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Abstract. Neurite outgrowth was observed for the neuronal networks formed in primary 
neuronal cultures from dorsal root ganglia. Their activity was analyzed by the fluorescence 
microscopy technique in order to evidence the level of calcium ions (calcium imaging) in cytosol of 
the neurons. Cells were loaded with calcium fluorescent dye Calcium Green-I. Using this technique, 
we have evidenced the spontaneous oscillations of the cytosolic calcium concentration in neurons 
coupled in a network. We have proved the synchronization and periodicity of these oscillations. The 
potassium chloride addition stimulates the neurons by producing a large and transient increase of the 
cytosolic calcium that proves the functionality of the neuronal network. 
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INTRODUCTION 

Sensory input from the periphery to the CNS is critically dependent on the 
strength of synaptic transmission at the first sensory synapse formed between 
primary afferent dorsal root ganglion (DRG) and superficial dorsal horn neurons of 
the spinal cord. 

Several experimental strategies for enhancing outcome after human spinal 
cord injury have advanced to human application in recent years. These include 
steroids, anti-oxidants, GM1 ganglioside, fetal cell grafting, Rho kinase inhibition 
(Cethrin), nogo antibody infusion (Novartis), activated macrophage injection into 
the lesioned spinal cord, olfactory ensheathing cell transplantation, body cooling, 
minocycline, riluzole and others [2, 6, 7, 11, 13, 14, 23, 25, 27]. 
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Neurite outgrowth in cultured neurons is considered one indication of 
neuroregenerative potential [10, 17, 19]. Assays designed to measure parameters of 
neurite outgrowth can be helpful in the elucidation of mechanisms inhibiting axon 
repair and in the development of strategies to overcome repair limitations. Neurons 
from multiple sources capable of extending neurites can be utilized for in vitro 
assays and changes in neurite outgrowth can be assessed while screening molecules 
that promote, inhibit, or overcome inhibition of neurite outgrowth. In fact, many 
variations of neurite outgrowth assays have been developed using both primary 
neuron cultures, such as dorsal root ganglia, cortical neurons, cerebellar granule 
neurons (CGNs), and established cell lines, such as NG108-15, SH-SY5Y and 
PC12 [8, 16, 18, 24]. 

Calcium ions are crucial messengers in the regulation of synaptic efficacy. In 
the postsynaptic neuron, this is exemplified by the tight temporal and spatial co-
segregation of calcium ions with calcium-dependent signal transduction protein 
complexes in dendritic spines. Over the last several years optical imaging, 
physiological, structural, and biological studies have clarified the molecular 
mechanisms underlying differential calcium signaling within the spine [1]. 

In our study we have used the calcium imaging technique in order to 
evidence the functionality of neuronal networks formed spontaneously in primary 
cell culture by sensory neurons from dorsal root ganglia. 

MATERIALS AND METHODS 

SOLUTIONS 

The IncMix solution for DRG incubation contained (in mM): NaCl 155, 
K2HPO4 1.5, HEPES 5.6, NaHEPES 4.8, glucose 5. The antibiotic gentamicin was 
added to 50 µg / mL. The standard extracellular solution used in all experiments 
contained (in mM): NaCl 140; KCl 4; CaCl2 2; MgCl2 1; Hepes 10; NaOH 4.55; 
glucose 5 (pH 7.4 at 25 °C). Stock solutions were prepared: Calcium Green-I – AM 
(Molecular Probes) was solubilised in dimethyl sulfoxide at a concentration of 
4 mM and pluronic acid (Molecular Probes, F-127) was solubilised in dimethyl 
sulfoxide at a concentration of 10 mM. Pluronic acid has the role to facilitate the 
penetration of the esterified dye molecules inside the neurons. 

SENSORY NEURONS IN PRIMARY CULTURE 

Adult rats (150–200 g) were killed by inhalation of 100% CO2, followed by 
decapitation. DRG neurons were cultured as described elsewhere [20]. DRGs were 
removed and incubated in 1 mg / mL collagenase (type XI from Sigma) and  
3 mg / mL Dispase (nonspecific protease, Sigma) for 1 h at 37 °C in IncMix 
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solution (see Solutions). After trituration the dissociated cells were plated onto 
borosilicate glass coverslips (0.17 mm thick, 24 mm diameter) which had been 
treated with poly D-lysine (0.1 mg/mL for 30 min), and cultured (37 °C, 5% CO2 in 
air) in a 1 : 1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F12 
medium with 10% horse serum and 50 µg/mL gentamicin.  

RECORDING CALCIUM CONCENTRATION VARIATIONS  
BY FLUORESCENCE TECHNIQUE 

In order to record the calcium concentration variations inside the sensory 
neurons, we have used the fluorescent dye Calcium Green-I – AM (Molecular 
Probes). The culture medium was removed and cells were rinsed 3 times with 
extracellular Ringer solution. 1 mL Ringer solution was mixed with 0.5 µL 
Calcium Green stock solution and 0.5 µL pluronic acid stock solution. Cells were 
incubated with that mixture for 1 h at 37 °C. The solution containing the dye was 
removed and cells were rinsed 3 times in extracellular Ringer solution. Afterwards, 
cells were incubated for another 0.5 h at 37 °C in order to allow the cytosolic 
esterases to act and to release the active form of the dye. 

Sensory neurons were observed with a wide field epifluorescence microscope 
(Olympus IX71) equipped with a filter set U-MWB2 (λex = 460–490 nm, λem > 
520 nm, dichroic filter λ > 500 nm). This filter was suitable for the observation of 
the Calcium Green fluorescence emission (λex = 505 nm; λem = 532 nm).  

IMAGE ACQUISITION AND ANALYSIS 

The image acquisition was performed with the CCD camera (iXon DU897, 
Andor) and with the software package iQ (Andor). Fluorescence images are 
captured with a frequency of 3 frames/s with an exposure time of 10 ms/frame (the 
CCD camera was cooled at –80 °C). In order to analyse the fluctuations of the 
cytosolic calcium, we have recorded series of images up to 240 s. In each neuron, 
the intensity variation was followed by choosing a corresponding region of interest 
and by measuring the medium emission intensity in this region. Images were 
analysed with the software package ImageJ [22]. 

RESULTS AND DISCUSSION 

SPONTANEOUS NEURITE OUTGROWTH 

A neurite refers to any process (either an axon or a dendrite) from the cell 
body of a neuron. The term is frequently used when speaking of immature or 
developing neurons, especially of cells in culture, because it can be difficult to 
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distinguish axons from dendrites before differentiation is complete. Neurites are 
often packed with microtubule bundles, the growth of which is stimulated by Nerve 
Growth Factor (NGF), as well as tau proteins, MAP1, and MAP2 [5]. 

In our experiments sensory neurons were maintained in culture up to 10 days. 
They were plated at a relatively low density, without any inhibitor of glial cell 
growth. If cells are plated to a higher density, the neurite outgrowth is accelerated 
and the neuronal network formation is very fast. This fact is mainly due to the NGF 
release in the culture medium. Cells were inspected every day on an inverted 
microscope and the medium was changed every 3 days. From the 2nd day of culture 
(Fig. 1A), one can see the neurite formation from the growth cone. If we follow the 
process, we can observe the evolution of these neurites to a complete axon 
formation (in the 5th day of culture; Fig. 1B). We presume to be an axon because of 
its particular shape, and the branching process at 90 °C that is typical.  

 

 
Fig. 1. Neurite formation from the growth cone of a sensory neuron, in the 2nd day of culture (A), or 

in the 5th day of culture (B). Images are obtained on an inverted Olympus microscope, 40× air 
objective (phase contrast imaging). 

NEURON-NEURON SYNAPSE 

In vivo, once neurons begin to aggregate into recognizable structures, and 
sometimes even before, they begin to extend neurites. These neurites grow toward 
other regions of the nervous system or other structures on which the neurons will 
eventually form synapses, such as glands, muscle, etc; these tissues are usually 
referred to as the ’targets’ of the neurons. The proper functioning of the nervous 
system depends on the formation of proper connections. It appears that neurons 
from different parts of the nervous system grow more or less directly toward their 
normal targets, and ignore or bypass other potential synaptic sites. First, growing 
axons interact directly with molecules on the surfaces of cells or in the extracellular 
matrix of the tissues through which they grow. These physical interactions attract 
the axons to grow in certain directions and to avoid growing in others [5]. 
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Growing neurites are directed through the embryo to their targets by a variety 
of complex direct molecular interactions with each other, with cells over which 
they pass, and with the extracellular matrix. These interactions can be attractant or 
repellant to the growing neurite, and are mediated by the leading edge of the 
neurite, a highly motile and specialized structure called the growth cone [5]. 

In Fig. 2 is presented an example of a pair of coupled neurons (cells A and B) 
in primary DRG neuronal culture. In this case, the attractive condition was 
achieved and these two neurons have coupled in a synapse (see arrow). The 
presence of the neuronal connexion is more obvious in transmitted light rather than 
in fluorescence. This fact is determined by the high number of calcium ions 
confined into the soma of the neurons, and their weak presence in neurites.  

 

 
Fig. 2. Example of two neurons (A and B) coupled in a synapse. (left) transmission image; (right) 

fluorescence image (40x air objective). 

NEURAL NETWORKS 

During development, neurons become assembled into functional networks by 
neurites which connect synaptically to other neurons. Axon branching enables a 
single neuron to connect with multiple targets and is therefore essential for the 
assembly of complex neural circuits [5]. Given the fundamental importance of 
axon branching for establishing synaptic connectivity, surprisingly little is known 
about how branching is regulated. 

In Fig. 3 is presented a complex network formed by neuronal and glial cells, 
either coupled in neuron-neuron synapses or in neuron-glia synapses. We have 
noticed (unpublished results) that the use of glial cell growth inhibitors is 
unappropriate for the development of that spontaneous neuronal network. It seems 
that the presence of glial cells is very important for the formation of neuron-neuron 
synapses and they are also implicated in the formation of neuron-glia synapse.  
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Fig. 3. Primary neuronal culture in the 7th day. Multiple connexions between neurons and glia  

are present. (A) Transmitted light image. (B) Fluorescence image (40x air objective). 

CALCIUM OSCILLATIONS IN NEURONAL NETWORK 

Changes in intracellular free calcium concentration [Ca2+]i regulate many 
diverse cellular functions. Neurons possess complex calcium homeostatic 
mechanisms to control [Ca2+]i, two main pathways being involved: the inositol 
1,4,5 trisphosphate receptor (IP3R) and the ryanodine receptor (RyR) [3]. In the rat 
neurons of dorsal root ganglia two types of Ca2+-dependent currents have been 
described; a Ca2+-activated chloride current (ICl(Ca)) and a Ca2+-activated nonselective 
cation current (ICAN) [3].  

In our experiments, we have adjusted the protocol of image acquisition in 
order to eliminate the dye photobleaching effect, in conditions of constant calcium 
concentration. We have increased the CCD camera sensitivity and reduced the 
excitation light intensity until the fluorescence emission was time-stable. This fact 
can be onserved in Fig. 4 for the six selected cells during an acquisition interval of 
240 s.  

 
Fig. 4. Fluorescence intensity of sensory neurons in the absence of any stimulus. A. Fluorescence image 
(six cells are marked; 20x air objective). B. Fluorescence emission intensity for the six analysed cells.  
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In the same figure, we can observe the sponataneous [Ca2+]i fluctuations of 
the analysed neurons, this fact being a proof of the interconnected neurons 
functionality [26]. In Fig. 5A, it is shown a detail of the trace recorded for cell 2. 
The represented duration is approximately 60 s and the oscillation period is 2–5 s 
similar to the data reported in hippocampus neurons [26]. Furthermore, in Fig. 4B 
one can follow the calcium oscillations for the six recorded cells and observe their 
synchronicity. A better view of the synchronous calcium waves was illustrated in 
Fig. 5B for relative fluorescence intensity (fluorescence intensity in each cell is 
normalized to the medium intensity) in cells 1, 2 and 3 recorded for a period of 
60 s. 

 

 
Fig. 5. A. Spontaneous oscillations in calcium concentration (A) Fluorescence emission intensity  
in cell 2 shown in Fig. 4, for a period of 60 s. (B) Relative fluorescence intensity in cells 1, 2 and  

3 from Fig. 4, for a period of 60 s. 

MODULATION OF THE CALCIUM OSCILLATIONS IN NEURONAL NETWORK 

Intracellular calcium waves can be modulated by various agents, such as a 
protein based sperm factor (SF) extracted from mammalian sperm, heat treatment, 
replacement of Ca2+ ions with Ba2+ ions, intracellular application of cyclic ADP-
ribose [3], tetrodotoxin (TTX) [26]. In our study, the modulation of the neuronal 
cytosolic calcium oscillations was done by the extracellular perfusion of potassium 
chloride (40 mM). The plasma membrane depolarisation is induced by K+ ions 
outside increase. The direct consequence of this depolarisation is the transient 
release of calcium from the intracellular reservoirs to the cytosol [9]. In Fig. 6A are 
presented six cells stimulated by potassium ions. In Fig. 6B, we have analysed the 
synchronous increase of the fluorescence intensity in the neurons upon potassium 
chloride superfusion and their synchronous recovery.  
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Fig. 6. Fluorescence intensity in sensory neurons stimulated with potassium chloride 
(40 mM). A. Fluorescence image (six neurons are marked by circles and are numbered; 20× 
air objective). B. Fluorescence intensity in the six analysed cells; the addition of potassium 

chloride is marked by arrows. 

Synchronisation can be observed in Fig. 7, where the same traces as in Fig. 6B 
are represented after that fluorescence emission intensity values were normalized 
for each cell to the medium value acquired during the first 50 s of unstimulated 
recording. It is obvious the good synchronisation of the neurons response. In 
addition, it is observed a variability in neurons response, as it concerns their 
oscillation amplitude and the relaxation time. These results are in agreement with 
the data reported for the calcium oscillations in hippocampus [26]. 

 
Fig. 7. Relative fluorescence emission intensity in neurons from Fig. 6  

in the presence of potassium chloride. 
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CONCLUSIONS 

Intracellular free calcium ions act as important second messengers that 
regulate signal transduction processes that control nerve growth, including neurite 
outgrowth and axonal pathfinding [12]. Previous investigations have revealed 
disrupted Ca2+ signaling in primary sensory neurons after injury [21]. An easy 
method to evidence the functionality of neuronal growth is to follow the calcium 
concentration variations due to depolarization induced by potassium ions. An 
optimal range of [Ca2+]i in growth cones is required for proper neurite outgrowth 
[4]. Therefore, the amplitude of the [Ca2+]i is considered to be an important factor 
in calcium signaling. Sensory neurons proved to be viable from the beginning of 
the experiment (1st and 2nd days in primary culture) until the 10th days in cultures. 
This was proved by the incorporation of Calcium Green-I – AM into the neurons 
and by their esterases activity that released the fluorescent form of Calcium Green. 
In addition, the neurite growth is visualized in transmitted light. These neurons are 
able to form neuronal networks, in which are implicated both other neurons and 
also the glial cells. A good proof that these networks are constituted and functional 
is to follow the calcium oscillations in the connected neurons. A synchronous 
activity can be visualized in these cells, and the potassium ions are able to 
modulate these oscillations. 

Neurite extension, or neurite outgrowth, plays a fundamental role in 
embryonic development, neuronal differentiation, and nervous system function. 
Neurite outgrowth is also critical in some neuropathological disorders as well as 
neuronal injury and regeneration [5]. Neurons in the adult mammalian central 
nervous system do not spontaneously regenerate their axons after injury [15]. In 
our experiments, sensory neurons from the peripheral nervous system proved the 
ability to form spontaneous neurites that interconnected. Further investigations are 
necessary to certify the functionality of these connections and if they are made 
according to the anatomical architecture. Consequently, our preliminary study 
might have a clinical importance in understanding the mechanisms of recuperation 
upon peripheral nerve injury in adults.  
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