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Myenteric plexus neurons derived from neonatal
guinea pigs, when exposed to serum, demonstrated a
characteristic pattern of growth, including a prolifer-
ating outgrowth zone of glial cells, peripheral exten-
sion of dendritic processes, and progressive dendritic
growth, Serum effects upon dendritic growth, mea-
sured morphometrically, was strongly dose- and tempo-
rally dependent. Dendritic density was increased 10-
fold (120 hr) by the addition of 6% serum, while mean
dendritic length was increased 3-fold. Development of
cholinergic function was reflected by release of
[*H]JACh in response to cholecystokinin octapeptide,
vasoactive intestinal peptide, substance P, and calci-
tonin gene-related peptide (1071° and 1078 M). o 1992
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INTRODUCTION

Studies of mammalian enteric neural control mecha-
nisms that use intact animals or in vivo models have
distinct limitations. Neurotransmitters are secreted in
minute quantities in the immediate proximity of target
cells. Reuptake and enzymatic degradation of released
neurotransmitters occurs rapidly within tissues, limit-
ing the entry of such substances into the circulation and
making correlation of circulating transmitter levels with
local actions questionable. In addition, the microanato-
mic organization of the enteric nervous system inter-
feres with the delivery of exogenous agents to target cells
and with egress of endogenously secreted peptides.

Because of these factors, investigations that examine
gastrointestinal function with appropriate in vitro tech-
niques are likely to yield significant new insights. In this
regard, enteric neurons in primary culture have utility
for the study of enteric neurocrine function [1]. Poten-
tial advantages include: (1) biochemical measurements
may be performed without interference from epithelial
cells, surrounding smooth muscle, connective tissue, and
endothelial cells; (2) neurons may be observed individu-
ally for assessment of morphology, intracellular peptide
content, cellular growth, and intracellular ion fluxes;
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and (3) neural plexuses may be observed without axonal
input—being denervated from extrinsic nerves and also
from other plexuses. Such a system would be well suited
for study of the cellular mechanisms controlling neuro-
transmitter release. The model might also be adapted for
investigation of trophic factors and developmental sig-
nals [2, 3].

The current study used primary cultures of guinea pig
myenteric plexus neurons for investigations of enteric
neuronal function. The specific aims were threefold: (1)
to observe the morphological development of myenteric
plexus neurons in primary culture, {2) to assess the role
of trophic agents contained in serum in supporting
neural growth and development, and (3) to demonstrate
functional development as expressed by specific release
of acetylcholine.

MATERIALS AND METHODS

Materials. The following materials were purchased:
hemicholinium, collagenase, physostigmine, penicillin,
streptomycin (Sigma Chemical, St. Louis, MO); sub-
stance P, calcitonin gene-related peptide, vasoactive in-
testinal peptide, cholecystokinin octapeptide, poly-L-ly-
sine (Peninsula Labs, Belmont CA); medium 199
(GIBCO, Grand Island, NY); and NU-Serum (Collabora-
tive Research, Bedford, MA). Neonatal Duncan-Hart-
ley guinea pigs were purchased from Simonsen Labs
(Gilroy, CA). Tritiated choline was obtained from New
England Nuclear (Boston, MA).

Mpyenteric plexus neuronal culture. The culture
method used is an adaptation of previously described
methods [1, 2]. Two-day-old male Duncan-Hartley
guinea pigs were used. The colon was exposed and, using
aseptic technique, the longitudinal muscle of the taenia
coli was dissected from the cecum. The lumen of the
bowel was not entered. The taenia coli strips were di-
vided into 5- to 6-mm segments and transferred to a
petri dish containing Hank’s balanced salt solution
(HBSS) with highly purified collagenase (1 mg/ml).
Muscle strips were incubated at 4°C for 12 hr and for 30
min at 37°C. Tissue fragments were then transferred to
fresh HBSS without collagenase and, under a dissecting
microscope, loosely adherent smooth muscle fibers were
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dissected from the myenteric plexus, resulting in a puri-
fied neuronal plexus preparation.

For experiments in which neurons were cultured as
explants in the form of plexuses, the tissue from each
experimental animal was divided into 12 aggregates (ap-
proximately 5 X 10° neurons/aggregate). Plexuses were
then placed in tissue culture wells (Costar) that had
been previously coated with poly-L-lysine (10 ug/ml).
For experiments in which the neurons were cultured in
dispersed form, the plexuses were placed in microcentri-
fuge tubes containing trypsin (3 mg/ml) in PBS with 1
mM EDTA., After 25-min incubation at 37°C, the tissue
was gently triturated with glass pipettes of decreasing
bore size. The tissues were then centrifuged at 1500 rpm
for 5 min and the supernatant was replaced with appro-
priate culture medium. The cellular suspension was
counted with a hemacytometer; 1.5 X 10* cells were
added to each well of 24-well culture plates (pretreated
with poly-L-lysine) in a final volume of 500 ul of culture
medium.

The cells were exposed to a defined culture medium in
the absence or presence of various concentrations of
serum. The defined medium was composed of medium
199 (serum-free) supplemented with nonessential amino
acids (10 mM), sodium pyruvate (100 mM), N-2-hy-
droxyethylpiperazine-N’-2-ethanesulfonic acid (Hepes)
buffer (10 mM), L-glutamine (200 mM), glucose (5 mg/
ml), and penicillin-streptomycin solution (100 U/ml).
For those experiments in which cells were exposed to
serum, the defined culture medium was used to which
was added NU-Serum at concentrations of 1, 2, 4, 6, or
10%. Culture medium was changed every second day;
antibiotics were omitted after the second day.

Assessment of morphological development. Cultures
were examined using phase contrast microscopy. A vi-
sual record was maintained using photomicroscopy (Ko-
dak TMax 400), and quantitative image analysis was
performed daily. Dendritic growth was assessed in terms
of the number of newly formed dendritic processes (den-
dritic density) and maximum dendritic extension (mean
dendritic length). Plexuses were scored for length of pe-
ripheral dendritic growth by measuring the five longest,
clearly separated dendritic processes per plexus. For
each plexus, dendritic length was expressed as the mean
of the five measurements. Dendritic density was ex-
pressed as the number of individual dendritic process
extending circumferentially from each plexus. The indi-
vidual performing morphometric analysis was unaware
of the experimental conditions to which the cells had
been exposed. To assess interassay variability, measure-
ments were repeated at monthly intervals; variation was
less than 10% in every instance.

Acetylcholine release studies. Acetylcholine release
studies were performed using neurons cultured as plex-
uses in serum-containing medium after 5 to 7 days in
culture. Plexuses were used only if they demonstrated
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extensive outgrowth of dendritic processes and were
firmly adherent to the culture well.

Acetylcholine (ACh) release was examined using
[PHJACh as a marker [4]. Neurons were exposed to
[*H]choline (0.2 uM, sp act 80 Ci/mmole) in oxygenated
modified Krebs-Ringer buffer containing 50 uM physos-
tigmine. Incubation with [°*H]choline was performed for
60 min at 37°C in a Dubnoff metabolic incubator gassed
with 95% 0,-5% COQ,. After washing twice with fresh
buffer, the tissues were recovered for 30 min before ex-
posure to agonists. Each neuronal plexus was exposed to
only one agonist.

Total *H release was determined to indicate transmit-
ter release. Exposure to agonists occurred in a release
medium containing 118 mM NaCl, 4.7 mM KCl, 1 mM
NaH,PO,, 0.5 mM MgCl,, 25 mM CaCl,, 25 mM
NaHCQ;, 11.1 mM glucose, 50 pM physostigmine, and
10 uM hemicholinium. Labeled neurons were exposed to
agonist in release medium for 15 min for determination
of cumulative [*H]ACh release. The medium was then
aspirated and added to scintillation fluid. The tissue was
solubilized, added to scintillation fluid, and counted sep-
arately.

Data analysis. All results were expressed as group
means + SE. Each experiment was performed using the
tissues of six to eight animals, and the sample size (n = 6
or 8) was taken as the number of guinea pigs. Fractional
release of ACh was calculated by expressing the radioac-
tivity in the release medium as the percentage of total
radioactivity in the tissue at the time of the experiment.
The percentage of release of [PH]ACh over basal induced
by various agonists was calculated by dividing the frac-
tional release caused by the agonists by the basal release.
Statistical analysis was performed using analysis of vari-
ance with repeated measures. When significant differ-
ences were indicated, post hoc testing was performed
using the Scheffe F test. Significance was accepted as
P < 0.05.

RESULTS

Morphological development. Myenteric plexus neu-
rons derived from neonatal guinea pigs, when grown in
serum-containing medium, demonstrated a characteris-
tic pattern of growth. This pattern included a spreading
outgrowth zone of proliferating glial cells, peripheral ex-
tension of dendrites over the glial cell layer, and progres-
sive formation of elongating aggregates of dendritic pro-
cesses.

Morphological development in culture occurred in
stages. During the first 24 hr, explants retained the con-
figuration of the plexuses derived from fresh tissues and
attached firmly to culture well coverslips. By 48 hr, the
mesh-like appearance of plexuses had disappeared and
the interstices were filled by ingrowth of glial cells and



FIG. 1. Photomicrograph of myenteric plexus explant (100X magnification) in 6% serum-containing medium at 48 hr. The plexus is
surrounded by a halo of glial cells (closed arrows) with overlying, radially extending dendritic processes (open arrows).

FIG. 2. Photomicrograph (200X magnification) of plexus in Fig. 1 with glial cells (arrows) extending peripherally.
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FIG. 3. Myenteric plexus in serum-containing culture medium
(6%) at 24 (A), 48 (B), and 72 hr (C), illustrating rapid dendritic out-
growth.

neurites. In addition, by 48 hr, a continuous ring of pro-
liferating glial cells surrounded the explants and radially
oriented dendritic processes could be seen extending
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from the explant (Figs. 1 and 2). From 48 to 120 hr,
continued glial cell migration and the rapid formation
and elongation of dendrites were apparent (Fig. 3). Dur-
ing this time interval, plexuses became surrounded by a
halo of elongating dendrites. Neuronal cells could be
maintained in culture for approximately 3 weeks with
retention of plexus characteristics.

During the development of the glial outgrowth zone,
the plexus perimeter developed a clear monolayer of neu-
ronal cell bodies. Neuronal cell bodies were seen to over-
lay the glial cell sheet. Long, often branching, dendritic
processes were noted to develop simultaneously (Fig. 4).
In contrast to previous observations, dendrites were fre-
quently seen to extend beyond the area of glial out-
growth onto the coverslip (Fig. 5). Growth cones could
be observed at the tips of extending dendritic processes.
Dendritic extension was most rapid between 24 and 72
hr in culture; continued dendritic extension was not sig-
nificant beyond 120 hr.

Individual neuronal morphology, difficult to assess in
plexus explants, due to overlap of cell bodies and den-
dritic processes, was readily observed in preparations of
dispersed neurons. Appearing as rounded, phase bright
cells at 12 hr after culture, neurites developed dendritic
extensions as early as 24 hr. Neurite cell bodies con-
tained eccentrically located nuclei and were approxi-
mately 20 um in diameter. Dendritic processes demon-
strated growth cones and a fine branching reticular pat-
tern (Fig. 6). Dendritic processes were observed to
extend 5 to 10 times the diameter of the cell body.

Morphological development, quantified in terms of
dendritic density and mean dendritic length, was depen-
dent upon the presence of serum in the culture medium
(Fig. 7). Maximal effects upon dendritic density were
noted with a medium containing 6% serum. Mean den-
dritic length was also significantly increased in cultures
exposed to media containing serum (Fig. 7). Responsive-
ness to serum was time-dependent (Fig. 8). Increases in
dendritic density and mean dendritic length occurred
rapidly between 24 and 72 hr, with a plateau in measure-
ments noted subsequently. In addition, increases in den-
dritic density and mean dendritic length were also noted
in the absence of serum, implying the existence of in-
trinsic serum-independent neurotrophic activity within
the explanted tissue (Fig. 7).

Acetylcholinerelease. Cultured myentericplexusneu-
rons also demonstrated cholinergic function, as mea-
sured by their ability to accumulate labeled choline and
to release [PH]ACh in response to specific peptide ago-
nists. Significant increases in [PH]ACh release were
noted in response to incubation with cholecystokinin
octapeptide, vasoactive intestinal peptide, substance P,
and calcitonin gene-related peptide (Fig. 9). Significant
increases were noted at concentrations as low as 1071°
M, attesting to the sensitivity of the preparation to pep-
tide agonists.



FIG. 4. Elongating dendritic processes (arrows) extending beyond glial cell outgrowth zone at 72 hr.

FIG. 5. Dendritic processes growing radially from explanted plexuses often demonstrated a beaded appearance with maximal growth from
24 to 72 hr.
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FIG. 6. Photographs (150X magnification) of enteric neurons growing in dispersed form (6% serum at 72 hr). Individual neurons often
demonstrated a fine reticular pattern with branching dendritic processes.

DISCUSSION

The results of the current study confirm that mam-
malian myenteric plexus neurons can be removed in puri-
fied form from the intestine, separated from nonnervous
tissues, and held in primary culture for extended periods
oftime [1, 2]. In culture, the neurons develop morpholog-
ical characteristics typical of enteric neurons and demon-
strate neuronal function, as expressed by cholinergic ac-
tivity.

Morphological development of plexuses in culture fol-
lowed a typical pattern. Growth was initiated by the for-
mation of a surrounding ring of glial cells. Dendritic
growth was observed within 24 hr, initially in associa-
tion with the underlying glial cells. Dendrites extended
from the explants as single fibers, and actively growing
dendrites were frequently observed to contain associated
growth cones. At later time periods, dendritic extension
beyond the outgrowth zone of glial cells was observed.

Increases in dendritic density and mean dendritic

length were noted in the absence of serum, implying the
existence of intrinsic neurotrophic activity. The impor-
tance of glial cells in supporting neurite development
has been noted in primary culture of central nervous
system neurons [5-7]. Glial cells have been suggested to
produce intrinsic neurotrophic substances or to be neces-
sary for processing of exogenous agents [8, 9].

Aggregation of dendrites was noted occasionally in
older cultures, but organization into distinct fascicles
was not observed. The outgrowth pattern in other pe-
ripheral (sympathetic) ganglia held in culture is often
characterized by the formation of dendritic bundles [10,
11]. The failure of enteric neurons in culture to form
such structures has been noted by other investigators
[1]. The factors that control formation of enteric ganglia
with interconnecting dendritic processes during histo-
genesis are largely unknown and are an area of potential
future investigation.

Morphological development of enteric neurons in cul-
ture was serum-responsive. A marked concentration de-
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FIG. 7. Dendritic outgrowth in response to serum concentration.
Myenteric plexus explants (n = 6 each) were exposed to graded con-
centrations of serum in a defined medium. Quantification of dendritic
density (A) and mean dendritic length (B) was performed at 24-hr
intervals up to 120 hr. Results at 120 hr are illustrated. Significant
increases in both parameters were noted for serum concentrations of
2% and greater.

pendence was noted in terms of dendritic density, sug-
gesting the presence within serum of specific factors that
act to stimulate the formation of new dendrites. Maxi-
mal responsiveness was noted from 24 to 72 hr, with
little subsequent dendritic growth, suggesting that tro-
phic activities are exerted for a limited period of time.
The nature of agents that may act to stimulate dendritic
growth in the enteric nervous system is unknown. Con-
versely, mechanisms that terminate trophic responsive-
ness are also undefined. Insulin and related insulin-like
growth factors are potential candidates as neurotrophic
peptides. Insulin and insulin-like growth factors have
been shown to stimulate neurite outgrowth in cultured
sympathetic neurons, in neuroblastoma cell lines, and in
selected central nervous system tissues [12-15]. Nerve
growth factor and related peptides are also trophic to a
wide spectrum of nervous tissues [16, 17]. The activity of
these agents in the myenteric plexus is, however, not
documented. The ability to quantify trophic actions us-
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ing cultured enteric neurons should permit investigation
of these and other trophic agents.

Myenteric plexus neurons in culture exhibited cholin-
ergic activity, indicating that functional development in
addition to morphological development may occur in vi-
tro. Dose-dependent increases in labeled ACh release
were noted upon incubation with a variety of peptide
agonists. The ability to respond to exogenous peptides
was noted at concentrations as low as 107*° M. In gen-
eral, the use of higher concentrations of peptide agonists
have been reported by investigators utilizing tissue prep-
arations in which mechanical or enzymatic treatments
have been used immediately prior to study. Perhaps time
in culture allows membrane receptors, susceptible to
damage during enzymatic treatment, to regenerate.

In summary, enteric neurons can be maintained in
primary culture with predictable morphological develop-
ment and functional characteristics. The culture system
seems well adapted to in vitro study of enteric neural
control mechanisms and has promise for investigation of
important aspects of digestive function.
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FIG. 8. Dendritic outgrowth expressed in terms of dendritic den-
sity (A) and mean dendritic length (B) at times from 0 to 120 hr for
myenteric plexus explants exposed to defined medium in the absence
or presence of serum (6%). For each condition, n = 6. Significant
differences relative to 0% serum were noted at all time points from 48
to 120 hr.
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FIG. 9. Tritiated ACh release from myenteric plexus explants (n
= 6 to 8) exposed to 6% serum for 120 hr in response to substance P,
CCK-8, CGRP, or VIP at the concentrations shown.
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