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Conventional intracellular microelectrodes and injection of biocytin were used to study the actions of
IL-1B and IL-6 on electrical and synaptic behavior in morphologically identified guinea pig small intes-
tinal submucous neurons. Exposure to nanomolar concentrations of either IL-13 or IL-6 stimulated
neuronal excitability. The excitatory action consisted of depolarization of the membrane potential,
decreased membrane conductance, and increased discharge of action potentials. Excitatory action of
IL-1P was suppressed by the natural IL-13 human receptor antagonist. Electrical stimulation of sym-
pathetic postganglionic axons evoked inhibitory postsynaptic potentials (IPSPs), and stimulation of
cholinergic axons evoked nicotinic fast excitatory postsynaptic potentials (EPSPs). Both kinds of synap-
tic potentials occurred in neurons with uniaxonal morphology believed to be secretomotor neurons.
Either IL-1P or IL-6 suppressed the noradrenergic IPSPs and the fast EPSPs, and the two acted syner-
gistically when applied in combination. Suppression of the IPSP resulted from presynaptic inhibition
of the release of norepinephrine from sympathetic nerves. The results suggest that the presence of either
or both inflammatory cytokines will release the sympathetic brake from secretomotor neurons to the
intestinal crypts and from nicotinic synapses in the integrative microcircuits, where norepinephrine is
known to have a presynaptic inhibitory action. This, in concert with excitation of secretomotor neu-

rons, may lead to neurogenic secretory diarrhea.

J. Clin. Invest. 103:1309-1316 (1999).

Introduction
IL-1f3 and IL-6 are proinflammatory cytokines that share
several common biologic properties (1). They are
expressed by a variety of cell types, but mainly they are
made by monocytes and macrophages in response to a
broad spectrum of stimuli including microbial deriva-
tives, immune complexes, activated T cells, integrated
actions of other cytokines, and psychogenic or environ-
mental stress. Both cytokines are elevated in animal mod-
els of intestinal inflammation (2-5) and in ulcerative coli-
tis and Crohn’s disease, in which their levels reflect
severity of disease activity (6-9). In patients with Crohn’s
disease, IL-1P and IL-6 are not only elevated in regions of
active disease but also to a lesser extent in bowel, where
the mucosa appears endoscopically normal and from
which biopsies are graded as histologically normal (9).
The cytokines are known to act at the neuronal level
in both the peripheral and central nervous systems.
When injected into the cerebral ventricles or specific
brain nuclei, IL-1$ has multiple actions that include
thermogenesis, suppression of food intake, induction
of slow-wave sleep, inhibition of Ca?* channels in hip-
pocampal neurons, and inhibition of long-term poten-
tiation in the hypothalamus (10). During systemic
inflammation induced by peripheral injection of
Escherichia coli LPS, IL-1[3 gene expression becomes ele-
vated in the central nervous system of rodents (11). In
sheep, elevation of cerebral IL-1f3 accounts for the gas-

trointestinal motor disturbances associated with LPS
exposure (12). Application of IL-1f3 to spinal cord slices
in vitro stimulates release of neuronal substance P, and
this may be related to hyperalgesia in the animal (13).
This effect in the spinal cord is reminiscent of increases
in neuronal substance P evoked by IL-1f in the myen-
teric plexus of intestinal preparations (14).

In the peripheral nervous system, IL-1f3 acts on vagal
afferent nerve terminals. Increased firing in vagal afferents
is evoked by injection of IL-1{3 into the hepatic portal vein
of rats (15). Vagal action is also suggested by elevated
expression of c-Fos in the nucleus tractus solitarius, which
is the brain stem projection site for vagal afferents acti-
vated by IL-1B (16). Pretreatment with IL-1[3 increases the
sensitivity of gastric vagal afferents to fire in response to
cholecystokinin, an effect that may underlie known
anoretic actions of the cytokine (17). Finally, subdi-
aphragmatic vagotomy suppresses hyperthermic respons-
esinduced by IL-1f in the rat (18).

In the digestive tract, IL-1(3 suppresses basal and stim-
ulus-evoked release of norepinephrine from sympathetic
postganglionic nerve fibers and the release of acetyl-
choline from enteric neurons in rat longitudinal mus-
cle/myenteric plexus preparations (19-21). IL-6 also sup-
presses norepinephrine release from sympathetic fibers
in longitudinal muscle/myenteric plexus preparations
and acts synergistically with IL-1f3 when the 2 cytokines
are applied together (22). Enteric nerves appear to be
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Figure 1

Application of IL-1b or IL-6 depolarized and enhanced the excitability of
a neuron in the submucous plexus. (a) IL-1 (10 nM) produced slowly
activating depolarization of the membrane potential and enhanced
excitability. Enhanced excitability is reflected by increased frequency of
spike discharge during intraneuronal injection of constant-current depo-
larizing pulses and spontaneous spike discharge. The 2 traces are con-
tinuous. (b) IL-6 (10 nM) also produced slowly activating depolarization
of the membrane potential and enhanced excitability in the same neuron.
The 2 traces are continuous. The neuron had multiple long processes like
Dogiel type Il enteric neurons.
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Figure 2

Amplitudes of the depolarizing responses to IL-1f and IL-6 were concen-
tration dependent.
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Figure 3

Depolarizing responses to IL-1 and suppression of IPSPs were unaffect-
ed by heating solutions containing IL-1B. (a) Depolarization and sup-
pression of the stimulus-evoked IPSP by unheated IL-1f. (b) Depolariza-
tion and suppression of the IPSP by heated IL-1B. The neuron had
multiple short, dendritic-like processes and a single long process.

involved in IL-1P suppression of responses to application
of acetylcholine in small and large intestinal longitudinal
muscle/myenteric plexus preparations because effects of
the cytokine are blocked by tetrodotoxin (23).

The present study was undertaken in view of the
importance of the cytokines in intestinal inflammation
and the evidence that they have neuronal actions in both
the central and autonomic nervous systems, including
the enteric nervous system. We investigated the actions
of IL-1P and IL-6 on enteric neurons directly by record-
ing their actions electrophysiologically with microelec-
trode impalements in morphologically identified enteric
neurons. Preliminary results of the study have been pub-
lished in abstract form (24).

Methods

Male Hartley-strain guinea pigs weighing 400-600 g were sac-
rificed by stunning and subsequent exsanguination, according
to procedures approved by the Ohio State University Labora-
tory Animal Care and Use Committee. Segments of small intes-
tine were removed 20 cm orad to the ileocecal junction. Prepa-
rations of the submucous plexus for electrophysiologic
recording were microdissected as described previously (25). The
preparations were mounted in a 2.0-mL recording chamber
that was perfused at a rate of 10-15 mL/min with Krebs solu-
tion warmed to 37°C and gassed with 95% O,/5% CO, to buffer
at pH 7.3-7.4. The composition of the Krebs solution was (in
mM) NaCl, 120.9; KCl, 5.9; MgCl, 1.2; NaH,POy, 1.2; NaHCOs3,
14.4; CaCl, 2.5; and glucose, 11.5.

Methods of intracellular recording from the submucous
plexus are described in detail elsewhere (25). Transmembrane
electrical potentials were recorded with conventional “sharp”
microelectrodes. The microelectrodes were filled with 4% bio-
cytin in 2 M KCI containing 0.05 M Tris buffer (pH 7.4). Resis-
tances of the electrodes were 80-190 MQ. The marker dye (bio-
cytin) was injected by the passage of hyperpolarizing current.
The preamplifier (M767; World Precision Instruments, Saraso-
ta, Florida, USA) had bridge circuitry for injection of electrical
current pulses. Current pulses most commonly applied were 200
milliseconds in duration. All data were recorded on videotape
for later analysis. Synaptic potentials were evoked by electrical
shocks (0.1-20 Hz) applied focally to interganglionic connec-
tives with Teflon-insulated platinum wire electrodes 20 Um in
diameter connected through stimulus-isolation units (Grass
SINS) to Grass S48 stimulators (Grass Instrument Division,
Astro-Med Inc., Warwick, Rhode Island, USA). Chart records
were made on Astro-Med thermal recorders. The amplitudes of
the spikes shown in some of the figures here were blunted by the
low-frequency response of the recorder.

At the end of each recording session, the anal end of the
preparation was marked and fixative was added directly to the
disposable recording chamber left overnight at 4°C. The fixa-
tive contained 2% formaldehyde plus 15% of a saturated solu-
tion of picric acid. The preparations were cleared in 3 changes
of dimethyl sulfoxide and three 10-minute washes with PBS.
The preparations were reacted with avidin coupled to horse-
radish peroxidase, carried through a diaminobenzidine color-
developing reaction, and then dehydrated in alcohol (26). The
preparations were mounted in Canada balsam and examined
with a microscope equipped with a Camera Lucida drawing
tube (Nikon, Tokyo, Japan). All biocytin-injected neurons were
identified as having a single long process (uniaxonal) or mul-
tiple long processes (Dogiel type II) (27). Generally accepted
criteria for electrophysiologic and morphologic classification
of AH- and S-type neurons were used (28, 29).

Actions of IL-1P and IL-6 were studied by pressure microe-
jection or by application in the superfusion solution.
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Figure 4

Recombinant IL-1 natural antagonist suppressed depolarizing responses
to IL-1B. (a) Progressively longer pressure ejection pulses of 0.1 UM IL-1(3
(i.e., 20-80 milliseconds) evoked duration-dependent depolarization in
4 neurons, of which 3 had uniaxonal morphology and 1 had multiple
long processes like Dogiel type Il neurons. Pretreatment with 3 nM IL-1
antagonist resulted in a rightward shift of the duration-response curve.
(b) Same kind of data as in a for 3 trials in a single neuron with Dogiel
type ll-like morphology.

Micropipettes (10 im in diameter) manipulated with the tip
close to the impaled neurons were used to microeject the sub-
stances. Pressure pulses of nitrogen with predetermined force
and duration were applied to the micropipettes through elec-
tronically controlled solenoid valves.

Chemical agents used and sources were as follows. Norepi-
nephrine, tetrodotoxin, phentolamine, human recombinant IL-
6, biocytin, and pirenzepine were from Sigma Chemical Co. (St.
Louis, Missouri, USA). Human recombinant IL-1B and IL-1 nat-
ural receptor antagonist were obtained from Calbiochem-Nov-
abiochem Corp. (La Jolla, California, USA) and Bachem Califor-
nia Inc. (Torrance, California, USA), respectively. Peninsula
Laboratories (Belmont, California, USA) was the source of [Trp7,
B-Ala8]-neurokinin A4.1o. Renzapride (BRL 24924) was a gift from
SmithKline Beecham (Betchworth, United Kingdom). Data are
expressed as means + SE. Student’s ¢ test for paired or unpaired
values was used to evaluate significance of differences for means
of resting membrane potential and neuronal input resistance.

Results

Excitatory actions of IL-13and IL-6. IL-1f3 was studied in 23
AH-type and 39 S-type neurons, and IL-6 was studied in
23 AH-type and 41 S-type neurons in the submucous
plexus. All neurons had resting membrane potentials
greater than -45 mV. Classification characteristics of
AH- and S-type enteric neurons were reviewed by Wood
(28) and Bornstein et al. (29). Application of IL-1f in the
bathing medium (0.1-100 nM) or by pressure microe-
jection (0.1 pM) stimulated neuronal excitability in 17 of
23 AH neurons and 28 of 39 S neurons. IL-6 in similar
concentrations enhanced excitability in 16 of 23 AH and
21 of 41 S neurons. The excitatory action for both
cytokines consisted of depolarization of the membrane

potential coincident with increased input resistance. IL-
1B (100 nM) increased the input resistance by 28.3 +
10.5% in 13 neurons, and 100 nM IL-6 increased the
input resistance by 19.2 + 5.8% in 7 neurons.

Enhanced excitability was apparent as spontaneous
spike discharge or repetitive discharge during intraneu-
ronal injection of depolarizing current pulses (Figure 1).
Suppression of the characteristic hyperpolarizing after-
potentials in AH neurons accompanied the changes in
excitability. Amplitudes of the depolarizing responses to
IL-1P and IL-6 increased in direct relation to the con-
centration of the cytokine or to the duration of pressure
ejection pulses (Figure 2). All effects were reversed by
washout from the recording chamber. Heating the solu-
tion containing IL-1{3 to boiling did not alter the depo-
larizing action of the cytokine (Figure 3).

The depolarization evoked by 80-millisecond micro-
pressure pulses of 0.1 UM IL-1f3 was not reduced by the
presence of the serotonergic (5-HT1P) antagonist BRL
24924 (10 pM) in the bathing solution. Mean depolar-
ization to IL-1f3 was 24.25 + 5.0 mV for S neurons in the
absence of BRL 24924 and 24.54 + 5.4 mV for the same
neurons in the presence of BRL 24924 (P > 0.05). The
depolarization evoked by 40-millisecond micropressure
pulses of 0.1 UM IL-1[3 was also not reduced by the pres-
ence of 1 UM of the neurokinin-3 receptor antagonist
[Trp7, B-Ala8]-neurokinin A4.1¢ in the bathing solution.
Mean depolarization to IL-1 was 19.6 + 4.6 mV for 7
neurons in the absence of the antagonist and 20.1 + 4.0
mV for the same neurons in the presence of antagonist (P
>0.05). The depolarizing responses evoked by 40-mil-
lisecond micropressure pulses of 0.1 UM IL-1[3 were also

Control
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T

Figure 5

Application of cimetidine did not suppress the depolarizing action and
enhanced excitability produced by IL-1B in a neuron with multiple short,
dendritic-like processes and a single long process. (a) Depolarization and
action potential discharge evoked by a microejection pulse of IL-1(. (b)
Responses to IL-1P were unchanged in the presence of cimetidine. (c)
Responses to IL-1[ after washout of cimetidine. Failure of cimetidine to
suppress the response to IL-1[3 suggested that the action was directly on
the neuron rather than due to release of histamine from mast cells.
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not reduced by the presence of 100 UM of the M; mus-
carinic receptor antagonist pirenzepine in the bathing
solution. Mean depolarization to IL-1 was 19.5 £ 4.5 mV
for 6 neurons in the absence of the antagonist and 19.8 +
4.4 mV for the same neurons in the presence of antago-
nist (P > 0.05). These results suggested that the slowly
activating depolarization evoked by IL-1f was direct
rather than secondary to release of serotonin, substance
P, or acetylcholine from nerve terminals or paracrine sig-
naling cells (e.g., mast cells).

Excitatory (depolarizing) responses to pressure ejec-
tion pulses of IL-1[3 were suppressed by the natural IL-1
receptor antagonist when the antagonist was applied in
the bathing solution at concentrations greater than 1
nM (Figure 4). Quasi concentration-response curves
obtained by progressively increasing the duration of
pressure ejection pulses showed a parallel rightward shift
suggestive of competitive interactions between the ago-
nist and antagonist at the IL-1f3 receptor (Figure 4).

The excitatory responses to the cytokines were reminis-
cent of excitation of submucous neurons produced by
degranulation of antigen-sensitized mucosal mast cells
(30, 31). One of the mediators released by mast cell
degranulation is histamine, which acts at the histamine
H, receptor subtype to depolarize and enhance excitabili-
ty of neurons in the guinea pig submucous plexus (30-32).

The H; histamine receptor antagonist cimetidine was
used to determine whether the excitatory responses to
IL-1P or IL-6 might be a secondary effect due to degran-
ulation of mast cells and the release of histamine. Cime-
tidine is known to block the excitatory actions of exoge-
nously applied histamine and histamine released by
mast cells during antigen exposure in sensitized guinea
pig bowel in vitro (30-32).

Pretreatment with cimetidine blocked the neuronal
excitatory responses to micropressure pulses of hista-
mine, but it did not significantly change the depolarizing
responses to either cytokine (Figure 5). This suggested
that their excitatory actions were directly on the neurons
and not secondary to mast cell activation by the cytokine.

Excitatory responses evoked by either IL-13 or IL-6

Figure 6

Focal electrical stimulation of sympathetic noradrenergic synaptic inputs
to submucous plexus neurons evoked IPSPs. Application of the a-nora-
drenergic receptor antagonist phentolamine reversibly abolished the stim-
ulus-evoked IPSPs. (a) Control IPSP. (b) Blockade of the IPSP in the pres-
ence of 1 UM phentolamine. (c) Recovery of IPSP after washout of
phentolamine The neuron had multiple short, clublike dendrites and a
single long process.

(membrane depolarization) were unaffected by pretreat-
ment with 300 nM tetrodotoxin or solutions with deplet-
ed Ca?" and elevated Mg?. In Krebs solution with 300 nM
tetrodotoxin, 1.25 mM Ca?', and 16 mM Mg?*, the mean
depolarization evoked by 40-millisecond micropressure
pulses of 100 nM IL-1f3 was 16.7 + 2.8 mV for 7 neurons,
compared with 16.3 + 3.5 mV (P >0.05) for the same neu-
rons in normal Krebs solution. This suggested direct
action of the cytokines because tetrodotoxin was expect-
ed to block axonal conduction in the plexus and thereby
prevent input to the recorded neuron from synaptically
connected neurons elsewhere in the microcircuit.
Suppression of inbibitory postsynaptic potentials by IL-1Band

a, Control a, o

(0.1 nM}
b1 Control b2 6

0.2 nM)

20 ym
-1+
(:1 Control C2 -
20 mv
500 ms
Figure 7

Focal electrical stimulation of sympathetic noradrenergic synaptic inputs
to submucous plexus neurons evoked IPSPs. Application of IL-1f or IL-6
in the superfusion solution suppressed the stimulus-evoked IPSPs. Simul-
taneous application of the 2 cytokines resulted in a greater suppression
of the IPSPs than the sum of the two when each was added alone. (a)
IPSPs evoked by electrical stimulation before application of IL-1f3 (con-
trol) and in the presence of 0.1 nM IL-1P. (b) IPSPs evoked by electrical
stimulation before application of IL-6 (control) and in the presence of 0.2
nM IL-6. (c) Simultaneous application of 0.1 nM IL-13 and 0.2 nM IL-6
produced greater suppression than the sum of individual exposures to IL-
1B and IL-6 (see Figure 8). The neuron had multiple short, clublike den-
drites and a single long process.
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Figure 8

IL-1B and IL-6 each suppressed stimulus-evoked IPSPs in submucous neu-
rons and acted synergistically when applied in combination in the super-
fusion solution. Parenthetical number above each bar represents number
of neurons.
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Figure 9

Neither IL-1(3 nor IL-6 suppressed hyperpolarizing responses to norepi-
nephrine in submucous plexus neurons. (a) Control response to micro-
pressure pulse (“spritz”) of 10 UM norepinephrine. (b) IL-1f did not sup-
press the response to norepinephrine in the same neuron. (c) Control
response to spritz of 10 UM norepinephrine. (d) IL-6 did not suppress the
response to norepinephrine in the same neuron. The neuron had multi-
ple short, clublike dendrites and a single long process.

IL-6. Focal electrical stimulation of sympathetic nora-
drenergic synaptic inputs to the submucous neurons
evoked inhibitory postsynaptic potentials (IPSPs) (Figure
6). IPSPs were found in both AH neurons with Dogiel
type II morphology and S neurons with Dogiel type I
morphology. Mimicry of the IPSPs by micropressure
application of norepinephrine and blockade of the IPSPs
and the responses to norepinephrine by 1 UM of the a-
adrenoceptor antagonist phentolamine in 7 neurons
(Figure 6) were consistent with earlier reports that the
noradrenergic IPSPs in guinea pig submucous plexus
neurons are mediated by 0-noradrenergic receptors (25,
33). The mean amplitude of the slow IPSPs was 20.5 + 1.1
mV (range: 6-30 mV) for 30 neurons. Application of IL-
1B or IL-6 in the superfusion solution reversibly sup-
pressed or abolished the stimulus-evoked IPSPs (Figure
7). Application of 0.1 nM IL-1f3 or 0.2 nM IL-6 suppressed
the IPSPs by 10-20%. IL-1(3 and IL-6 applied together in
the same concentrations acted synergistically to suppress

the IPSPs by a mean of 60 + 8.2% (Figure 8).

Micropressure application of norepinephrine evoked
hyperpolarizing responses in the submucous neurons (Fig-
ure 9). Like the stimulus-evoked IPSPs, the hyperpolariz-
ing responses to norepinephrine were suppressed by the O-
noradrenergic antagonist phentolamine. IL-1(3, IL-6,0r the
2 cytokines in combination the hyperpolarizing responses
evoked by norepinephrine (Figure 9). In the presence of 0.1
nM IL-1f or 0.2 nM IL-6, the mean hyperpolarizing
responses to norepinephrine were 25.7 + 2.4 mV and 27.5
+ 3.6 mV, respectively, for 15 neurons. These were not sig-
nificantly different (P > 0.05) from the control value of 25.1
+ 3.0 mV. This suggested that the site of action of the
cytokines was at presynaptic inhibitory receptors on the
noradrenergic nerve terminals and that suppression of the
IPSPs resulted from inhibition of norepinephrine release
from the terminals.

Suppression of fast excitatory postsynaptic potentials by IL-13
and IL-6. Focal electrical stimulation applied to inter-
ganglionic connectives in the submucous plexus evoked
fast excitatory postsynaptic potentials (EPSPs) charac-
teristic of the well-documented nicotinic EPSPs found
to occur in enteric neurons (34). Fast EPSPs were found
primarily in S-type neurons with uniaxonal morpholo-
gy. Mean amplitude of the fast EPSPs was 6.4 + 1.4 mV
for 25 neurons. Pressure microejection (40-millisecond
pulses) of 0.1 pM IL-1f3 or 0.2 UM IL-6 reversibly sup-
pressed or abolished the stimulus-evoked EPSPs (Figure
10). Micropressure application of 0.1 nM IL-1f3 or 0.2
nM IL-6 suppressed the EPSPs in direct relation to the
duration of the constant-pressure microejection pulses
(Figure 10). IL-1P and IL-6 applied together in the same
concentrations acted synergistically to suppress the
EPSPs (Figure 11).

Micropressure application of acetylcholine evoked depo-
larizing responses that mimicked the fast EPSPs (Figure
12).IL-1B,IL-6, or the 2 cytokines in combination did not
alter the depolarizing responses evoked by acetylcholine

O IL-1R n=12 neurons
60 @ IL-6 n=8neurons
50
40
30
20F
10

0

Percent inhibition of fast EPSP

0 20 40 60 80 100 120

Spritz duration (ms)
Figure 10
Focal electrical stimulation of nicotinic synaptic inputs to submucous
plexus neurons evoked EPSPs. Application of IL-1P or IL-6 suppressed the
EPSPs. Suppression of EPSPs by either IL-1 or IL-6 was directly related
to the duration of constant-pressure microejection pulses with 0.1 UM in
the ejection pipette.
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Figure 11

Focal electrical stimulation of nicotinic synaptic inputs to submucous
plexus neurons evoked EPSPs. Application of IL-1P or IL-6 suppressed the
EPSPs. Simultaneous application of the 2 cytokines resulted in a greater
suppression than the sum of the two added separately. (a) EPSP evoked
by electrical stimulation before application of the cytokines (control) fol-
lowed by 0.2 nM IL-6, 0.1 nM IL-1(3, a combination of 0.1 nM IL-13 and
0.2 nM IL-6, and washout. (b) Simultaneous application of IL-13 and
IL-6produced greater suppression than the sum of individual exposures
to IL-1B and IL-6.

(Figure 12). The mean amplitude of depolarizing respons-
es evoked by micropressure application of 100 UM acetyl-
choline was 27.7 + 6.4 mV for 6 neurons. In the presence
of 0.1 nM IL-1P or 0.2 nM IL-6, the amplitude of the
acetylcholine-evoked responses was 28.3 + 6.7 mV or 27.4
mV, respectively, for the same 6 neurons. This suggested
that the site of action of the cytokines was at presynaptic
inhibitory receptors on the cholinergic nerve terminals
and that suppression of the EPSPs resulted from inhibi-
tion of acetylcholine release from the terminals.

Discussion

The results suggest that the cytokines IL-1(3 and IL-6
have direct actions on neurons in the submucous plexus
of guinea pig small intestine. Three kinds of actions were
found. One was an excitatory action at the level of the
membranes of the neuronal cell bodies; the second was
suppression of slow IPSPs; and the third was suppres-
sion of nicotinic fast EPSPs.

The excitatory action mimicked slow synaptic excita-
tory responses characteristically found in enteric neu-
rons (reviewed in ref. 34). Excitation evoked by the
cytokines also mimicked the slow excitatory effects pro-
duced by paracrine release of histamine from mucosal
mast cells (30-32). Failure of a histamine receptor antag-
onist and blockade of axonal conduction by tetrodotox-
in to suppress the excitatory responses to the cytokines

is evidence for direct action at the somal membranes of’
the neurons. The excitatory action could not be attrib-
uted to secondary effects of mast cell degranulation.

A second action of IL-1[3 and IL-6 was suppression of
IPSPs evoked by stimulation of release of norepinephrine
from sympathetic postganglionic nerve fibers. This
appeared to be a direct action at presynaptic inhibitory
receptors on the noradrenergic terminals. Suppression of
the noradrenergic IPSP may be the electrophysiologic cor-
relate of suppression of [*H]norepinephrine release that
has been reported to be an action of IL-1 in studies of
the small bowel (20). Our findings that IL-1 and IL-6 act
synergistically in suppressing the noradrenergic IPSPs in
the guinea pig are consistent with results showing syner-
gism between the 2 cytokines in suppressing release of
[3H]norepinephrine from longitudinal muscle/myenteric
plexus preparations of rat small intestine (22).

A third action of IL-1 and IL-6 was suppression of
EPSPs evoked by stimulation of acetylcholine release at
fast nicotinic synapses. This appeared to be a direct
action at presynaptic inhibitory receptors on the
cholinergic nerve terminals. Suppression of the cholin-
ergic EPSP may be the electrophysiologic correlate of
suppression of [*H]choline release from within the
enteric nervous system that has been reported as anoth-
er action of IL-13 (21).

Presynaptic inhibition by IL-1f3 may be a generalized
phenomenon in the nervous system. In ganglia of the
pelvic plexus in guinea pigs, it acts to suppress nicotinic
EPSPs in much the same way as we found for enteric
ganglia (35). In brain slice preparations from the baso-
lateral amygdala of rats, IL-1f acts at presynaptic
inhibitory receptors to suppress fast excitatory and fast
and slow inhibitory postsynaptic potentials evoked by
electrical stimulation in either the stria terminalis or the
lateral amygdala (36).

An aspect of the pathophysiologic significance of the
neuronal actions of the 2 cytokines is illustrated by the
model in Figure 13. Secretomotor neurons to the intes-

C
Control IL-1B (0.1 nM Wash
20 mV
/ \ /\ / \100 ms
e 10 mv
Control IL-1 (0.1 nM
j\m
TACh TAch
Figure 12

IL-1B reversibly suppresses stimulus-evoked fast EPSPs, but not respons-
es to acetylcholine, in submucous neurons. (a) Control. (b) Suppression
of EPSP in presence of 0.1 nM IL-1P. (c) Recovery of IPSP after washout
of IL-1B. (d) Control response to micropressure pulse of 100 UM acetyl-
choline. (e) Responses to same micropressure pulse of acetylcholine in
presence of 0.1 nM IL-1(3 were unchanged. Morphology of the neuron
was uniaxonal with multiple short, clublike dendrites.
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tinal crypts are located in the submucous plexus. When
secretomotor neurons fire, they release vasoactive intes-
tinal polypeptide or acetylcholine at the neuroepithelial
junctions, and this stimulates the secretion of water and
electrolytes into the crypt lumen (37). Hyperactivity of
the secretomotor neurons is associated with a state of
secretory diarrhea. Two actions of the cytokines are
expected to contribute to production of the secretory
state. One is direct excitation of the secretomotor neu-
rons and/or interneurons that provide excitatory synap-
tic drive to the secretomotor neurons. Second is the
inhibitory action on noradrenergic transmission to the
secretomotor neurons and/or synaptically connected
interneurons. This effectively nullifies any sympathetic
braking action on the secretomotor neurons to permit
maximal secretomotor firing rates and hyperstimulation
of mucosal secretion.

Apart from submucous secretomotor neurons, a
major component of sympathetic input to the intestine
acts at presynaptic terminals to prevent release of exci-
tatory transmitter substances that mediate fast or slow
transmission at synapses within the integrated circuits
of the enteric nervous system (38). These axo-axonal
synapses, which have been described ultrastructurally,
function to inactivate the excitatory synaptic circuitry
that mediates intestinal motility (39). Application of
norepinephrine or electrical stimulation of sympathet-
ic postganglionic fibers in the intestinal mesentery
reduces or abolishes fast nicotinic transmission in the
enteric networks (40, 41). This occurs without any
change in the somal membrane properties during expo-
sure to norepinephrine and without any change in the
depolarizing responses of the neurons to microejected
acetylcholine. Both findings are evidence that the mech-
anism of action of norepinephrine is blockade of release
of acetylcholine from presynaptic nerve terminals.
Based on the neurophysiology at the synaptic interface
between the sympathetic and enteric divisions of the
autonomic nervous system, the significance of cytokine-
induced blockade of norepinephrine release at excitato-
ry synapses is expected to be prevention of sympathetic
inactivation of the enteric microcircuits that generate
intestinal motor activity and other intestinal behaviors
associated with the inflammatory state.

The significance of presynaptic suppression of fast

Figure 13

Conceptual model for actions of IL-1B and IL-6 in the enteric nervous sys-
tem. Both cytokines act directly to increase excitability of neurons and to
suppress release of norepinephrine at sympathetic synapses on submu-
cous neurons. Stimulation of submucosal secretomotor neurons is
expected to evoke secretion from mucosal crypts and may account in part
for diarrheal symptoms associated with proinflammatory cytokines. Inac-
tivation of sympathetic braking action on secretomotor neurons facili-
tates secretion and may also contribute to diarrheal symptoms.

excitatory neurotransmission in the enteric nervous sys-
tem is less clear. In a situation in which multiple neurons
in a circuit have stimulated excitability (i.e., by the
cytokine), it may be that presynaptic inhibition at mul-
tiple synaptic transfer points in the circuit provides a
simultaneous braking action that prevents runaway exci-
tation at the circuit level. Braking action of this nature
could compensate for the loss of the sympathetic brake
that results from the action of the cytokines to suppress
norepinephrine release.
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