














g
=)
2
=
=W
o
]
2
p—
o
S
<
=
A=
)
7]
P]
)
g
=)
=
7]
o]
)
|
O
yo—
o
o pu(
58
=
=W
(-
C
yo—
<
c
o
)
C
|
S
o)
&)
o p(
o
g

15

10

Action Potential >
Frequency (Hz)

15

10

(@) Action Potential (]
Frequency (Hz)

15

10

8, 27, and 120 second slow EPSPs
5 (activity curves on top of each other)

Action Potential
Frequency (Hz)

0 5 10 15 20
Time (seconds)
Fig. 5. Effect of varying the properties of slow EPSPs in VIP neurons on
network activity. Constant frequency random input of slow and fast EPSPs at
3 Hz mean frequency were played into networks of VIP neurons initially at
rest. Each curve shows the network response as a function of time for different

mean maximum slow EPSP amplitudes (A); different synaptic strengths
between VIP neurons (B); and different slow EPSP durations (C).

during a slow EPSP) increased activity in VIP neurons. The
amount of increase was dependent on the type of transmis-
sion from sensory neurons to VIP neurons (Fig. 74). Under
these conditions, combined fast and slow EPSP transmission
from sensory neurons to VIP neurons caused a high firing
rate in VIP neurons, as did fast EPSP transmission alone,
but the firing rate was lower in the VIP neurons when
transmission from sensory neurons was only via slow
EPSPs. This is consistent with the results of playing EPSP
input directly into VIP neurons (Fig. 1B).

Increasing the maximum slow EPSP amplitude in VIP neu-
rons from threshold to suprathreshold increased the stable
firing rates in VIP neurons (particularly when there was a small
residual AHP in the presence of a slow EPSP in sensory
neurons); compare Fig. 7, A and B. It also decreased the
differences in firing of VIP neurons seen when transmission
from sensory neurons was only via slow EPSPs vs. transmis-
sion via fast EPSPs (compare Fig. 7, A and B). However, when
sensory neuron activity was high fast EPSP, transmission from
sensory neurons to VIP neurons was still required to drive the
VIP neurons to firing at over 10 Hz per neuron (Fig. 7B).

Figure 3B indicates that increased activity in VIP neurons
leads to increased activity for sensory neurons, and Fig. 7A
shows that increased activity in VIP neurons (by changing the
type of transmission from sensory neurons to VIP neurons)
results in increased activity in sensory neurons for the same
degree of suppression of the AHP. When transmission between
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sensory neurons is blocked, the VIP neurons still drive activity
in the sensory neurons (Fig. 3C). When the AHP was largely
unsuppressed, there was little activity in the VIP neurons.
Reducing the AHP (by increasing the degree of suppression)
enabled the feedback of fast EPSPs to drive the VIP neurons to
a moderate stable firing rate when the slow EPSP amplitude in
VIP neurons was threshold. Increasing the maximum slow
EPSP amplitude in VIP neurons to suprathreshold caused the
VIP neurons to reach a high stable firing rate. In this analysis,
when the slow EPSP amplitude in VIP neurons was set at
threshold or suprathreshold, the synaptic strength and slow
EPSP duration were set at values that would have resulted in a
return to rest, if the VIP neurons were not receiving input from
sensory neurons. Thus the high stable firing rates in VIP
neurons depended on the ability of slow EPSPs in sensory
neurons to suppress their characteristic AHPs and on transmis-
sion from sensory neurons to VIP neurons including a compo-
nent mediated by fast EPSPs.

DISCUSSION

We used computer simulation to investigate the function of
positive feedback within the submucous plexus in intestinal
chloride secretion. Extrinsic innervation and the myenteric
plexus were not included, and therefore our models represent
Ussing chamber preparations. The absence of other innervation
meant that there was no inhibitory synaptic input in our models
(5, 32, 40, 43). In addition to studying the recurrent networks
with synaptic potentials in the normal physiological range, we
studied the conditions that cause overactivity and uncontrolled
activity in the VIP neurons. We have defined uncontrolled
firing as the firing rate not returning to a low or zero firing rate
on cessation of a stimulus. The consequences of this are that
the secretory apparatus will be driven at a much higher rate
than normal and such networks are not able to mediate normal
physiological reflexes (44, 46). Our model showed that in the
normal physiological situation, submucous networks fire at low
rates in the absence of input without additional inhibitory
mechanisms but are easily pushed into uncontrolled firing by
intrinsic changes only or in conjunction with exogenous input
(e.g., from the myenteric plexus).

Stimulus Removed

Action Potential
Frequency (Hz)

i 1T 1 T 7177
0 20 40 60 80
Time (seconds)

Fig. 6. Effect of varying number of synapses on activity in networks of VIP
neurons. Random input of fast and slow EPSPs at a constant frequency of 3 Hz
were played into networks of VIP neurons initially at rest. Each curve is the
network response as a function of time for networks differing in the number of
synapses per ganglion traversed. The activity during the stimulus was very
similar, but residual firing clearly was increased when the number of synapses
increased.
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Table 2. Type of network activity observed while varying the synaptic strength and slow EPSP duration

Synaptic Strength

5 10 20 30 40 50
Slow EPSP duration
8 Quiescent Quiescent Long Decay Long Decay
10 Quiescent Long Decay Long Decay Long Decay
13 Long Decay Long Decay Long Decay Uncontrolled
17 Quiescent Quiescent Long Decay Uncontrolled Uncontrolled Uncontrolled
27 Long Decay Long Decay Uncontrolled Uncontrolled Uncontrolled Uncontrolled
58 Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled
123 Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled Uncontrolled

Synaptic strength is in arbitrary units, and EPSP duration is in seconds.

Modeling in the Physiological Range

We studied the properties of isolated VIP neuron networks
and their response to excitatory stimuli, which would represent
input from either submucous sensory neurons or the myenteric
plexus (5, 33). We varied the maximum depolarization of the
slow EPSP and the type of input into VIP neurons (fast and/or
slow EPSPs). When a stimulus was applied to the VIP neurons,
the stimulus strength and transmission type largely determined
the response for all mean maximum amplitudes of slow EPSPs.
This graded response indicates that the VIP neurons are able to
encode useful information without inhibition to control firing.

There were three qualitative types of network behavior after
removal of the input stimulus to the VIP neurons, which
indicates the significance of the positive feedback between VIP
neurons. The three states are /) quiescent state in which
activity returned very rapidly to zero after removal of the
stimulus, 2) long decay in which activity returned to a low or

—0O— Fast EPSP
~| —@— Fast and slow EPSP
10 —| —A— Slow EPSP

T /D

| O

. | ﬁ//—A
5 —

[ ! I ! I ! I ! 1
0 1 2 3 4

Action Potential Frequency in sensory neurons (Hz)

Action Potential Frequency
in VIP neurons (Hz)
vs)

Fig. 7. Activity in VIP neurons as a function of activity in sensory neurons.
Networks of sensory neurons and VIP neurons were initially at rest. Random
inputs of PPPs were played into the sensory neurons at 3 Hz to stimulate the
networks. The input stimulus was removed and the networks reached stable
firing rates reported as action potential rate per neuron averaged over the
particular class of neuron. These curves are the response of VIP neurons as a
function of the activity in sensory neurons for different combinations of fast
and slow EPSP transmission from sensory neurons to VIP neurons. The
activity in sensory neurons was altered by changing the amount a slow EPSP
suppressed the AHP in sensory neurons. A: curves showing response in VIP
neurons when the mean maximum slow EPSP amplitude in VIP neurons was
set at threshold. B: curves showing response in VIP neurons when the mean
maximum slow EPSP amplitude in VIP neurons was suprathreshold.

zero firing rate over a period of time longer than the slow EPSP
duration, and 3) uncontrolled in which activity settled on a high
firing rate. In quiescent networks, the positive feedback was
insignificant in determining the activity for these neurons. The
long decay state occurred because the VIP neurons almost, but
not quite, had enough positive feedback to sustain network
activity in the absence of any input. Finally, in uncontrolled
networks, the positive feedback was sufficient to maintain
activity for the population of VIP neurons.

Of these three different states, the long decay occurred when
the slow EPSP parameters were in the previously described
physiological range for a slow EPSP evoked in a VIP neuron
by intracellular stimulation of another VIP neuron (38). This
decay provides a possible explanation for the long decay in
chloride secretion across the mucosa after electrical field stim-
ulation (13, 26). This decay in chloride secretion is TTX-
sensitive and has cholinergic and noncholinergic components
(13, 26). We predict that blocking transmission between VIP
neurons will abolish or decrease the noncholinergic component
of the long decay in chloride secretion.

A major aim of the study was to perform simulations on the
complex VIP and sensory neuron network. The sensory neuron
network probably has recurrent positive feedback, and both the
VIP and sensory neuron network are cross connected by
excitatory connections (37, 38). Sensory neurons have a prom-
inent AHP (1, 4, 14, 20, 42), which probably interacts with the
slow EPSP to regulate firing in this network (44, 46). Physio-
logically, the AHP (in myenteric neurons) is suppressed by
~90% in the presence of a slow EPSP (Johnson PJ and
Bornstein JC, unpublished observations). When this was sim-
ulated in network of submucosal neurons, sensory neurons
alone in the network reached a low stable firing rate. This is
different from a previous study with myenteric sensory neurons
(46) because of the variance in electrophysiological parameters
of the sensory neurons and the structure of the sensory neuron
network (see MATERIALS AND METHODS). This low stable firing
rate in sensory neurons results in the VIP neurons being driven
at low stable firing rates under conditions that would allow the
VIP neurons to return to rest on their own (either quiescent or
long decay, see above). Even when transmission between
sensory neurons was blocked, the combined networks of sen-
sory neurons and VIP neurons were able to reach a low stable
firing rate because of the positive feedback between the two
different populations of neurons.

Regardless of whether the low stable firing rate was due to
the positive feedback within the sensory neurons or between
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the VIP neurons and sensory neurons, it was very robust and
the networks could still encode useful information. Similarly,
the low stable firing rate showed similar characteristics when
the transmission from sensory neurons to VIP neurons was via
fast or slow EPSPs or both (although the magnitude of the
response changed as it did when stimulating the VIP neurons
with similar exogenous synaptic inputs). This is important
because there may be two subsets of submucosal sensory
neurons distinguished by the presence of substance P or calci-
tonin gene-related peptide (CGRP) (20, 28, 30, 37). The
sensory neurons with substance P, and not CGRP, are unlikely
to transmit slow EPSPs to VIP neurons because VIP neurons
do not have neurokinin receptors (34). It also means that
addition of fast or slow EPSP input from other submucosal
neurons should not affect the ability of these neurons to encode
useful information, but only affect the magnitude and duration
of the response.

The low stable firing rates in both populations of neurons are
likely to be the basis of the observed tonic activity of submu-
cosal neurons seen in Ussing chambers (7, 26). The tonic
activity observed in Ussing chambers is TTX-sensitive and
appears to be atropine-insensitive (7, 26). It is also depressed
by norepinephrine and somatostatin, both of which hyperpo-
larize VIP neurons (40, 43) via mechanisms requiring neuronal
activity (25). We predict that basal secretion will continue
when sensory input is blocked. Furthermore, according to our
model, tonic or spontaneous activity may arise from the sen-
sory neurons or because of an interaction between the sensory
neurons and VIP neurons. These two possibilities can be
distinguished by examining the effect on basal electrogenic
secretion of blocking transmission between sensory neurons
and comparing this to blocking transmission from VIP to
sensory neurons. Of course, testing these predictions will
require identification of suitable antagonists specific to these
types of synapses.

Whereas we predict basal secretion will continue in the
absence of sensory input, inhibitory input onto the VIP neurons
from sympathetic or myenteric ganglia may abolish this basal
secretion. The effect of inhibitory input will depend on the size
and duration of the inhibition, whether the tonic or spontaneous
activity arises from the sensory neurons or from an interaction
between the sensory neurons and VIP neurons and the presence
of any sensory input or input from other neurons. Such varia-
tions mean that this basal secretion may or may not be
observed in vivo.

Modeling Overactivity in the VIP Neurons

It is almost certain that the hypersecretion is due to overac-
tivity in VIP neurons rather than cholinergic secretomotor
neurons (9, 28, 35). Therefore, we investigated the conditions
that produced overactivity in VIP neurons.

A high frequency input stimulus readily produced overactivity
in the VIP neurons for isolated VIP neuron networks and for VIP
and sensory neuron networks. When applying an exogenous
stimulus to the VIP neurons in our model, fast EPSP transmission
onto these neurons was required to achieve high rates over 60% of
the maximum for these neurons. Similarly, when PPPs were
played into the sensory neurons, fast EPSP transmission from
sensory neurons to VIP neurons was required to achieve high
firing rates. These results are in accordance with the observation

MODELING RECURRENT NETWORKS CONTROLLING SECRETION

that administration of hexamethonium prevents manifestation of
cholera-induced hypersecretion (11) and indicates that hexame-
thonium is acting, at least in part, to block fast EPSP transmission
onto the VIP neurons.

However, under these conditions, once the high frequency
input stimulus is removed, the activity in VIP neurons quickly
returned to low or zero firing rates. If Farthing (16) is correct
in suggesting that the ENS does not require constant sensory
drive during hypersecretion, then overactivity in the VIP neu-
rons would continue in the absence of any input stimulus.
Whereas it has been reported that preparations devoid of the
myenteric plexus are unable to produce a hypersecretion re-
sponse to cholera toxin (24), the role of the myenteric plexus
may well be to amplify and spread the activity arising in the
submucous plexus.

VIP neuron networks switched from the long decay type to
the uncontrolled type by increasing the slow EPSP duration or
increasing the synaptic strength between VIP neurons. How-
ever, the VIP neurons had two requirements for uncontrolled
firing. The slow EPSPs in the VIP neurons needed to either
have greater than normal amplitudes or greater than normal
durations, and the VIP neurons need to make ~0.75 synapses
per ganglion traversed (or 3—4 synapses per VIP neuron, which
is at the highest end of the reported range). The former
requirement therefore leads to the prediction that, if continuous
restimulation of the enteric neural circuits is not required, then
toxins evoking such can directly affect the properties of the
VIP neurons as reported by Jiang et al. (23). The latter suggests
that hypersecretion would only occur under certain neuroana-
tomical conditions, which may explain segmental and species
differences in the neurogenic component of cholera secretion.

The AHP may play a role in controlling activity in the
submucous plexus. Increasing the amount by which the slow
EPSP suppresses the AHP increases the low stable firing rate in
both populations of neurons. Therefore, an alternative hypoth-
esis for ongoing high firing within the VIP network is that the
toxin can modulate the suppression of the AHP by slow EPSPs
in the sensory neurons either via a direct effect on the sensory
neurons themselves, or perhaps via an action of serotonin on a
receptor other than the 5-HTj; receptor. For the change in AHP
suppression to increase the activity in VIP neurons, one of two
conditions had to be satisfied: transmission from sensory neu-
rons to VIP neurons must be fast or the slow EPSPs in VIP
neurons must be able to evoke action potentials. Both of these
conditions are likely to be met under normal physiological
circumstances making the suppression of the AHP a critical
issue for further physiological experimentation.

In summary, our modeling study shows that positive feed-
back within submucous neuron networks provides an explana-
tion for the observed decaying secretion response elicited by
electrical stimuli and tonic activity leading to a basal secretion
rate in the small intestine. The firing rate of the combined
network in response to a given stimulus depends strongly on
the amplitude of the slow EPSPs in VIP neurons and the
interaction between the AHP and slow EPSPs in sensory
neurons, but fast transmission onto VIP neurons also has an
important role. Under certain conditions, the combined net-
work can go into uncontrolled firing that persists even if the
initial stimulus is removed. We propose that this is, in part, the
mechanism behind the neurogenic component of cholera se-
cretion in the small intestine in vivo.
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