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Surnnuyy

A defined culture medium containing insulin, insulin-like growth factor |
(IGF-f) or insulin-like growth factor Il (IGF-Il) supported morphological
development of myenteric plexus neurons derived from neonatal guinea
pigs. Insulin increased neurite outgrowth 3-fold at concentrations as low
as 0.2 nM. Similar significant and dose-dependent increases in neurite
outgrowth were noted with IGF-l1 and IGF-Il. Stimulation of neurite
outgrowth was abolished by exposure to cytosine arabinofuranoside, an
agent toxic to non-neuronal cells, implying that trophic effects of insulin or
insulin-like growth factors require the presence of non-neuronal
elements in culture.

While nerve growth factor is widely recognized as a physiologically important
peptide capable of stimulating neurite outgrowth, recent evidence indicates that insulin
and insulin-like growth factors may also have neurotrophic properties. Specific
receptors for insulin and the structurally reiated peptides, insulin-like growth factors |
and i (IGF-1 and IGF-ll) have been identified in central nervous system tissues of a
number of species (3, 5, 17, 19). Specific receptors have also been identified in cell
lines derived from rat neuroblastoma and pituitary tumor cells (15, 18).

Although the functional significance of these observations is not clear, one
possibility is that insulin and its homologues play a role in nervous system
development. Consistent with this possibility, insulin and IGF-I have been shown to
support brain neuronal survival in cell culture (1,2). In fetal rat brain cultures, IGF-I
stimulates DNA synthesis (8). Insulin has been noted to stimulate cholinergic
development, as assessed by choline acetyltransferase activity, in cultured chicken
retina neurons (7). Trophic effects may exist for peripheral nervous system tissues as
well; insulin and IGF-Il promote neurite formation and survival in cultured sympathetic
and sensory neurons (14).

The actions of insulin and insulin-like growth factors on enteric neurons have
not been reported. In this study, cultured myenteric plexus neurons derived from
neonatal guinea pigs were used to investigate potential trophic activities of insulin,
IGF-I, and IGF-Il. Studies utilizing enteric neurons in primary culture have several
advantages in this regard: 1) measurements can be made without interference from
gut epithelial cells, smooth muscle, and endothelium; 2) reliable delivery of known
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concentrations of peptides to target neurons can be assured; and 3) enteric plexus
neurons can be observed individually for assessment of morphologic development. In
the current study, the experimental goals were three-fold: 1) to assess the ability of
insulin, IGF-I and IGF-Il to stimulate neurite outgrowth in myenteric neurons; 2) to
determine the time course of trophic actions; and 3) to investigate whether these
actions are exerted directly upon enteric neurons or require the presence of non-
neuronal cells within the culture system.

Methods

The culture method used has been described previously (6). Two day old male
guinea pigs were used. Using aseptic technique, the colon was exposed and the
longitudinal smooth muscle of the taenia coli was dissected from the cecum. Care was
taken not to enter the lumen of the bowel. The taenia coli was divided into segments
and transferred to a Petri dish containing Hank's balanced salt solution (HBSS) with 1
mg/ml highly purified collagenase. The muscle segments were incubated at 49C for
12 hours and for 30 to 60 minutes at 370C. Tissue fragments were then transferred to
fresh HBSS without collagenase, and using a dissecting microscope, loosely adherent
smooth muscle fibers were removed from the myenteric plexus.

The tissue derived from each experimental animal was divided into 12
aggregates. The plexuses were then placed into tissue culture wells that had been
coated with poly-L-lysine (10 ug/ml). The explants were exposed to a defined cuiture
medium in the presence or absence of various concentrations of insulin, IGF-I, or IGF-
. The medium was composed of serum-free medium 199 supplemented with non-
essential amino acids (0.1 mM), sodium pyruvate (1 mM), HEPES buffer (1 mM), L-
glutamine (2 mM), glucose (5 mg/ml), and penicillin-streptomycin solution (100 U/ml).
Culture medium was changed every second day; antibiotics were omitted after the
second day. In order to determine if trophic effects were exerted directly upon enteric
neurons, some cultures were exposed to cytosine arabinofuranoside (ARA-C: 2.5
mg/ml), an agent cytotoxic for non-neuronal cells but not for neurons (16).

Cultures were examined using phase contrast microscopy. A visual record was
maintained using photomicroscopy, and quantitative image analysis was performed
daily. Neurite outgrowth was assessed in terms of maximum neurite extension (mean
neurite length) and number of newly-formed neurite processes (neurite desity).
Plexuses were scored for length of neurite outgrowth by measuring the 5 longest
individual neuritic processes per plexus. Neurite length was expressed as the mean
of these five measurements. Neurite density was expressed as the number of
individual neurite processes extending circumferentially from each plexus. The
individual performing the morphometric analysis was unaware of the experimental
conditions to which the cells had been exposed. To assess inter-assay variability,
measurements were repeated at monthly intervals. Variability was less than 10% in
each instance.

All results are expressed as group means + SEM. Each experimental condition
was examined using the tissues of 6 to 8 animals. Sample size (n=6 or 8) was taken
as the number of animals. Statistical analysis was performed using analysis of
variance, with post hoc testing performed when significant differences were noted.
Significance was accepted as p<0.05.

BResults

A defined culture medium, containing insulin, IGF-I or IGF-II supported the
morphological development of myenteric plexus neurons derived from neonatal
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guinea pigs. A characteristic pattern of neurite outgrowth was observed, beginning
with an zone of non-neuronal cells surrounding the plexus, followed by radial
extension of neurites from the plexus, and progressive elongation of neuritic
processes (Figure 1).

FIG 1
Progressive neurite outgrowth (arrows) in myenteric plexus explant
exposed to 5 nM IGF | for 24 h (A), 72 h (B), or 120 h (C) (100X
magpnification).

The effects of insulin in serum-free medium upon neurite density and length is
shown in Figure 2. Insulin significantly increased both neurite density and neurite
length at each concentration tested, with a greater than 3-fold increase in iength
measurements relative to control noted at a concentration of 0.2 nM. Significant
differences in neuritic density and length were observed as early as 48 hours and
persisted during the remainder of the experiment.
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IGF-1 also produced a significant and sustained increase in neurite density and

length in cultured neonatal enteric neurons (Figure 3).

Stimulation of neurite

outgrowth was significantly greater than control at time points from 48 to 120 hours.
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Figure 2. Neurite outgrowth, expressed as neurite density and mean
neurite length, in response to graded concentrations of insulin.
values at concentrations of .2 nM or greater (A) and at intervals of 48
hours or greater (B) were significantly increased relative to control.

All

IGF-1I also supported the morphological deveiopment of enteric neurons in
primary culture (Figure 4). Increases in density were noted at peptide concentrations
as low as 0.1 nM. At 10 nM IGF-Il, a 2.5-fold increase in neurite length relative to
control was observed. Increases in density were significant by 48 hours and were

sustained throughout the study period.

In a separate group of experiments, plexuses were exposed to insulin (2 nM),
IGF | (5 nM), or IGF It {5 nM) in the presence or absence of ARA-C. Exposure to ARA-C
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Neurite Density

Neurite Density

completely abolished trophic activity of insulin {control 353 + 43, insulin 686 + 85,
insulin + ARA-C 341 + 81 um mean neurite length) and IGF Il (IGF |l 583 + 27, IGF Il +
ARA-C 354 + 59), and significantly blunted trophic actions of IGF | and |l, as expressed
by increases in neurite length (Figure 5).

A
1200
1000
3
3 2000
5 800 £
@D i =
@ 3 1500
g 600 S E
9 53
2 400 21000
§
200 < 500
[
0o .1 1 65 10 50 o .1 1 5 10 50
IGF-1 {nM) IGF-I (nM)
B
1200
g1o00 1GF-I
3 5 nM
§ 800 % 2000
0 ]
@ s IGF-1 5nM
§ 600 o E 1500
a 52
400 2 1000
=
& IGF-1
200! IGF-1 2 500
=
0 nM 0nM
24 48 72 96 120 24 48 72 96 120
Time (hours) Time (hours)
FIG3

Neurite extension in response to graded concentrations of IGF I.
Significant increases were noted for values of 0.1 nM or greater (neurite
density) and 5 nM or greater (mean neurite iength: panels A) for all time
intervals of 48 hours or greater (B).

i ion

The results of the current study indicate that insulin, IGF-l1 and IGF-Il can
enhance enteric neuronal outgrowth. Three observations support this contention: 1)
for all three peptides, significant increases in neurite density and length, reflecting
elongation of newly-formed neurites, were observed; 2) significant effects were noted
with peptide concentrations in the nanomolar range; 3) trophic effects were noted as
early as 48 hours in culture and persisted throughout the experimental period. Insulin,
IGF-1, and IGF-Il appear to require the presence of non-neuronal cells in the culture

It is important to note that enteric neurons survived up to 120 hours in the
defined, serum-free medium used in control experiments. Further, small increases in
neurite density and mean neurite length were observed in control groups exposed to a
serum-free medium, perhaps reflecting low-level intrinsic neurotrophic activity
expressed within the plexuses. It is possible that the stimulatory action of insulin, IGF-I
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Measurement of neurite density and length in response to IGF |l
exposure. For length, measurements were significantly increased
relative to control for concentrations of 10 nM or greater. All
measurements of neurite density were significantly increased compared
to control (panels A).
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FIG5
Mean neurite length in myenteric plexus explants exposed to insulin (2
nM), IGF | (5 nM), or IGF Il (5 nM) in the absence (-) or presence (+) of
ARA-C. *P< 0.05 vs. trophic agonist alone.
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or IGF-Il is a secondary consequence of activation of an intrinsic trophic factor. if so,
non-neuronal cells may be implicated in the production, processing, or action of such
a factor; ARA-C treatment would be expected to affect non-neuronal actions. Insulin or
insulin-like growth factors could also act to promote neuronal survival and to allow
expression in cell culture of trophic signals received in vivo. This last possibility
seems unlikely given the relatively small neurite outgrowth observed in the absence of
insulin or IGF in control groups over 120 hours of observation.

Determination of the physiological relevance of these observations will require
additional investigation. Demonstration of cellular receptors for these peptides will be
necessary to assess the specificity of the observed trophic actions. In several
neuronal tissues or cell lines, demonstration of specific receptors has been possible
for insulin-related peptides that exhibit neurotrophic activities (3, 5, 10, 17, 19).
Determination of precise structural and functional relationships that apply for enteric
neurons may be hampered, however, by the heterogeneity of myenteric plexus
neuronal cell types.

Accumulating evidence indicates that insulin and insulin-like growth factors may
have multiple developmental functions in nervous tissues. In the central nervous
system, insulin accelerates maturation of retinal neurons derived from fetal rats, as
measured by increased cholinergic synaptic transmission (13). Choline
acetyltransferase activity is increased in cultured fetal chicken retinal neurons exposed
to insulin (7). IGF-I stimulates DNA synthesis (8) and promotes development of
myelin-synthesizing oligodendrocytes in fetal rat brain cell cultures (11). In cultures
derived from chick sympathetic ganglia and dorsal root ganglia, morphological
development in the form of neurite formation, is stimulated by insulin and IGF-Il (14). In
human neuroblastoma cells, increased neurite formation is accompanied by increases
in tubulin mRNA levels (12). The current results indicate that insulin and insulin-like
growth factors may also have developmental effects in enteric neurons derived from
neonatal guinea pigs.

The ability of insulin and related peptides to stimulate, or to sustain,
morphological development in the enteric nervous system of older animals is currently
unknown. Most studies have focused, instead, upon the absence of insulin in animal
models of diabetes. Burnstock and co-workers have reported that specific sub-
populations of enteric neurons undergo ultrastructural changes characterized by nerve
fiber loss after induction of diabetes by streptozotocin (4, 9, 10). When examined by
electron microscopy, vasoactive intestinal peptide-containing neurons from the ileal
myenteric plexus showed depletion of neurotransmitter vessicles (4). Similarly, when
the ileum or colon from rats rendered diabetic for 8 weeks were examined, selective
degeneration of nerve fibers staining for calcitonin gene-related peptide was noted in
the myenteric plexus, while diabetes produced no change in the numbers of
substance P-positive neurons. While these studies suggest that removal of
endogenous insulin is deleterious to the enteric nervous system, the role of insulin and
related peptides in preserving neuronal structural and functional integrity is
speculative; this remains an important area for investigation.
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