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Abstract
Pancreatic polypeptides such as neuropeptide Y (NPY) and peptide YY (PYY) exert profound,
vagally mediated effects on gastrointestinal (GI) motility. Vagal efferent outflow to the GI tract is
determined principally by tonic GABAergic synaptic inputs onto dorsal motor nucleus of the
vagus (DMV) neurons, yet neither peptide modulates GABAergic transmission. We showed
recently that opioid peptides appear similarly ineffective because of the low resting cAMP levels.
Using whole cell recordings from identified DMV neurons, we aimed to correlate the influence of
brainstem cAMP levels with the ability of pancreatic polypeptides to modulate GABAergic
synaptic transmission. Neither NPY, PYY, nor the Y1 or Y2 receptor selective agonists
[Leu,Pro]NPY or NPY(3–36) respectively, inhibited evoked inhibitory postsynaptic current
(eIPSC) amplitude unless cAMP levels were elevated by forskolin or 8-bromo-cAMP, by
exposure to adenylate cyclase-coupled modulators such as cholecystokinin octapeptide (sulfated)
(CCK-8s) or thyrotropin releasing hormone (TRH), or by vagal deafferentation. The inhibition of
eIPSC amplitude by [Leu,Pro]NPY or NPY(3–36) was stable for approximately 30 min following
the initial increase in cAMP levels. Thereafter, the inhibition declined gradually until the agonists
were again ineffective after 60 min. Analysis of spontaneous and miniature currents revealed that
such inhibitory effects were due to actions at presynaptic Y1 and Y2 receptors. These results
suggest that, similar to opioid peptides, the effects of pancreatic polypeptides on GABAergic
transmission depend upon the levels of cAMP within gastric inhibitory vagal circuits.
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INTRODUCTION
The nucleus of the tractus solitarius (NTS) receives sensory information from the GI tract
via vagal afferent fibres. NTS neurons integrate and transfer this information to neurons of
the dorsal motor nucleus of the vagus (DMV) using mainly GABA, glutamate and
norepinephrine as neurotransmitters. Vagal preganglionic fibres originating from DMV
neurons provide the modulated parasympathetic motor output to the sub-diaphragmatic
viscera (Reviewed recently in1,2).

Among the many peptides that modulate vagal motor output to the GI tract, pancreatic
polypeptides such as neuropeptide Y (NPY) and peptide YY (PYY), applied either by
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intravenous injection or by microinjection directly in the dorsal vagal complex (DVC; i.e.
NTS, DMV and area postrema), have been shown to affect gastric motility, gastric and
pancreatic secretion and intestinal transit time.3–13 Interestingly, the actions of PYY or NPY
on gastric motility and secretion have been reported to be inhibitory3,6,14,15 as well as
excitatory.6,8,16–18 In his investigation, Chen6 reported that the effects of NPY on gastric
motility were excitatory under basal conditions, but became inhibitory if gastric motility was
stimulated above baseline by 4th ventricular administration of a stable thyrotropin releasing
factor (TRH)-analogue. These effects were interpreted as different actions at Y1 vs Y2
receptors, with activation of Y1 receptors by NPY causing GI stimulation while activation
of Y2 receptors by PYY caused GI inhibition.6 The peptide’s affinity for the receptors as
well as the second messenger pathway engaged by Y1 and Y2 receptor activation is,
however, identical, i.e. a decrease in adenylate cyclase activity,19 making this interpretation
quite puzzling and unlikely.

Recently, we provided experimental evidence showing that opioid receptors in the
GABAergic synaptic connections between NTS and DMV neurons undergo rapid, but
transient trafficking.1,20,21 Our model proposes that modulation of GABAergic, but not
glutamatergic, synaptic transmission between the NTS and the DMV is dependent upon the
‘state of activation’ of brainstem circuits. More specifically, under normal conditions
neuromodulators negatively coupled to adenylate cyclase, such as neuropeptide Y and
peptide YY via actions at Y1 and Y2 receptors, cannot affect GABAergic synaptic
transmission between the NTS and the DMV,22,23 possibly because of the low resting levels
of cAMP within the inhibitory nerve terminals. Increasing the levels of cAMP with
pharmacological tools, or relieving the dampening of cAMP induced by vagal afferent fibres
allows receptor trafficking and uncovers the modulation of GABAergic currents by
neurotransmitters or neuromodulators negatively coupled to adenylate cyclase. Indeed, this
mechanism of action occurs when the effects of opioid peptides on the NTS–DMV synapses
are analysed,20,21 a mechanism complementary to the direct effect of opioids on the soma of
NTS neurons.24

The aim of this study was to investigate the effects of NPY and PYY on excitatory and
inhibitory synaptic transmission within the DVC circuits controlling gastric motility under
conditions of pharmacologically increased cAMP levels as well as following vagal
deafferentation. We shall propose a mechanism of action that accounts for the contrasting
effects on gastric motility of pancreatic polypeptides observed in vivo.

MATERIAL AND METHODS
Retrograde tracing

Retrograde tracers were applied to discrete regions of the rat stomach as described
previously.23,25,26 Briefly, 14-day-old Sprague–Dawley rat pups of either sex were
anesthetized deeply (2.5% isoflurane) in accordance with the Institutional Animal Care and
Use Committee guidelines. Following laparotomy, crystals of the fluorescent tracer 1,1′-
dioctadecyl-3,3,3′,3′-tetramethylinodcarbo-cyanine perchlorate (DiI) were applied to the
serosal surface of the fundus, corpus or antrum/pyloric (A/P) areas along the major
curvature of the stomach. The dye was embedded in place with fast hardening epoxy resin,
the surgical area was flushed with saline and the wound closed with 5/0 suture. The animal
recovered for 10–15 days prior to removal of the brainstem.

Electrophysiology
The protocol for brainstem slicing has been described previously.23,27 Briefly, rats were
anesthetized with isoflurane before removal of the brainstem, which was then placed in
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oxygenated Krebs’ solution (see below) at 4 °C and cut in 4–6 coronal slices (300 μm-thick)
spanning the rostro-caudal extent of the DVC. The slices were incubated in oxygenated
Krebs’ solution at 35 ± 1 °C for at least 90 min prior to use.

A single slice was transferred to a perfusion chamber and held in place with a nylon mesh on
the stage of a Nikon E600FN microscope equipped with tetramethylrhodamine
isothiocyanate (TRITC) epifluorescent filters. The slice was maintained at 35 ± 1 °C by
continuous perfusion with Krebs’ solution. Retrogradely-labelled, DiI filled DMV neurons
were identified under TRITC epifluorescence. Recordings were conducted under brightfield
illumination using differential interference contrast optics.

Whole cell recordings were made using pipettes of resistance 4–7 MΩ when filled with
potassium solutions (see below) using a single electrode voltage clamp amplifier (Axoclamp
1D, Molecular Devices, Union City, CA). Data were filtered at 2 kHz, digitized via a
Digidata 1320 interface and analysed utilizing pClamp9 software (Molecular Devices). Only
recordings with a series resistance <15 MΩ were used.

Electrical stimulation
Bipolar tungsten stimulating electrodes (~125 μm tip separation) were placed in the
subnuclei centralis or medialis of the NTS and used to evoke inhibitory or excitatory
postsynaptic currents (eIPSCs and eEPSCs, respectively). IPSCs were recorded in DMV
neurons perfused with Krebs’ containing the non-selective iono-tropic glutamate antagonist,
kynurenic acid (1 mmol L−1) and voltage-clamped at −50mV. When recording EPSCs,
neurons were held at −60 mV and the perfusing solution contained the GABA-A antagonist
bicuculline (20 μmol L−1). The patch pipette contained lidocaine N-ethyl bromide (0.5 mmol
L−1) to prevent antidromically-stimulated action potentials. Stimuli (10–500 μA, 0.1–0.5
ms) were applied every 20 s throughout the recording period to evoke submaximal currents.

Spontaneous and miniature IPSCs
Spontaneous and miniature IPSCs (sIPSCs and mIPSCS, respectively) were recorded at −50
mV using KCl as the current carrier (see below). To block sodium currents and action
potential dependent synaptic transmission, tetrodotoxin (TTX, 1 μmol L−1) was included in
the perfusion solution when recording mIPSCs. mIPSCs and sIPSCs were analysed with
Mini Analysis Program (Synaptosoft, Leonia, NJ, USA).

Vagal deafferentation
The surgery for supranodose afferent rhizotomy was described previously.21,26,28,29 Briefly,
rats were anesthetized with a mixture of ketamine/xylazine/acepromazine (80/1.6/5 mg/kg
i.p.) and placed in a stereotaxic frame. Muscle tissue was blunt dissected to expose the
occipital bone and the first cervical vertebra. After shaving the bone, the three supranodose
vagal dorsal afferent rootlets were visualized on the right vagal trunk and sectioned with a
27-gauge surgical needle under microscopic guidance. In sham deafferented animals, the
procedure was identical but the vagal rootlets were not sectioned. The effectiveness of the
surgery was assessed by injecting 1 μL of 5% rhodamine dextran in both the nodose ganglia
and observing the fluorescent labelling in brainstem slices 3 days later.

Drug application and statistical analysis
Drugs were dissolved in the perfusing Krebs’ at concentrations demonstrated previously to
be effective.25 Agonists were applied until the response plateaued; neurons were allowed to
recover fully between drug additions. Antagonists were perfused for at least 5 min prior to
agonist reapplication. Each neuron served as its own control, i.e., the response was assessed
before and after drug addition using the Students t-test. Intergroup comparisons were
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analysed with the chi-square test. A minimum ±10% variation of eIPSC or eEPSC amplitude
was arbitrarily taken as indicative of an effect. Results are expressed as mean ± SEM and
only responding neurons were included in the statistical analysis. Significance was defined
as P < 0.05.

Drugs and solutions
Krebs’ solution (mmol L−1): 126 NaCl; 25 NaHCO3; 2.5 KCl; 1.2 MgCl; 2.4 CaCl2; 1.2
NaH2PO4 and 11 dextrose, maintained at pH 7.4 by bubbling with O2/CO2 (95%/5%).

Intracellular potassium gluconate solution (mmol L−1): 128 potassium gluconate; 10 KCl;
0.3CaCl2; 1 MgCl2; 10 Hepes; 1 EGTA; 2 Na2ATP; 0.25 NaGTP, adjusted to pH 7.35 with
KOH.

Intracellular potassium chloride solution (mmol L−1): 140 KCl, 1 CaCl2, 1 MgCl2, 10
HEPES, 10 EGTA, 2 ATP-Na, 0.25 GTP-Na, adjusted to pH 7.35 with HCl.

1,1′-dioctadecyl-3,3,3′,3′-tetramethylinodcarbocyanine perchlorate was purchased from
Invitrogen Corp., (Eugene, OR); NPY, PYY, [Leu31,Pro34]NPY and NPY(3–36) were
purchased from Bachem (King of Prussia, PA). All other chemicals were purchased from
Sigma Chemical Company (St. Louis, MO, USA).

RESULTS
Recordings were made from 100 gastric-projecting DMV neurons (34-fundus, 33 corpus-
and 33-AP projecting neurons) from 43 rats. As quantitative or qualitative differences were
not apparent in the responses of DMV neurons, the results were pooled.

Pancreatic polypeptides do not modulate inhibitory synaptic transmission in naïve slices
As reported previously,23 perfusion of the slice with NPY (100 nmol L−1; N = 21) or PYY
(100 nmol L−1; N = 18) did not affect the amplitude of eIPSCs. Furthermore, selective
agonist for the Y1 receptor, [Leu31Pro34]NPY, or the Y2-receptor, NPY (3–36) (both 100
nmol L−1; N = 22 and N = 33, respectively), did not alter eIPSC amplitude in any of the
neurons to which the peptide was applied (Fig. 1A). Results are detailed in Table 1.

These data confirm our previous observation that pancreatic polypeptides do not modulate
the GABAergic currents between NTS and DMV neurons.

Pancreatic polypeptides decrease the amplitude of eIPSC following elevation of cAMP
levels

To determine whether the inability of pancreatic polypeptides to modulate GABAergic
synaptic transmission was due to low resting levels of cAMP within inhibitory nerve
terminals, the peptide effects were re-assessed after exposure to agents that either activate
adenylate cyclase or increase cAMP levels (forskolin and 8-bromo-cAMP) as well as after
exposure to neurotransmitters/neuromodulators known to activate adenylate cyclase (TRH
and CCK-8s, via activation of CCKA receptors).30–33

Neurons were first perfused with NPY (N = 12), PYY (N = 8), [Leu31Pro34]NPY (N = 17)
or NPY (3–36) (N = 22), none of which altered the amplitude of the eIPSC. Following
wash-out and 5 min recovery, the brainstem slices were perfused for 5 min with forskolin
(10 μmol L−1; N = 12), TRH (10 μmol L−1; N = 8), CCK-8s (100 nmol L−1; N = 17) or 8-
Br-cAMP (1 mmol L−1; N = 4). All of these treatments increased the amplitude of the
eIPSC. The amplitude of eIPSC returned to baseline values within 2–3 min of washout. A
second application of the pancreatic polypeptide was conducted after the eIPSC amplitude
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returned to baseline. As the effectiveness of cAMP elevating agents to induce receptor
trafficking was similar with respect to both the percentage of responsive neurons as well as
the amplitude of the response, the data have been pooled.

During the second perfusion with these agonists, an inhibitory effect of NPY on the eIPSC
amplitude was uncovered in 7 of the 12 neurons tested, while PYY decreased the eIPSC
amplitude in 7 of 8 neurons, [Leu31Pro34]NPY in 11 of 17 neurons and NPY (3–36) in 16 of
22 neurons (chi-square test P > 0.05; Fig. 1B). The results are summarized in Table 1.

To determine whether the uncovering of the effects of pancreatic polypeptides were specific
to GABAergic synapses or occurred also on glutamatergic synapses, the effects of NPY
were tested in seven DMV neurons. In four of these neurons, perfusion with NPY decreased
the amplitude of the eEPSC to 71 ± 4.5% and to 74 ± 1.0% of control before and after
perfusion with forskolin (P > 0.05). In the remaining three neurons, the amplitude of the
eEPSC was 102 ± 2.6% and 95 ± 2.2% of control before and after perfusion with forskolin
(P > 0.05). Data not shown.

The inhibition of eIPSC by pancreatic polypeptides is mediated via actions at Y1 and Y2
receptors

Following pretreatment with forskolin, 8-Br-cAMP or CCK-8s (N = 6) as described above,
perfusion with [Leu31Pro34]NPY reduced the amplitude of the eIPSC to 78 ± 2.5% of
control (P < 0.05). Such inhibitory effects of [Leu31Pro34]NPY were prevented by
pretreatment with the Y1 receptor selective antagonist, BIBP3226 (100 nmol L−1; 100 ±
1.9% of control, P > 0.05 vs control; P < 0.05 vs inhibition in the absence of antagonist).
25,34,35

Similarly, following pretreatment with forskolin or 8-Br-cAMP (N = 4) as described above,
NPY (3–36) reduced the amplitude of the eIPSC to 80 ± 2.3% of control (P < 0.05). Such
inhibitory effects were prevented by pretreatment with the Y2 receptor selective antagonist,
BIIE 0246 (100 nmol L−1; 98 ± 2.5% of control, P > 0.05 vs control; P < 0.05 vs inhibition
in the absence of antagonist Fig. 1).

Time course of the effects of Y1 and Y2 agonists
The time course of recovery from Y1 or Y2 receptor-induced inhibition of GABAergic
neurotransmission was assessed in 6 neurons. After 5 min perfusion with either CCK-8s or
8-Br-cAMP, the uncovering agent was washed out. Re-application of either
[Leu31Pro34]NPY or NPY (3–36) induced a 21 ± 1.4% inhibition in eIPSC amplitude (P <
0.05). The agonist was then reapplied again at defined time points. The magnitude of the
inhibition was 26 ± 2.4% and 21 ± 4.0% at 15 and 30 min, declining gradually thereafter
such that 45 min after application, the agonists induced a 14 ± 3.1% inhibition and at 60 min
there was no longer any inhibition in eIPSC amplitude (i.e. 96 ± 5.4% of control; Fig. 2).

Effects of pancreatic polypeptides on inhibitory synaptic transmission are mediated via
actions at presynaptic receptors

In the 23 neurons tested in control conditions, the amplitude and frequency of sIPSC were
not altered by perfusion with [Leu31Pro34]NPY. In eight out of 12 neurons tested, however,
pretreatment with CCK-8s, TRH or forskolin uncovered an inhibitory effect of
[Leu31Pro34]NPY on sIPSC frequency (P < 0.05) but not amplitude (P > 0.05). Similarly,
when mIPSC were analysed following pretreatment with CCK-8s, their frequency, but not
amplitude, was decreased (P < 0.05) following perfusion with [Leu31Pro34]NPY in three of
the 5 neurons tested. Data are summarized in Table 2.
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Similarly, in the 23 neurons tested in control conditions, the amplitude and frequency of
sIPSC were not altered by perfusion with NPY (3–36). In six out of 13 neurons tested,
however, pretreatment with CCK-8s, TRH or forskolin uncovered an inhibitory effect of
NPY (3–36) on sIPSC frequency (P < 0.05) but not amplitude (P > 0.05). Similarly, when
mIPSC were analysed following pretreatment with CCK-8s, their frequency, but not
amplitude, was decreased (P < 0.05) following perfusion with NPY (3–36) in four of the 5
neurons tested (Fig. 3). Data are summarized in Table 2.

These data indicate that the inhibitory effects of NPY (3–36) and [Leu31Pro34]NPY were
presynaptic, i.e. on GABAergic terminals impinging on DMV neurons.

Responses to multiple peptides indicates different membrane distribution of Y1 and Y2
receptors

Of 12 neurons in which the actions of both [Leu31-Pro34]NPY and NPY (3–36) were
assessed after the inhibition of sIPSC was uncovered by pretreatment with forskolin,
CCK-8s or TRH (N = 4 for each), both peptides were effective in reducing the frequency of
sIPSC in 4 neurons. In a further 5 neurons, [Leu31-Pro34]NPY, but not NPY (3–36),
inhibited sIPSC frequency while in the remaining 3 neurons, NPY (3–36), but not
[Leu31Pro34]NPY, had any effect (data not shown).

These data indicate a different distribution of Y1 and Y2 receptors on gastric-projecting
DMV neurons and suggest that these receptors may control different vagally-mediated
effects on the GI tract.

After vagal deafferentation pancreatic polypeptides decrease eIPSC amplitude without the
need for pharmacological increase of cAMP levels

As in naïve rats, the effects of pancreatic polypeptides did not show gastric regional
differences, the data from fundus, corpus and A/P-projecting DMV neurons were thus
pooled.

In deafferented rats, [Leu31Pro34]NPY inhibited the amplitude of eIPSC in naïve (i.e. not
pretreated) brainstem slices in 12 of the 21 neurons tested. Data are summarized in Table 1.
In the remaining nine neurons, perfusion with [Leu31Pro34]NPY did not affect the amplitude
of the eIPSC (242 ± 34.8 and 237 ± 34.5 pA in control and after [Leu31Pro34]NPY,
respectively; P > 0.05).

In deafferented rats, incubation with forskolin had no additional effect on the inhibitory
actions of [Leu31Pro34]NPY. In three neurons [Leu31Pro34]NPY decreased the amplitude of
eIPSC to 66 ± 13.0% and 65 ± 19.5% of control before or after incubation with forskolin
respectively (P > 0.05). In three further neurons, perfusion with [Leu31Pro34]NPY had no
effect on the eIPSC amplitude before or after forskolin treatment (98 ± 3.1% and 102 ± 2.5%
of control, respectively; P > 0.05).

The effects of [Leu31Pro34]NPY were mediated by activation of Y1 receptors because
perfusion with BIBP3226 abolished the inhibition of eIPSCs amplitude induced by
[Leu31Pro34]NPY (78 ± 1.9% and 100 ± 2.1% of control prior and after BIPB3226,
respectively; P < 0.05; N = 5) (Fig. 4).

In slices from deafferented animals, NPY (3–36) reduced the amplitude of eIPSC in 12 of
the 17 neurons tested. Data are detailed in Table 1. In the remaining nine neurons, perfusion
with NPY (3–36) did not affect the amplitude of the eIPSC (243 ± 48.3 and 248 ± 51.7 pA
in control and after NPY (3–36), respectively; P > 0.05).
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Furthermore, in deafferented rats, incubation with forskolin had no additional effect on the
inhibitory actions of NPY (3–36). In two neurons NPY (3–36) decreased the amplitude of
eIPSC to 79 ± 1.1% and 82 ± 0.7% of control before or after incubation with forskolin (P >
0.05). In three other neurons, perfusion with NPY (3–36) had no effect on the eIPSC
amplitude before or after forskolin treatment (102 ± 1.8% and 107 ± 1.2% of control,
respectively; P > 0.05).

These effects of NPY (3–36) were mediated by activation of Y2 receptors because perfusion
with BIIE 0246 abolished the inhibition of the eIPSCs amplitude induced by NPY (3–36)
(77 ± 1.9% and 100 ± 3.1% of control prior and after BIIE 0246, respectively; P < 0.05; N =
5) (Fig. 4).

These data suggest that vagal deafferentation increases cAMP levels allowing pancreatic
polypeptides to modulate GABAergic synapses. It further indicates that in slices from
deafferented rats, contrary to slices from vagally intact conditions, increasing the activity of
adenylate cyclase with forskolin does not induce an additional increase in the response to
pancreatic poly-peptides.

To verify that the ability of pancreatic polypeptides to inhibit GABAergic synaptic
transmission following vagal deafferentation was, indeed, a direct result of the nerve
interruption, the ability of [Leu31Pro34]NPY and NPY (3–36) to inhibit eIPSC was
examined in 26 neurons from 5 sham operated rats. As in control slices, in all 26 neurons
recorded perfusion with Y1 or Y2 agonists were unable to inhibit the amplitude of eIPSC. In
19 out of 26 of these neurons, the effects of [Leu31Pro34]NPY or NPY (3–36) were
uncovered by forskolin (N = 6), CCK (N = 4) or 8-Br-cAMP (N = 4) (Fig. 4).

DISCUSSION
In the present manuscript we have shown that NPY and PYY activate Y1 and/or Y2
receptors on a subpopulation of inhibitory synaptic connections between the NTS and the
DMV only if the levels of cAMP are increased, either with pharmacological agents or
following vagal deafferentation. The actions of Y1 and Y2 to inhibit excitatory
glutamatergic synaptic transmission between NTS and DMV neurons is unaffected by
cAMP levels.

As DMV neurons controlling gastrointestinal motility are spontaneously active (27, reviewed
in (2)), it is feasible that even a small change in their membrane potential, such as the one
induced by a ca. 30% decrease in GABAergic input, would increase action potential firing
and consequent amplification of the vagal efferent output modulating gastric functional
parameters. Indeed, recent in vivo experiments have suggested that the tonic GABAergic
inhibition is a predominant influence on rat DMV neurons.36,37

PYY and NPY have long been known to have vagally-mediated actions on gastrointestinal
functions, including gastric motility.6,9,14,16,38 PYY appears to play a major role in the
‘ileal brake’ phenomenon, i.e. as digesta are transported in the distal small intestine, PYY is
released into the circulation by intestinal endocrine cells, readily crosses the blood brain
barrier and decreases gastric motility and tone via a vagally-mediated mechanism,
principally via activation of Y2 receptors in the DVC (reviewed recently in 10). In contrast
to the hormonal actions of PYY, NPY serves the more classical role of neurotransmitter in
the DVC, where both NPY-immunoreactive terminals of hypo-thalamic origin, local NPY-
immunoreactive neurons as well as Y1 and Y2 receptor binding sites are relatively
abundant.39–43
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While we have not measured cAMP levels within individual brainstem neurons or nerve
terminals, the current experiments lead us to hypothesize that the levels of cAMP determine
the modulation of GABAergic, but not glutamatergic, synapses by NPY and PYY between
NTS and DMV. Our previous studies have led us to hypothesize that, under basal (non-
stimulated) conditions, cAMP levels within GABAergic brainstem vagal circuits are low. By
consequence, activation of receptors negatively coupled to adenylate cyclase, such as Y1
and Y2 receptors, exerts no effect upon GABAergic synaptic transmission. Elevation of
cAMP levels either directly (e. g. via exposure to the non-hydrolysable analogue 8-bromo-
cAMP) or indirectly (e.g. via activation of adenylate cyclase by forskolin or Gs coupled
receptors) increases cAMP levels sufficient to allow observation of Y1 and Y2-receptor
mediated actions on inhibitory synaptic transmission. TRH and CCK were used in the
present study to demonstrate neurohormone or neurotransmitter-mediated activation of
adenylate cyclase because both peptides are known to exert profound effects upon vagally-
mediated gastrointestinal functions through brainstem sites of action.2,44–46 While the CCK
is most commonly associated with the Gq-mediated activation of the phospholipase C
pathway, CCK1 (or CCKA) receptors have also been shown to be coupled to Gs in several
tissues, resulting in activation of adenylate cyclase and an increase in cAMP levels.31,47–49

We have shown previously that CCK-8s exerts its vagally-mediated actions on gastric
functions via activation of brainstem CCKA receptors28,46,50,51 and, importantly, CCK-
induced activation of adenylate cyclase has been demonstrated in vagal afferent neurons as
well as within the dorsal vagal complex.52–54

This type of action is similar to that described recently for opioid peptides 20–22 and it may
provide a mechanistic explanation for the opposing responses to in vivo DVC application of
these polypeptides.6,8,14–18,55 In basal conditions, DVC microinjection of PYY and NPY
increases motility. If, however, baseline gastric motility is stimulated via 4th ventricular
administration of a TRH analogue,6 for example, or the rats are fasted for 25 h,9
microinjection of pancreatic polypeptides decreases gastric motility.

Gastric motility is modulated by two distinct vagal efferent pathways originating from the
preganglionic cholinergic motoneurons of the DMV. At the postganglionic level, one
pathway comprises cholinergic neurons; excitation of this pathway increases gastric motility
while inhibition of this pathway (i.e. withdrawal of tonic cholinergic input) decreases gastric
motility. Postganglionic neurons of the second pathway use NANC neurotransmitters and,
when activated, reduce gastric motility (reviewed recently in 2).

Although we do not yet have definitive proof, when combined with the available literature,
the data presented herein lead us to suggest the following scenario: in the intact animal
under non-stimulated (i.e. fasted) conditions, the motility of the gastrointestinal tract is
negligible and involved mostly with housekeeping purposes.56,57 In these conditions, one
could hypothesize that the afferent vagal fibres impinging onto brainstem circuits release
only small quantities of glutamate onto second order NTS neurons.58,59 It is important to
note that the affinity of metabotropic receptors (mGluR) for glutamate is several-fold higher
than that of ionotropic receptors, hence mGluR will be activated even under conditions of
low glutamate release. We have demonstrated previously that the vagal afferent-mediated
dampening of cAMP levels in brainstem vagal circuits occurs via activation of group II
mGluR.26 We have shown recently25 that in a naive (non-stimulated) DVC slice
preparation, NPY and PYY decrease the amplitude of glutamatergic, but not GABAergic,
currents between NTS and DMV. If, as we propose, this condition is similar to a non-
stimulated in vivo preparation, then the PYY and NPY-induced reduction of excitatory
inputs to the DMV can result in an increase in gastric motility and tone only via withdrawal
of NANC inhibition to the stomach.
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As a consequence of food ingestion or a prolonged, stressful situation such as fasting,
however, many neurotransmitters and neuromodulators, such as CCK or TRH, are released
and contribute to the proper implementation of the digestive processes. These neuroactive
substances overcome the effects of mGluR activation, increase the cAMP levels in the
DVC21 and ‘prime’ the NTS–DMV GABAergic circuits, whose strength is now decreased
by pancreatic polypeptides. Thus, as microinjections of NPY or PYY in stimulated
conditions decrease gastric motility and tone,5,14 this can be obtained only by a reduction
(withdrawal) of the vagal cholinergic tone. Indeed, Kobashi and colleagues showed that
atropine pretreatment antagonized the NPY-induced decrease in tone.14

This cAMP-controlled arrangement of the circuits would be a fast, convenient and
metabolically inexpensive way to permit the adaptation of vagal gastrointestinal circuits to
the ever-changing environmental conditions and fulfil the requirements for proper digestive
processes.

As neither all the DMV neurons are responsive to these variations in cAMP levels, nor all
the neurons respond to a Y1 and Y2 agonist challenge, it appears that the GABAergic
circuits involved in these adaptations comprise a highly selective population of both NTS
and DMV neurons. Indeed, the concept of NTS and DMV neurons as relay stations has been
challenged also in regard to the circuits that comprise NTS neurons controlling
cardiovascular or respiratory reflexes.60–65

In conclusion, the present in vitro study suggests an hypothetical mechanistic explanation
for the puzzling and apparently contradictory in vivo gastrointestinal responses to central
application of pancreatic polypeptides. Under basal conditions, NPY and PYY stimulate
gastrointestinal motility presumably via disinhibition of NANC vagal output to the stomach.
After stimulation, however, cAMP levels within brainstem GABAergic circuits are assumed
to increase, allowing pancreatic polypeptides to modulate inhibitory transmission to DMV
neurons. The result of this inhibition is withdrawal of cholinergic tone to the stomach,
decreasing gastric motility.

Thus, the effects of hormones and peptides on gastrointestinal processes may be altered
radically depending upon the activation state of vagal brainstem circuits and must be
considered in the context of ongoing homeostatic and physiological digestive processes in
order to reach an accurate and reliable conclusion regarding their actions.

The postprandial symptoms of functional dyspepsia could then be related to an unbalanced
secretion of neuromodulators positively coupled with adenylate cyclase which keeps the
vagal circuits in a constant state of activation and induces untimely gastric motor responses.
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Figure 1.
Increasing the levels of cAMP ‘uncovers’ responses to pancreatic polypeptides in previously
unresponsive neurones. (A) Representative traces of evoked inhibitory postsynaptic currents
(eIPSC) recorded in DMV neurons. Superfusion with pancreatic polypeptides (in this
example NPY, PYY or the Y2 selective agonist NPY (3–36), all at 100 nmol L−1) had no
effect on the amplitude of the eIPSC. In the representative trace to the right, following a 5
min exposure to 100 nmol L−1 CCK-8s, subsequent re-application of the agonists reduced
the amplitude of the eIPSC. Traces are the average of 3–6 originals each. Holding potential:
−50 mV. Perfusing solution contains 1 mmol L−1 kynurenic acid. (B) Summary of the
effects of alterations in the cAMP pathway in cells where pancreatic polypeptides per se did
not reduce the amplitude of the eIPSC. After 5 min of incubation with forskolin, 8-Br-
cAMP, CCK-8s or TRH and washout, subsequent applications of pancreatic polypeptides
reduced the amplitude of eIPSC in a subpopulation of DMV neurons. The effects of the Y1
receptor selective agonist [Leu31-Pro34]NPY were antagonized by pretreatment with the Y1
receptor-selective antagonist BIBP3226. Similarly, the effects of the Y2 receptor selective
agonist NPY (3–36) were antagonized by pretreatment with the Y2 receptor-selective
antagonist BIIE0246. *P < 0.05 vs the agonist alone.
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Figure 2.
Time course of the uncovering effects of agents that increase cAMP levels. (A)
Representative traces of evoked inhibitory postsynaptic currents (eIPSC) recorded in DMV
neurons. Superfusion with NPY (3–36) had no effect on the amplitude of the eIPSC.
Following 5 min perfusion with CCK-8s and wash out (t = 0), repeated application of NPY
(3–36) induced an inhibition in eIPSCs amplitude that was stable for approximately 15 min.
By 30 min, NPY (3–36) was still able to induce an inhibition, albeit smaller, in eIPSC’s
amplitude. By 60 min after CCK-8s application, NPY (3–36) was once again unable to
inhibit eIPSC amplitude. Traces are the average of 3–6 originals each. Holding potential:
−50 mV. Perfusing solution contains 1 mmol L−1 kynurenic acid. The stimulation artefact
and rising portion of the eIPSC have been erased digitally for purpose of clarity. (B)
Summary graphic showing the time course of the uncovering effects of agents that increase
cAMP levels. *P < 0.05 vs control; **P < 0.05 vs 5 min.
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Figure 3.
Pretreatment with CCK-8s uncovers the [Leu31-Pro34]NPY-mediated decrease of the
frequency but not the amplitude of spontaneous IPSCs. (A) Representative original traces
showing that perfusion with 100 nmol L−1 [Leu31-Pro34]NPY does not modulate sIPSC
frequency (middle trace). Following perfusion with, and recovery from, 100 nmol L−1

CCK-8s, re-perfusion of the same neuron with [Leu31-Pro34]NPY uncovered a significant
decrease in sIPSC frequency. Recordings were conducted in symmetric chloride in the
presence of 1 mmol L−1 kynurenic acid, 1 μmol L−1 tetro-dotoxin. HP = −50 mV. (B)
Computer-generated averaged events from the traces in panel A showing that [Leu31-
Pro34]NPY induced a decrease in the frequency (left side), but not in the amplitude (right
side) of sIPSCs.
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Figure 4.
Perfusion with NPY (3–36) inhibits neurons from deafferented rats without the need to
increase the levels of cAMP pharmacologically. (A) Coronal section at an intermediate level
of the vagal complex. Note the dense innervation of rodamine dextran labelled vagal
afferent nerve terminals within the vagally intact brainstem side (left) compared with the
almost complete absence of labelling on the deafferented side of the brainstem (right). Note
also the presence of vagal preganglionic motoneurons labelled in both sides of the
brainstem, indicating the selectivity of the surgical deafferentation procedure. AP, area
postrema; DMV, dorsal motor nucleus of the vagus; NTS, nucleus tractus solitarius; TS,
tractus solitarius; CC, central canal. (B) Representative trace showing that, in a slice from a
deafferented rat, perfusion with NPY (3–36) reduced the amplitude of the eIPSC without the
need to increase pharmacologically the levels of cAMP. The effects were antagonized by
pretreatment with BIIE0246, indicating that they were mediated through activation of Y2
receptors. Traces are the average of 3–6 originals each. Holding potential: −50 mV.
Perfusing solution contains 1 mmol L−1 kynurenic acid. (C) Summary graphic showing that
in a subpopulation of DMV neurons, the inhibitory effects of [Leu31-Pro34]NPY and NPY
(3–36) were present in deafferented but not sham operated rats. *P < 0.05 vs control.
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Table 1

Increasing cAMP levels uncovers the ability of pancreatic polypeptides to inhibit evoked IPSC amplitude

Untreated
Following pharmacological increase of cAMP
levels Following rhizotomy

Control 223 ± 27 pA 173 ± 26.7 pA Not tested

NPY 227 ± 28 pA 132 ± 23.4 pA

Responsive (%amplitude vs
control)

0/21 neurons (101 ± 2%) 7/12 neurons (75 ± 4%)*

Control 281 ± 30 pA 211 ± 45.8 pA Not tested

PYY 275 ± 29 pA 168 ± 40.1 pA

Responsive (% amplitude vs
control)

0/18 neurons (98 ± 1%) 7/8 neurons (77 ± 3%)*

Control 241 ± 24 pA 200 ± 22.0 pA 213 ± 24.4 pA

[Leu31Pro34]NPY 247 ± 25 pA 158 ± 19.0 pA 155 ± 19.4 pA

Responsive (% amplitude vs
control)

0/22 neurons (103 ± 2%) 11/17 neurons (79 ± 2%)* 11/20 neurons (72 ± 3%)*

Control 223 ± 15 pA 219 ± 19.9 pA 259 ± 26.6 pA

NPY (3–36) 222 ± 14 pA 166 ± 15.6 pA 200 ± 24.0 pA

Responsive (% amplitude vs
control)

0/33 neurons (100 ± 2%) 16/22 neurons (76 ± 3%)* 14/19 neurons (76 ± 3%)*

*
P < 0.05 vs control.
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Table 2

Effects of pancreatic polypeptides on sIPSCs and mIPSCs frequency and amplitude

sIPSC Untreated sIPSC frequency, amplitude
Following pharmacological increase of cAMP levels frequency,

amplitude

Control 3.8 ± 1.1 events s−1, 84 ± 6.5 pA 3 ± 0.8 events s−1, 84 ± 10.5 pA

[Leu31Pro34]NPY 3.8 ± 1.1 events s−1, 84 ± 6.3 pA 1.8 ± 0.5 events s−1, 82 ± 8.6 pA

Responsive (% vs control) 0/23 neurons (102 ± 2.5%, 102 ± 2.3%) 8/12 neurons (63 ± 7.2%*, 98 ± 2.9%)

Control 5.2 ± 1.2 events s−1, 80 ± 5.2 pA 4 ± 0.7 events s−1, 79 ± 9.5 pA

NPY (3–36) 5.3 ± 1.2 events s−1, 82 ± 5.4 pA 2.4 ± 0.7 events s−1, 78 ± 10.0 pA

Responsive (% vs control) 0/23 neurons (102 ± 2.3%, 102 ± 2.5%) 6/13 responsive (61 ± 10.2%*, 97 ± 2.0%)

mIPSC Untreated sIPSC frequency, amplitude Following pharmacological increase of cAMP levels frequency,
amplitude

Control 3.7 ± 2.8 events s−1, 49 ± 9.7 pA 1.4 ± 0.4 events s−1, 53 ± 14.3 pA

[Leu31Pro34]NPY 3.9 ± 0.3 events s−1, 50 ± 13.2 pA 0.8 ± 0.3 events s−1, 52 ± 13.8 pA

Responsive (% vs control) 0/5 responsive (112 ± 15.8%, 101 ± 7.5%) 3/5 responsive (62 ± 3.8%*, 96 ± 0.4%)

Control 1.6 ± 0.3 events s−1, 62 ± 12.5 pA 1.3 ± 0.3 events s−1, 66 ± 14.9 pA

NPY (3–36) 1.6 ± 0.3 events s−1, 60 ± 13.4 pA 0.8 ± 0.2 events s−1, 65 ± 16.1 pA

Responsive (% vs control) 0/5 responsive (98 ± 5.4%, 96 ± 3.4%) 4/5 responsive (61 ± 9.7%*, 98 ± 2.9%)

*
P < 0.05 vs control.
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