to the tip of the neurite. 

All sections were averaged to obtain the quadrant neurite length. Growth rates were determined 

by dividing the neurite outgrowth by the corresponding time point (22, 48, or 72 h). Statistical 

analysis was performed using single factor ANOVA (Microsoft Excel) where p < 0.05 was 

considered significant. Approximately 60 DRG per group (Stimulated, Sham, and Control) were 

imaged at day 1 and 2, and 40 DRG per group at day 3. The mean ± standard error of the mean 

(SE) was reported. 

Tests investigating the chamber design, including spectra of the stimulated media, pH of 

the stimulated media, and controls of neurite growth in pre-stimulated media, indicated that any 

byproducts of the stimulation were minimal and did not affect length (data not reported). At day 
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1, DRG had no significant differences in average neurite length, ~180 µm, between controls and 

those to be stimulated, imparting no bias to pick presumably healthier DRG. All DRG for all 

time points had symmetric neurite outgrowth with no quadrant favoring outgrowth, even after 

stimulation (Table 

1). Since neurite 

outgrowth was 

symmetrical, all 

quadrants (A-D) 

were pooled to 

obtain an overall 

measurement for 

all the days (Fig. 

1a). Electrically 

stimulated DRG 

had significantly increased overall neurite lengths at day 2 and day 3 compared to the respective 

controls. At day 2 and day 3, the overall neurite outgrowth for those exposed to the EF was 524 ± 

5 µm and 746 ± 10 µm while the controls were 450 ± 10 µm and 638 ± 19 µm, respectively, a 

~17% increase each day. The growth rates were assessed from the pooled overall neurite 

outgrowth measurements at each time point. While growth rates of control neurites were 

relatively similar over the 3-day period (~8.8 ± 0.6 µm/h), they were statistically increased for 

both controls from day 1 compared to day 2 (Fig. 1b). Stimulated DRG exhibited increased 

growth rates that were sustained over the 2-day period after stimulation. The growth rates of 

!
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those exposed to the EF at day 2 and 3 were 10.9 ± 0.2 µm/h and 10.4 ± 0.2 µm/h, respectively, 

both being significantly increased from day 1, 8.0 ± 0.2 µm/h. The growth rates of day 2 and day 

3 were statistically different from each other as well. 

In vitro, EF and PEMF has increased overall neurite outgrowth during and after 

stimulation [Sisken and Smith 1975] [Erskine and McCaig 1997; Greenebaum et al 1996a; Jaffe 

Fig. 1 Data from each quadrant was pooled to obtain an overall neurite outgrowth measurement 

and growth rate. (a) All DRG before exposure (day 1) had approximately the same neurite 

outgrowth while DRG exposed to a 25 V/m electric field for 10 min exhibited statistically 

increased neurite outgrowth at days 2 and 3 compared to each control. (b) Growth rates were 

increased over controls after stimulation, and the increase was sustained for up to two days. At 

each time point, rates of stimulated neurites were significantly increased over both controls. 

Control growth rates were similar over the course of three days, although some differences 

were noted. Data represented by mean ± SE. * indicates statistical significance (p < 0.05) 

between stimulated DRG and controls.
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and Poo 1979; Macias et al 2000; Patel and Poo 1982; Schmidt et al 1997], but less is known 

about how long these beneficial effects persist and few studies have investigated shorter duration 

stimulations that have been used for in vivo studies. In mimicking in vivo durations, this study 

demonstrated that short duration stimulation of 10 min increased overall neurite outgrowth. This 

time is substantially shorter than the stimulation times (2-18 h) applied in other similar in vitro 

studies [Greenebaum et al 1996a; Macias et al 2000; Schmidt et al 1997]. Additionally, enhanced 

neurite outgrowth was maintained up to 48 h after stimulation. Although some differences in 

growth rates were noted between days 1 and 2, a delay in attachment after seeding may account 

for these differences in growth rates. Others have noted a problem with DRG attaching 

themselves to a surface [Greenebaum et al 1996b], potentially delaying the initiation of neurite 

extension. Any delay in attachment may potentially explain the differences seen in the growth 

rates of controls between day 1 and 2.  

Although it had been established that an EF influences neurite outgrowth direction during 

the field application, usually with growth preferential to the cathode with suppressed growth to 

the anode [Erskine and McCaig 1995; Erskine and McCaig 1997; Jaffe and Poo 1979; McCaig et 

al 2000; Patel and Poo 1982], preferential growth was not noted here. However, it is not well 

understood if directional preference can persist or occur after EF is removed. For example, 

dissociated Xenopus neurons became increasingly aligned to the EF over the course of 5 h, with 

only minimal alignment after the first hour [Erskine and McCaig 1997], but lose their orientation 

a few hours after stimulation [Patel and Poo 1982]. In contrast, neurite alignment was noted up to 

18 h after long duration PEMF stimulation (18 h) [Greenebaum et al 1996a; Macias et al 2000]. 

Therefore, the amount of time the field is applied seems to influence the ability for neurites to 
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align, with shorter times, such as the 10 min in this study or 2 h in a previous study [Schmidt et 

al 1997], not altering the direction of growth 24 h after stimulation. 

In conclusion, application of a 25 V/m DC EF for 10 min increased and sustained DRG 

neurite outgrowth and growth rates for up to 2 days following simulation. No neurite guiding 

behavior was found in this study, since all quadrants exhibited approximately the same length of 

neurite outgrowth 24 and 48 h after stimulation. However, this result does not eliminate the 

possibility of guidance during electrical stimulation. 
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