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Introduction

The autonomic nervous system, which is responsible for maintaining homeostasis, is divided into the sympathetic and parasym-
pathetic nervous systems. Each system is defined anatomically by preganglionic neurons located in the central nervous system
whose axons synapse on postganglionic neurons located in the periphery, which in turn directly innervate target organs. While there
are published examples of the isolation and maintenance of preganglionic autonomic neurons in culture, it is the peripheral post-
ganglionic neurons that have principally been isolated for tissue culture and these are the focus of this discussion. In addition, we
will discuss tissue culture of the enteric nervous system, which is distinct from the autonomic nervous system, but like the sympa-
thetic and parasympathetic nervous systems, is derived from the neural crest.

The culture of autonomic neurons, specifically postganglionic sympathetic neurons, has a long and rich history in neurobiolog-
ical experimentation. Intact sympathetic ganglia maintained in culture as explants were first described by Lewis and Lewis in 1912,
and the observation that a soluble factor produced by a mouse sarcoma stimulated profuse outgrowth of neurites from sympathetic
explants in culture led to the discovery of nerve growth factor (NGF) by Levi-Montalcini and colleagues. Since this seminal
discovery, sympathetic neuronal cell cultures have proven to be a powerful tool for identifying additional neurotrophic factors
and for elucidating the molecular mechanisms by which NGF and other growth factors regulate neuronal survival, differentiation
and function. Beyond this application, primary cultures of sympathetic neurons continue to be a popular and robust model system
for elucidating basic cell and molecular mechanisms of neuronal cell development and differentiation, and for studying cell and
molecular mechanisms of sympathetic physiology and pharmacology. With the exception of the chick ciliary ganglion, primary
cultures of parasympathetic and enteric neurons have not been as widely used, and studies employing these culture models
have focused largely on the electrophysiological and pharmacological properties of these neuronal cell types.

Neural Crest Cells

All neurons and glia of the sympathetic, parasympathetic and enteric nervous systems are derived from the neural crest. The neural
crest also gives rise to cell types other than peripheral neurons and glia, and because of this vast repertoire of cellular fates, and the
fact that differentiation of neural crest cells is strongly influenced by environmental factors, neural crest cell differentiation has
emerged as a powerful model system for identifying basic developmental principles governing the generation of diverse cell types
in not only the peripheral but also the central nervous system. Historically, neural crest cells have been cultured from both rodent
and avian species, and detailed descriptions of techniques for isolating and maintaining neural crest cells from these sources have
been published (see references listed under Further Reading). Neural crest cell cultures have been critical for confirming that pre-
migratory neural crest cells are pluripotent, and clonal analyses of cultured neural crest cells have yielded much of the experimental
evidence upon which is based our current understanding of neural crest cell fate restriction as a function of developmental timing
and location along the migratory pathway.

Cultured neural crest cells remain a popular model for identifying environmental cues that influence the migratory behavior and
differentiation of neural crest cells, including those progenitor cells that give rise to the sympathetic and enteric nervous system. For
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2 Autonomic and Enteric Neurons: Cell Culture

example, the isolation and culture of a sympathoadrenal progenitor from migrating neural crest cells was instrumental in identi-
fying the roles of fibroblast growth factor (FGF) and glucocorticoids in determining whether these progenitor cells differentiate
into sympathetic neurons or adrenal chromaffin cells. Studies of cultured sympathoadrenal progenitor cells were also critical for
demonstrating that FGF induced NGF responsiveness in these cells, providing some of the first evidence that differentiation signals
involve a cascade of responses to multiple signaling molecules. Culture of crest-derived cells immunoselected from within the
bowel provided critical confirmation of in vivo observations suggesting that laminin promoted neurogenesis of enteric precursor
cells. This model system has since been used to identify additional factors that promote differentiation of both enteric neurons
and glia. Other applications of crest cell cultures include determination of the intracellular signaling pathways that mediate the
effects of environmental cues on migration and differentiation of sympathetic and enteric precursors, and the identification of
genomic and proteomic profiles associated with specific states of determination.

More recently, protocols have been published for the culture and directed differentiation of human epidermal neural crest stem
cells (hEPI-NCSC), which are neural crest-derived multipotent stem cells that persist into adulthood in the hair follicle bulge.
Following isolation from human hair follicles, these hEPI-NCSCs can be pre-differentiated into proliferating neural stem cell-
like cells. At this stage, these cells can be differentiated into purified cultures of dopaminergic neurons, peptidergic nociceptive
sensory neurons, or Schwann cells, depending on the specific mixture of growth factors and small molecules to which they are
exposed. Protocols for differentiating these cells into sympathetic or parasympathetic neurons have yet to be published; however,
this is likely a matter of time, and the availability of such models will provide new, powerful, approaches for drug discovery and
patient-specific modeling of diseases characterized by autonomic dysfunction.

Sympathetic Neurons

Sympathetic neurons have been cultured from prevertebral and paravertebral ganglia isolated from diverse species ranging from
bullfrogs to humans at varying developmental stages including early embryonic development of the ganglia when a significant
percentage of ganglionic neurons are still undergoing cell division as well the mature and even aging organism. However, cultures
of sympathetic neurons are most commonly derived from prenatal (19-21 days) or early postnatal (1-14 days) rat superior
cervical ganglia or embryonic chick chain ganglia. The easiest type of culture to prepare is an explant in which the intact ganglion
is maintained in culture. Because of the profuse outgrowth of neurites from explanted ganglia, this preparation has been used
extensively as a bioassay for neurotrophic factors and for studies of axonal growth cone behavior, including the identification
of attractive and repulsive axonal guidance cues. Dissociated cultures, however, allow visualization of neurons in their entirety,
which facilitates electrophysiological recordings and microinjections, and enables studies of sympathetic structure and function
at the subcellular level. A third culture paradigm used with sympathetic neurons are compartmented chambers in which the
media bathing distal axons is physically separated from that bathing neuronal cell bodies and proximal processes. Because there
is minimal exchange of fluids or solutes between compartments, various factors can be selectively presented to neuronal cell
bodies or distal axons and the contents of individual compartments can be independently analyzed. More recently, compart-
mented chambers have been used to recapitulate the in vivo anatomic relationship between sympathetic neurons and their target
tissues in cell culture. In these models, sympathetic neurons are plated in one compartment, and their axons allowed to extend
into adjacent compartments into which target cell types, such are cardiomyocytes, have been plated. Data collected using com-
partmented cultures significantly advanced our understanding of the molecular mechanisms of anterograde and retrograde
signaling, and of bidirectional signaling between sympathetic neurons and their peripheral targets. The Campenot chamber
(Fig. 1), which was developed by Bob Campenot, is among the earliest examples of compartmented chambers developed for
sympathetic neuronal cell cultures. Campenot chambers were set up by attaching a compartmented Teflon insert to
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Figure 1 Schematic of Campenot compartmented chambers. (A) Top-view showing neurons plated in the center chamber of the classic Campenot
Teflon insert (Camp10, available from Tyler Research Corporation, Edmonton, Alberta). Neurons typically extend axons under the barriers into the
adjacent side chambers within 7 days after plating. (B) Side-view showing neurons plated in the far left chamber that have extended axons through
the center chamber and into the far right chamber.
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a collagen-coated substrate using vacuum grease. Neurons were plated in one compartment and axons grew under the grease
barriers into adjacent compartments. Axons were encouraged to grow through the grease barrier by scoring parallel tracks in
the collagen substrate prior to attaching the Teflon insert such that the tracks ran from the left compartment into the right
compartment. These tracks exposed the tissue culture plastic, which axons will not grow across. While some labs still use Cam-
penot chambers, they require considerable skill and experience to set up consistently and reliably. Thus, today, many labs have
switched to using microfluidic devices in which fluid exchange between compartments is minimized by differences in hydrostatic
pressure between compartments, which results from the maintenance of different levels of fluid (culture medium) in adjacent
compartments. Detailed protocols for harvesting, plating and maintaining sympathetic neurons using each of these three culture
paradigms are provided in references listed under Further Reading.

Thousands of articles have been published describing the development and behavior of sympathetic neurons in tissue culture.
This system has proven popular for several reasons. First, these neurons are relatively easy to isolate because sympathetic ganglia are
prominent, anatomically discrete entities that are accessible at varying life stages ranging from early ganglionic development
(embryonic day 14 and 15 in the mouse and rat, respectively) through adulthood. Second, this preparation yields one of the
most homogenous neuronal cell populations available in vertebrates. Sympathetic ganglia contain a large population of principal
neurons (>20,000 in the rat superior cervical ganglion), a small population (approximately 300 cells) of interneurons or small
intensely fluorescent (SIF) cells and ganglionic glial cells. Ganglionic glial cells and other non-neuronal cells can be eliminated
in culture using anti-mitotic agents, and interneurons do not survive in dissociated cell culture in standard serum-free culture media.
Thus, changes in these cultures in response to an experimental manipulation tend to be uniform throughout the cell population.
Third, the growth factor requirements of sympathetic neurons are well-established, which allows the use of defined medium, and
a variety of defined media and substrates work well for growing and maintaining sympathetic neurons. These neurons will grow in
the absence or presence of ganglionic glia or target cells and can be maintained for up to 6 months in culture. Most importantly,
when grown under the appropriate in vitro conditions, cultured sympathetic neurons express many of the properties expected of
mature sympathetic neurons in situ, including synthesis and release of norepinephrine, normal electrophysiological properties
and responsiveness to appropriate neurotransmitters, and a dendritic morphology that approximates that seen in situ. Finally,
a wealth of data in the peer-reviewed literature facilitates correlation of in vitro and in situ sympathetic development, function
and plasticity. The most significant limitations of the model historically include the limited amounts of RNA and protein available
from sympathetic ganglia, which may restrict biochemical studies, and difficulty in manipulating gene expression in the majority of
neurons in culture. Recent advances in techniques for analyzing gene expression in single cells are overcoming the former disadvan-
tage whereas new approaches for expressing cDNA in primary neuronal cell cultures are rapidly overcoming the latter. There are
publications reporting the successful application of lipid-based delivery systems (specifically Lipofecatmine 2000), nucleofection,
and viral vectors (adenovirus and lentivirus) to cultured sympathetic neurons. The reported transfection efficiencies are relatively
low (ranging from 10% to 20% with lipofection and nucleofection up to 30%-50% with viral infection), which can be an advan-
tage for endpoints based on individual cell analyses, such as morphological analyses, but may be problematic for many biochemical
endpoints.

Sympathetic cultures offer particular advantages for the study of neuronal development and plasticity. The development of
sympathetic neurons is critically dependent on their environment and this plasticity is retained in tissue culture, where mechanisms
can be more readily studied. It should be noted, however, that the plasticity exhibited by sympathetic neurons in culture has some
practical disadvantages. The morphological, electrophysiological and pharmacological properties of these neurons can be affected
by basic cell culture parameters, including cell density, serum, substratum, and media components such as insulin and potassium.
Thus, it is necessary to be certain that the appropriate culture conditions chosen are for any given study. Despite these caveats,
studies of cultured sympathetic neurons have provided significant insights regarding the identification and mechanistic character-
ization of environmental factors that regulate some of the most essential properties of these neurons, such as their morphology,
receptor profile, and neurotransmitter phenotype. A significant advantage of sympathetic cultures with respect to studies of
neuronal morphogenesis is that, unlike cultured central neurons, it is possible to control when dendritic growth occurs. Thus,
sympathetic neurons can be grown under conditions (low density cultures in the absence of serum and ganglionic glial cells) in
which < 5% of the neuronal cell population extends dendrites, but the addition of the appropriate stimulus (bone morphogenetic
proteins or Matrigel) will trigger dendritic growth in >95% of the neuronal cell population (Fig. 2). Other widespread applications
of sympathetic neuronal cultures include studies of: (1) growth cone behavior, structure and biochemical composition; (2) synapto-
genesis; (3) the cytoskeleton in a variety of cellular functions including axonal and dendritic outgrowth, axonal transport, and
subcellular trafficking; (4) factors that regulate transmitter release; (5) signal transduction downstream of receptor activation;
and (6) molecular mechanisms of apoptosis. Recently, primary cultures of sympathetic neurons have been proposed as a physio-
logically relevant model for studying herpes simplex virus latency and reactivation, and for screening therapeutic candidates for neu-
roprotective efficacy. An application that is gaining in popularity is the use of sympathetic neurons co-cultured with target cells to
study neuron-target interactions. Historically, sympathetic neuron and target cell co-cultures were used to study the influence of
target on neurotransmitter phenotype. More recently, sympathetic neurons co-cultured with target tissue are being used to study
the role of target-derived trophic factors on the formation and function of sympathetic synapses on heart; sympathetic modulation
of cardiomyocyte function, sympathetic control of energy homeostasis via modulation of adipose tissue function; and sympathetic
regulation of immune responses via innervation of the spleen and lymph nodes. An exciting application is the co-culture of sympa-
thetic neurons with iPSC-derived cardiomyocytes to study the relationship between sympathetic neurons and cardiomyocytes in
cardiovascular disease.

Reference Module in Neuroscience and Biobehavioral Psychology, 2019, 1-9
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and fluorescence (B, D) micrographs of rat sympathetic neurons injected with Lucifer yellow during the third week in vitro. Neurons growth in
control cultures in the absence of non-neuronal cells and serum (A, B) typically extend only one process, which is axonal in nature. Neurons exposed
to bone morphogenetic protein-7 (BMP-7, 50 ng/mL) for 7 days were multipolar, having several tapered dendrites and one axon.

Parasympathetic Neurons

Parasympathetic ganglia are considerably smaller than sympathetic ganglia. They range in size from as few as two or three cells to as
many as 30. Although they are usually found within and between muscle layers of end organs they are also located adjacent to and
outside of end organs. Fig. 3 shows a parasympathetic ganglion outside the trachea. It is clearly supplied by nerves, and careful
examination shows nerve fibers running between the cells as well. It is likely that the parasympathetic ganglia are heterogeneous,
with different cells responding to electrical stimulation with different firing patterns. Neurites from these ganglion cells supply
airway smooth muscle inside the trachea, but likely also make contact with other ganglia. However, the majority of parasympathetic
ganglia are small and because of their location, usually buried within end organs. For these reasons, they have received less attention
as in vitro models than sympathetic and sensory ganglia. Professor Geoffrey Burnstock first maintained parasympathetic neurons in
cell culture in the early 1980’s, initially by explant and later by dissociation of tissues. Parasympathetic neurons have now been
isolated from ganglia in many different organs including lungs, heart, bladder and submandibular glands (enteric nerves will be
considered separately) and from all species including mice, guinea pigs, rats and humans.

In vitro studies of parasympathetic neurons indicate that factors affecting growth of sympathetic neurons do not automatically
transfer to the parasympathetic cultures. For example, NGF is required to maintain sympathetic neurons in culture. While it is
commonly added to parasympathetic cultures, many labs do not use it, thus parasympathetic neurons do not require NGF to
survive. Cell lines also do not mimic parasympathetic function. Neuroblastoma cells release acetylcholine, but regulation of
receptor expression is mediated by different pathways in neuroblastoma versus parasympathetic neurons. To identify the physi-
ology and pharmacology of this branch of the autonomic nervous system, it is necessary to isolate and study the parasympathetic
neurons themselves. Since isolation of parasympathetic neurons is not yet routinely done, the technique will be described here. It is
not necessary to isolate parasympathetic neurons from fetal animals and there appears to be little difference between cells isolated
from young versus older animals. Isolation of parasympathetic ganglia involves dissecting out the tissue containing the ganglia fol-
lowed by mechanical removal of as many non-neuronal cells as possible. For example, during dissection of parasympathetic ganglia
from airways, airway epithelial cells are wiped away with sterile cotton swabs. The tissue is gently minced, and then digested enzy-
matically. This usually requires incubation with trypsin (0.25%) and collagenase (0.2%) or protease (0.2%) at 37°C for 60-90 min.
Thicker tissues can be incubated with the enzymes at 4°C from 1 to 18 h to allow enzyme penetration of tissues, followed by incu-
bation at 37°C to activate the enzymes. Enzymatic digestion is usually accompanied by gentle agitation or pipetting to disperse the
cells. This procedure results in suspension of neurons, glial cells, smooth muscle cells, fibroblasts and, depending upon the tissue of
origin, endothelial or epithelial cells. Cultures can be enriched for neurons by preplating the cell suspension for 4-18 h on poly-
styrene dishes to remove fibroblasts and muscle cells. In addition, the anti-mitotic agent cytosine arabinoside (5 pM) can be added

Reference Module in Neuroscience and Biobehavioral Psychology, 2019, 1-9



Autonomic and Enteric Neurons: Cell Culture 5

Figure 3 Three dimensional image of a parasympathetic ganglia from the trachea of an adult C57BL/6 mouse. Shown are the cell bodies and
nerves that supply the cells and run in between the nerve cell bodies. The image was generated from a mouse lung that was perfused with PBS,
before fixing the trachea with Zambonis. The trachea was whole-mounted and immunolabeled with antibody to PGP9.5, which was visualized using
Alexa 555 secondary antibody. The immunolabeled ganglia was imaged on a LSM780 microscope using a Plan-Apochromat 63x/1.40 Qil objective.
Image provided by Katherine M Lebold, Oregon Health and Science University. Scale bar = 100 um.

to cultures a day or two after plating to kill dividing cells. Over several days, the cultures consist predominantly of neurons. A major
caveat of working with parasympathetic ganglia is that, unlike sympathetic ganglia, cultures derived from parasympathetic ganglia
are heterogeneous. This is less an issue in electrophysiological, immunocytochemical or transmitter release studies, but is a major
factor when measuring protein or mRNA by western blot or PCR. For these latter endpoints, controls must be added for the presence
of non-neuronal cells.

Parasympathetic neurons grow best on extracellular matrix (Matrigel; BD Biosciences)-coated slides or culture dishes. There is
no need to use Rose chambers described in the early papers (two coverslips separated by a plastic washer that are clamped
together, which can be purchased from Bellco [product 1943-11111]). Cells grow well in serum-free medium. This is made using
the following reagents (added in the order listed): 470 mL DMEM, 25 mL 2% bovine serum albumin (Fisher BP1600), 10 mL of
100X insulin-transferrin-selenite (Mediatech 25-800-CR), and 495 mL Ham's F12. This can be aliquoted and frozen at —80°C.
Before use, the medium is supplemented with penicillin/streptomycin/fungazone (100 uL of 100X per 10 mL of culture
medium), NGF (to final concentration of 100 ng/mL) and cytosine arabinoside (final concentration of 1 uM). Parasympathetic
neurons originally appear as spherical cells that settle onto the substrate over 48 h after plating. Neurites initially appear as small
protrusions, and extend over the first 3 days. By two or 3 days after plating, neurons with processes are clearly distinguishable.
Parasympathetic neurons grow in dense clusters with outwardly radiating and fasciculated neurites (Fig. 4). The choice of plating
matrix can influence aggregation of the cells: they form dense clusters if grown on polylysine (this substrate yields fewer cells over
all), and smaller clusters (with increased cell survival) when grown on collagen, laminin, or Matrigel. Parasympathetic neurons
can be maintained in culture for 7-10 days. It is rare that cultures survive in excess of 14 days, which is another difference from
sympathetic cultures.

Parasympathetic neuronal cell cultures have been used to describe receptor distribution, neurotransmitter content as deter-
mined primarily by immunocytochemistry and, more recently, to characterize the molecular mechanisms underlying interac-
tions between parasympathetic nerves and inflammatory cells. It is possible to isolate the ganglia from culture and measure
mRNA to quantify induction and expression of genes within autonomic nerves (Fig. 5). Acetylcholine release in response to elec-
trical field stimulation or nicotine has also been measured. However, it cannot be assumed that all parasympathetic neurons
behave the same way. For example, the distribution of purinoceptors for adenosine 5’-triphosphate (ATP) is different in para-
sympathetic neurons originating from heart and lung versus those derived from submandibular or otic ganglia. Much is still
unknown about the basic cell biology of parasympathetic nerves. No studies have been carried out that characterize the growth
and differentiation of parasympathetic nerves; indeed, even the characterization of neurites as axons or dendrites is lacking in this
neuronal cell type. Recent work demonstrating that cultured parasympathetic neurons can be transfected (Fig. 6) suggest the
exciting possibilities of future studies of the cell and molecular mechanisms regulating the development, growth, and plasticity
of parasympathetic neurons.
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Figure 4 Phase-contrast image of parasympathetic neurons from guinea pig trachea, plated on Matrigel and maintained in serum free medium for

7 days.

Figure 5 Method for isolating parasympathetic ganglia from cell culture for harvesting nerve-specific mRNA. Replace cell media with ice cold
RNAse-free PBS, and identify nerve cluster using an inverted phase contrast microscope (A). Make a glass knife by stretching a capillary tube over

a flame, then breaking the tip using fine forceps to create a sharp edge. The capillary tube is used to cut the cells free from their neurites (B). Using
connective tubing, attach the untouched end of the glass capillary to a syringe filled with ice cold RNAse-free PBS. Gently suck up the cell bodies by
applying suction with the attached syringe (C) and eject nerve cells into an RNAse-free Eppendorf tube. Confirm that the nerve cells are removed (D).
All nerve clusters from one dish or treatment are combined in one tube.

Cardiac Parasympathetic Ganglia

Cardiac neurons appear in culture singly or as clusters with neurites extending for hundreds of pm. When isolated from rats, the
somata are 25-35 pm in diameter, depending upon the degree of flattening. Nuclei are approximately 5 x 10 pm. All cells from
rat and guinea pig cardiac ganglia express acetylcholinesterase, suggesting that they are all cholinergic, and have functional M,
and M, muscarinic receptors evenly distributed along cell bodies and neurites. However, they are actually a heterogeneous popu-
lation, with three distinct electrophysiological phenotypes, and a subpopulation immunoreactive for dopamine-B-hydroxylase or
tyrosine hydroxylase, suggesting the presence of SIF cells. Half of all neurons in these cultures are immunoreactive for neuropeptide
Y, a smaller percentage express vasoactive intestinal peptide, but tachykinin expressing cells have not been detected. Thus, cardiac
parasympathetic ganglia in cell culture maintain a considerable degree of neuronal specialization as is seen in vivo.

Tracheal Parasympathetic Ganglia

Parasympathetic ganglia from trachea were initially isolated from young rats, but cultures from mature guinea pigs and adult
human organ donors have been isolated and maintained in cell culture for several weeks (see papers from laboratories of Professors
Burnstock and Fryer, listed in “Further reading”). Tracheal ganglia behave similarly to parasympathetic nerves in vivo as they release
acetylcholine, express nitric oxide synthase and, depending upon the presence of NGF, express substance P. M, muscarinic receptors
are evenly distributed along cell bodies and neurites, and function to inhibit acetylcholine release. Similar to nerves in vivo, inflam-
matory cells adhere to parasympathetic nerves in culture, and this effect is regulated by expression of chemotactic cytokines and
adhesion molecules by the parasympathetic nerves. Parasympathetic nerves also release some noradrenaline, and have functional
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Figure 6 Primary cultures of parasympathetic neurons were plated on Matrigel and maintained in serum free medium for 4-5 days. Cells were
transfected with cDNA encoding enhanced green fluorescent protein (eGFP) using the transfection reagent Optifect (Invitrogen). eYFP plasmid (3 ng)
was incubated with Optifect (Invitrogen) in 200 pL OptiMEM at room temperature for 5 min. Cells were incubated with 200 uL eYFP/Optifect solution
in 1 mL culture medium at. 37°C in 5% CO, for 6 h, then rinsed with PBS and fixed with 3.7% paraformaldehyde.

M; muscarinic, alpha; adrenergic and GABA, receptors. As with cardiac nerves, ganglia cultured from the trachea appear to maintain
all characteristics of their in vivo counterparts.

Chick Ciliary Ganglion Neurons

One parasympathetic ganglion that has been well studied in cell culture is the avian ciliary ganglion because it is relatively large,
discrete, and easily located outside of the eye. It should be noted that in sharp contrast to the bird, rodent ciliary ganglion are small
and dispersed, thus ciliary ganglion isolated from chick may not be an accurate model of the physiology of the mammalian coun-
terpart. Ciliary neurons are large, myelinated cholinergic neurons that innervate striated muscle in the iris and ciliary muscle. Ciliary
neurons require neurotrophic factors to support their survival in culture, including ciliary neurotrophic factor and growth
promoting activity, which may be different molecules in mammals and birds, and have different receptors and different effects.
Neurotransmitter expression in ciliary neurons is controlled by target tissues, in this case the eye, and this interaction may not
be representative of parasympathetic neurons as a class. Despite these drawbacks, the ciliary ganglion has been a popular system
for neuronal cell culture, and a great deal is known about the growth requirements and behavior of this class of chick parasympa-
thetic neurons.

Enteric Neurons
The enteric nervous system is considerably more complex than other peripheral neural tissue. Neuronal cells bodies reside in the

submucosal and myenteric ganglia, and consist of at least 14 different types of neuronal cell types including interneurons, afferent
neurons, and both excitatory and inhibitory motor neurons that collectively express diverse neurotransmitters in addition to
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8 Autonomic and Enteric Neurons: Cell Culture

acetylcholine including substance P, enkephalins, nitric oxide, ATP and y-amino butyric acid. The enteric nervous system is highly
autonomous: nerves form extensive synaptic contacts with one another and are capable of integrated reflex activity in the absence of
central connections. Thus, in both its structure and its function, the enteric nervous system bears a greater resemblance to the central
nervous system than to other peripheral neural tissues.

Isolation of enteric neurons is similar to that of parasympathetic neurons and involves enzymatic digestion of tissue containing
the ganglia with subsequent plating on matrix gels or polylysine. Enteric neurons can survive in culture up to 3 weeks and the diver-
sity of neuronal cell types found in situ is represented in culture. Individual enteric neurons are characterized by markedly diverse
morphology, and they retain the variety of neurotransmitters found in situ. Their electrophysiological properties appear to be
similar to enteric nerves in the intact animal. Cultured enteric ganglionic glial cells continue to synthesize intracellular glial proteins
expressed by their in vivo counterparts, including glial fibrillary acidic protein and glutamine synthetase, suggesting the feasibility of
using enteric nerve cultures to study nerve glial cell interactions. A complication of interpreting any study involving cultured enteric
neurons is the paucity of information regarding differential effects of environmental factors on different neuronal cell types within
the heterogeneous population of neurons that comprise the enteric culture system. Few attempts have been made to discriminate
between effects on axons versus dendrites within any individual neuron, although a number of studies have examined factors that
promote neurite outgrowth. Glial cells are not required for neurite development in culture, but when they are present, enteric nerves
will extend processes along them. Neurite length is enhanced by NGF, consistent with observations that enteric neurons express
both the low affinity NGF receptor (p75) as well as TRK receptors. Neurite outgrowth is promoted by cAMP via complementary
but independent pathways, as evidenced by observations that inhibitors of cAMP have no effect of NGF-induced neurite growth
and that cAMP, but not NGF, enhances neurite branching in the myenteric nerves. Neurite length is also enhanced by ciliary neuro-
trophic factor, insulin-like growth factors, leukemia inhibitory factor and interleukin 6 (IL-6). The greatest enhancement of neurite
length, however, is provided by glial cell line-derived neurotrophic factor (GDNF), which also induces larger clusters of cell bodies
and increases neuronal survival in culture. IL-6 induces a greater number of neurites, but GDNF promotes increased neurite length.

While much research on enteric neurons in culture has demonstrated that they retain the characteristics of cells found in situ,
there is evidence that at least some neuronal cell types retain the plasticity that has been observed in other neural crest derivatives.
Thus, exposure to heart cell conditioned medium induces substantial, but not uniform, changes in their electrophysiological and
transmitter-related properties (increasing the percentage of neurons that express 5-hydroxytryptamine, while decreasing the
percentage of neurons expressing vasoactive intestinal peptide and substance P).

Conclusions

Almost everything we know about the development and physiology of autonomic nerves has been derived from studies of sympa-
thetic neurons, in large part because of the relative ease with which this neuronal cell type can be isolated and maintained in culture.
Recent advances in methods for manipulating gene expression in cultured sympathetic neurons and for culturing sympathetic
neurons in the presence of target tissues or ganglionic glia ensure the continued widespread use and popularity of this in vitro model
system for discovery-based and mechanistic research. The recent development of techniques for the isolation and maintenance of
parasympathetic and enteric neurons in cell culture will enable a more detailed understanding of the basic cell biology of these other
peripheral neural systems, thereby refining and extending current paradigms of peripheral nervous system development, physiology
and pharmacology.
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