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Cholecystokinin Exerts an Effect via the Endocannabinoid

System to Inhibit GABAergic Transmission in Midbrain

Periaqueductal Gray

Vanessa A Mitchell', Hyo-Jin Jeong', Geoffrey M Drew' and Christopher W Vaughan*"'

'Pain Management Research Institute, Kolling Institute of Medical Research, Northem Clinical School, The University of Sydney at Royal North
Shore Hospital, St Leonards, NSW, Australia

Cholecystokinin modulates pain and anxiety via its functions within brain regions such as the midbrain periaqueductal gray (PAG).
The aim of this study was to examine the cellular actions of cholecystokinin on PAG neurons. Whole-cell patch clamp recordings were
made from rat midbrain PAG slices in vitro to examine the postsynaptic effects of cholecystokinin and its effects on synaptic transmission.
Sulfated cholecystokinin-(26—-33) (CCK-S, 100-300nM), but not non-sulfated cholecystokinin-(26—33) (CCK-NS, 100-300nM)
produced an inward current in a sub-population of opioid sensitive and insensitive PAG neurons, which did not reverse over a range of
membrane potentials. The CCK-S-induced current was abolished by the CCK| selective antagonist devazepide (100 nM), but not by the
CCK2 selective antagonists CI1988 (100nM, | uM) and LY225910 (I pM). CCK-S, but not CCK-NS produced a reduction in the
amplitude of evoked GABA-mediated inhibitory postsynaptic currents (IPSCs) and an increase in the evoked IPSC paired-pulse ratio.

By contrast, CCK-S had little effect on the rate and amplitude of TTX-resistant miniature IPSCs under basal conditions and when external
K™ was elevated. The CCK-S-induced inhibition of evoked IPSCs was abolished by the cannabinoid CBI receptor antagonist AM25|
(3uM), the mGIuR5 antagonist MPEP (10 uM) and the |, 2-diacylglycerol lipase (DAGLa) inhibitor tetrahydrolipstatin (10 uM).
In addition, CCK-S produced an increase in the rate of spontaneous non-NMDA-mediated, TTX-dependent excitatory postsynaptic
currents (EPSCs). These results suggest that cholecystokinin produces direct neuronal depolarisation via CCKI receptors and inhibits
GABAergic synaptic transmission via action potential-dependent release of glutamate and mGIuR5-induced endocannabinoid signaling.
Thus, cholecystokinin has cellular actions within the PAG that can both oppose and reinforce opioid and cannabinoid modulation of pain

and anxiety within this brain structure.

INTRODUCTION

Cholecystokinin is one of the most abundant neuropeptides
within the central nervous system and has been implicated
in the control of satiety, anxiety, depression, cognition, and
pain (Faris et al, 1983; Lovick, 2008; Noble et al, 1999).
Cholecystokinin produces its effects via two Gg-coupled
receptors, CCK1 and CCK2 (Noble et al, 1999). The mid-
brain periaqueductal gray (PAG) co-ordinates an animal’s
behavioral, somatic, and autonomic responses to various
forms of threat, stress, and pain (Keay and Bandler, 2001).
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The PAG receives a relatively dense network of chole-
cystokinin immunoreactive nerve fibers (Kubota et al, 1983;
Liu et al, 1994), many of which arise from the midbrain
tegmentum (Luo et al, 1998). Although CCK2 receptors are
the predominant CCK receptor within the brain, both CCK1
and CCK2 receptors are present within the PAG (Carlberg
et al, 1992; Mercer and Beart, 2004; Mercer et al, 1996).
Microinjection of cholecystokinin into the PAG reduces
opioid-induced analgesia and increases anxiety-related
behaviors, blood pressure and defensive behavior. The
functions of cholecystokinin are largely thought to be
mediated by CCK2 receptors (Bertoglio and Zangrossi,
2005; Brack et al, 2006; Li and Han, 1989; Luo et al, 1998;
Netto and Guimaraes, 2004; Tortorici et al, 2003). These
studies have also shown that PAG microinjection of
cholecystokinin antagonists, particularly CCK2 ligands, into
the PAG enhances morphine-induced analgesia and reduces
morphine tolerance, facilitates defensive rage behavior and
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has an anxiolytic effect (Bertoglio and Zangrossi, 2005; Li
and Han, 1989; Luo et al, 1998; Tortorici et al, 2003).

In vitro studies have shown that cholecystokinin increases
the excitability of PAG neurons (Brack and Lovick, 2007;
Liu et al, 1994). Cholecystokinin, however, has complex
effects on PAG neurons, including inhibition of voltage-
dependent calcium currents, a potassium current and the
apamin-sensitive after-hyperpolarization (Yang et al, 2006,
2007). In addition, cholecystokinin increases spontaneous
miniature glutamatergic synaptic transmission within the
PAG via a presynaptic mechanism (Yang et al, 2006).
Although functional studies have shown that the GABAergic
system has a key role in the modulation of pain and anxiety
within the PAG (Fields et al, 2006; Graeff et al, 1993), the
effect of cholecystokinin on GABAergic synaptic trans-
mission within this brain structure is unknown. We have
recently demonstrated that activation of other Gg-coupled
receptors, including metabotropic glutamate (mGluR5),
muscarinic (M1 mAChR), neurokinin (NK1/2), and neuro-
tensin (NTS1/2) receptors, indirectly inhibits GABAergic
synaptic transmission via the endocannabinoid system
within the PAG (Drew et al, 2008, 2009; Lau and Vaughan,
2008; Mitchell et al, 2009). In this regard, cannabinoid
agonists and endocannabinoids modulate analgesic and
anxiolytic activity within the PAG, including a component
of stress-induced analgesia (Finn et al, 2003; Hohmann
et al, 2005; Lichtman et al, 1996; Moreira et al, 2007). In this
study, we therefore examined the effect of cholecysto-
kinin on PAG neurons and GABAergic synaptic trans-
mission, also the role of the endocannabinoid system in
these processes.

METHODS
Slice Preparation

Experiments were carried out on male and female Sprague-
Dawley rats (15-24 days old), following the guidelines of the
National Health and Medical Research Council ‘Australian
code of practice for the care and use of animals for scientific
purposes’ and with the approval of the Royal North Shore
Hospital Animal Care and Ethics Committee. Animals were
deeply anaesthetized with isoflurane, decapitated, and
coronal midbrain slices (300 um) containing PAG were cut
using a vibratome (VT1000S, Leica Microsystems, Nussloch,
Germany) in ice-cold artificial cerebrospinal fluid (ACSF),
of the following composition: (in mM): NaCl 126, KCl 2.5,
NaH,PO, 1.4, MgCl, 1.2, CaCl, 2.4, glucose 11, NaHCO; 25,
as described previously (Drew et al, 2008). The slices were
maintained at 34°C in a submerged chamber containing
ACSF equilibrated with 95% O, and 5% CO,. Individual
slices were then transferred to a chamber and superfused
continuously (1.8 ml/min) with ACSF at 34°C. In experi-
ments where external K™ was elevated (KCl 17.5 mM), NaCl
was reduced to 111 mM to maintain constant osmolality.

Electrophysiology

PAG neurons were visualized using infrared Dodt contrast
gradient optics on an upright microscope (BX50; Olympus,
Tokyo, Japan). Whole-cell voltage-clamp recordings at
—60mV (liquid junction potential corrected) were made
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using an Axopatch 200B (Molecular Devices, Sunnyvale,
USA), with an internal solution comprising (mM):
K-gluconate 95, KCl 30, NaCl 15, MgCl, 2, HEPES 10,
EGTA 11, MgATP 2, and NaGTP 0.3 for recording direct
postsynaptic effects, or with an internal solution containing
(in mM): CsClI 140, Hepes 10, EGTA 0.2, MgCl, 1, MgATP 2,
NaGTP 0.3, and QX-314 3 for recording effects on evoked
and miniature postsynaptic currents; both with pH of 7.3
and osmolality of 280-285 mosmol/l. Series resistance
(<30 MQ) was compensated by 80% and continuously
monitored during the experiments.

Electrically evoked inhibitory postsynaptic currents
(IPSCs) were elicited in neurons via unipolar glass
electrodes (containing ACSF) placed 20-100 um from the
recording electrode (stimuli: 5-50V, 20-400ps), in the
presence of the non-NMDA glutamate receptor antagonist
CNQX (5uM), and the glycine receptor antagonist strych-
nine (5uM). Spontaneous miniature IPSCs were recorded
in the presence of tetrodotoxin (300 nM), CNQX (5uM),
and strychnine (5uM). Evoked and miniature IPSCs were
abolished by the GABA, antagonist SR95531 (10 uM, n =4,
5). Spontaneous excitatory postsynaptic currents (EPSCs)
were obtained in the presence of picrotoxin (100 puM)
and strychnine (5pM), and were abolished by CNQX
(5uM, n=3).

Analysis

Recordings of currents to examine direct postsynaptic
effects were filtered (1kHz low-pass filter) and sampled
(2kHz) for analysis (Axograph X, Axograph Scientific
Software, Sydney, Australia). IPSCs and EPSCs were filtered
(2, 5kHz low-pass filter) and sampled (5, 10kHz) for
on-line and later off-line analysis (Axograph X). Sponta-
neous IPSCs and EPSCs were sampled in 5s epochs every
6s, and PSCs above a preset threshold (4-5 SD above
baseline noise) were automatically detected by a sliding
template algorithm, then manually checked off-line. All
numerical data are expressed as mean + SEM. Statistical
comparisons of mean drug effects were made using paired
Student’s t-test, and comparisons between multiple treat-
ment groups with a one-way ANOVA (using Dunnett’s
correction for post-hoc comparisons), or a two-way ANOVA
(using Bonferroni’s correction for post-hoc comparisons).
Comparisons of proportions were made using Chi-squared,
or Fisher’s exact tests. Comparisons of individual cumula-
tive probability distributions of IPSC/EPSC amplitude and
rate were made using the Kolmogorov-Smirnov (K-S) test.
Differences were considered significant, if p<0.05.

Drug Solutions

Sulfated cholecystokinin(26-33) (CCK-S) was obtained
from Auspep (Parkville, Australia) and Sigma-Aldrich
(Sydney, Australia) (CCK-S from both sources produced
similar effects); atropine, (zx)—baclofen, non-sulfated
cholecystokinin-(26-33) (CCK-NS), methionine enke-
phalin (met-enkephalin), picrotoxin, strychnine hydro-
chloride, and (—)-tetrahydrolipstatin from Sigma-Aldrich
(Sydney, Australia); 1-(2,4-dichlorophenyl)-5-(4-iodophenyl)
-4-methyl-N-1-piperidinyl-1H-pyrazole-3-carboxamide (AM251)
from Cayman Chemicals (Ann Arbor, USA); CI988 (PD-134,308),



devazepide (L-364,718), 1732138, LY225910, 2-Methyl-6-(phenyl-
ethynyl)pyridine hydrochloride (MPEP), and SR142948
from Tocris Bioscience (Bristol, UK); 6-Cyano-7-nitroqui-
noxaline-2,3-dione disodium (CNQX), QX314, SR95531 and
tetrodotoxin (TTX) from Ascent Scientific (Bristol, UK).
Stock solutions of all drugs were made in distilled water,
except AM251 and MPEP, which were made in dimethyl-
sulfoxide. All agents were diluted to working concentrations
in ACSF (solvent <0.03% v/v) immediately before use and
applied by superfusion. Cholecystokinin, cannabinoid, and
mGluR agents were used at concentrations that have
previously been shown to be maximally effective in PAG
slices (Drew et al, 2009; Drew et al, 2008; Yang et al, 2007).
The entire system was washed in 30% ethanol after AM251
experiments.

RESULTS

Cholecystokinin Produces Inward Currents in
Opioid-Sensitive and Insensitive Neurons

Superfusion of supramaximal concentrations of sulfated
cholecystokinin-(26-33) (CCK-S, 100-300 nM) produced an
inward current in a sub-population of PAG neurons
(Figures la and b, 71% of neurons, n=48/68, inward
current at 100nM and 300nM =29+ 7pA and 22 £ 3 pA).
Subsequent superfusion of the GABAjp agonist baclofen
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(10 pM) produced an outward current in all neurons that
did, or did not respond to CCK-S (Figures la and b).
The proportion of CCK-S responding neurons was similar
in the dorsolateral (75%, n = 6/8), lateral (68%, n=23/34),
and ventrolateral PAG columns (73%, n=19/26) (p =0.9).
CCK-S produced an inward current in similar propor-
tions of neurons that did (n =37/49), or did not (n=>5/8)
respond with an outward current to the y/é-opioid agonist
met-enkephalin (10 pM) (Figures la, b and ci, p=0.4).
The CCK-S-induced current was similar in met-enkephalin
responding and non-responding neurons (Figure 1cii, p = 0.9).
The inward current produced by CCK-S (100-300 nM) per-
sisted in the combined presence of tetrodotoxin (300 nM),
CNQX (3 uM), picrotoxin (100 uM), and strychnine (3 pM)
(mean inward current=18 £ 2 pA, n=38).

The inward current produced by CCK-S (100-300 nM)
was associated with a near parallel inward shift in the
current-voltage relationship (Figure 1d). The mean slope
conductance in these neurons was 2.6 + 0.3 nS and 4.1 0.5
nS in the absence and 2.9+ 0.4 nS and 4.0 £ 0.6 nS in the
presence of CCK-S, when measured between -60/-90 mV
and -110/-130mV (n=09). By contrast, baclofen (10 uM)
produced an outward current which reversed polarity at
-108 £ 3mV (Figure 1d, n=29). In these neurons, baclofen
(10 pM) increased the slope conductance from 2.5 % 0.3 nS
and 4.0+0.6 nS to 3.5+0.4 nS and 4.9%0.7 nS, when
measured between -60/-90 mV and -110/-130 mV.
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Cholecystokinin produces an inward current in sub-populations of p-opioid sensitive and insensitive neurons. Current traces of opioid

(a) sensitive and (b) insensitive PAG neurons during superfusion of met-enkephalin (ME, 10 M), sulfated cholecystokinin-(26—33) (CCK-S, 300 nM)
and baclofen (10 pM). (c) Bar charts depicting the (i) percentage of neurons that responded to CCK-S with an inward current, and (i) the average inward
current in CCK-S-responding neurons for ME responding and non-responding neurons (ME +ve and —ve). (d) Current—voltage relationship for the neuron
in (b) before (control), during (CCK-S), and after washout (wash) of CCK-S and then during baclofen. Membrane currents were evoked by voltage steps in
[0mV increments from =50 mV to —120mV (250 ms duration). Current traces in (a and b) are from different neurons.
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Cholecystokinin Exerts an Effect Largely Via
Postsynaptic CCK1 Receptors

We next examined whether these effects were mediated
by CCK1, or CCK2 receptors. The selective CCK2 agonist
non-sulfated cholecystokinin-(26-33) (CCK-NS, 100-1 pM)
had no effect on membrane current in all neurons tested
(Figure 2a, mean current=—0.5+0.3pA, p=0.1, n=17).
In 6/10 of these neurons, subsequent superfusion of CCK-S
(100nM) produced an inward current (Figure 2a). All of
these neurons subsequently responded to baclofen with an
outward current (Figure 2a, n=17).

We also examined the effect of CCK1/2 receptor
antagonists on the response to CCK-S in neurons, which
initially responded to CCK-S. To do this, cholecystokinin
(100 nM) was applied twice at a 10-12min interval with,
or without addition of selective CCK1 (devazepide), or
CCK2 (CI988, LY225910) receptor antagonists after the
first application of cholecystokinin (Figures 2b and c). The
current produced by the first and second applications of
CCK-S differed significantly across treatment groups
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20
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Devaz 1uM Bacl
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(Figure 2b, p=0.008, F5,;=4.19). When no antagonist
was added, CCK-S produced inward currents, which were
similar during the first and second applications (Figures 2b
and d, n=>5, p>0.05). In neurons that initially responded to
CCK-S with an inward current, subsequent application of
CCK-S did not produce a change in membrane current in the
presence of 100nM, or 1 uM devazepide (Figures 2¢ and d,
p=0.6 and 0.1, n =4, 5). In neurons that initially responded
to CCK-S with an inward current, subsequent application
of CCK-S produced an inward current in the presence
of 100nM, or 1uM CI988 (Figure 2d, p=0.02 and 0.01,
n==6, 5). Similarly, in neurons that initially responded to
CCK-S with an inward current, subsequent application of
CCK-S in the presence of LY225910 (1uM) produced an
inward current (Figure 2d, p=0.003, n=5). The CCK-S-
induced inward current was, however, less in the presence of
CI988 (1uM), or LY225910 (1uM) than in their absence
(Figure 2d, p<0.05). Subsequent application of baclofen
(10uM) produced an outward current in these neurons,
which was similar in the absence and presence of devazepide,
CI988, and LY225910 (Figures 2a-c, p =0.2).
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Figure 2 The postsynaptic effects of cholecystokinin are largely mediated by CCKI receptors. (a) Current trace of a neuron during superfusion of

non-sulfated cholecystokinin-(26—33) (CCK-NS, 100nM), sulfated cholecystokinin-(26—33) (CCK-S,

100nM), and baclofen (Bacl, 10uM). (b, <)

Current traces of two neurons during repeated application of CCK-S (100nM) at a |0 min interval, and then baclofen (10 uM). In (c) devazepide (I pM)
was added after the first washout of CCK-S. (d) Bar chart showing the inward currents produced during two consecutive applications of 100nM CCK-S
(CCK Ist and 2nd), in which either no antagonist (Ctl, Control), devazepide (Devaz, 100nM, | uM), CI988 (100nM, | pM), or LY225910 (LY, | uM) was
applied continuously after washout of the first application of CCK-S. In (d) *p<0.05 and **p <0.01 (t-tests for Ist and 2nd CCK-S currents individually),
#5<0.05, *¥p <001 and *##p<0.00! for post-hoc comparisons between Ist and 2nd CCK-S currents for individual treatment groups with two-way

ANOVA. Current traces in (a—c) are from different neurons.
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Cholecystokinin Inhibits Evoked IPSCs evoked IPSCs (Figures 3¢ and d, n =22, 11). There was no
correlation between the initial paired-pulse ratio of evoked
In the presence of CNQX (5uM) and strychnine (3 uM), IPSCs and the subsequent CCK-S-induced inhibition of the
superfusion of CCK-S (300 nM), but not CCK-NS (300 nM) first evoked IPSC (r*=0.12, p=0.1).
produced a reduction in the amplitude of evoked GABA,
-mediated IPSCs in PAG neurons (Figures 3a and b).
On average, the amplitude of evoked IPSCs in the
presence of CCK-S and CCK-NS was 75+3% (p<0.0001)  The above experiments indicate that cholecystokinin exerts
and 99+2% (p=0.7) of the pre-CCK-S and CCK-NS  an effect by reducing GABA release. We next examined the
levels (Figure 3d, n=22, 11). Subsequent application of  effect of CCK-S on Na™-channel-independent (TTX-resis-
baclofen (10 uM, p<0.0001), or met-enkephalin (10 pM,  tant) spontaneous miniature IPSCs. In the presence of
p =0.0004) produced a reduction in evoked IPSC amplitude CNQX (5uM), strychnine (3puM), and TTX (300nM),
(Figures 3a and b, 18 (7 and 45+ 4% of pre-baclofen and superfusion of CCK-S (300 nM) did not significantly affect
met-enkephalin levels, n=9, 5). the rate (p =0.6), or amplitude (p =0.8) of miniature IPSCs
In these neurons, paired evoked IPSCs were elicited by (Figures 4a, b, and f, n=8). In these neurons, superfusion
two stimuli of identical strength in close succession of met-enkephalin (10 pM) reduced the rate (p=0.003),
(inter-stimulus interval =70 ms) to determine whether the  but had no effect on the amplitude (p =0.5) of miniature
CCK-S-induced inhibition of the first evoked IPSC was  IPSCs (Figures 4a, b and f, n =>5). Met-enkephalin produced
associated with relative facilitation of the second evoked  a rightward shift, but CCK-S did not alter the miniature
IPSC. Initially, the mean ratio of the amplitude of the paired ~ IPSC inter-event interval cumulative probability distribu-
evoked IPSCs was 0.91+0.05, with both paired-pulse  tion (Figure 4c). Both CCK-S and met-enkephalin had no

Cholecystokinin Does not Affect Miniature IPSCs

depression and facilitation being observed (Figure 3c,  effect on the kinetics of miniature IPSCs, or their amplitude
evoked IPSC2/evoked IPSCI range: 0.46—1.43, n=22).  cumulative probability distributions (Figures 4d-e).
Application of CCK-S (p<0.0001), but CCK-NS (p=0.6) Under basal conditions, miniature IPSCs within the PAG

produced a significant increase in the paired-pulse ratio of  are largely Ca** independent (Vaughan and Christie, 1997).
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Figure 3 Cholecystokinin inhibits evoked inhibitory postsynaptic currents (IPSCs). (a) Time course of evoked IPSC amplitude (elPSC Ampl) during
application of non-sulfated cholecystokinin-(26—33) (CCK-NS, 300 nM), sulfated cholecystokinin-(26—33) (CCK-S, 300nM), and then baclofen (10 pM).
(b) Averaged evoked IPSCs before (Pre), and during application of CCK-NS, CCK-S, and baclofen. (c) Averaged evoked IPSCs in response to identical paired
stimuli (inter-stimulus interval = 80 ms) before (Pre) and during CCK-NS and CCK-S, with IPSC| normalized to demonstrate relative facilitation of IPSC2
during superfusion of CCK-S. (d) Scatter plot showing the amplitude of the first evoked IPSC (elPSCI) and the ratio of evoked IPSC2/IPSCI (elPSC2: 1)
in the presence of CCK-NS and CCK-S expressed as a percentage of the pre-CCK-NS and CCK-S values, respectively. In (d) ***p <0.001. Traces in (a—)
are from the same neuron. In (b—c) stimulus artifacts have been blanked for clarity.
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Figure 4 Effect of cholecystokinin on miniature IPSCs. (a) Time course of miniature inhibitory postsynaptic current (IPSC) (mIPSC) rate during
superfusion of sulfated cholecystokinin-(26—-33) (CCK-S, 300nM) and met-enkephalin (ME, 10uM) in normal artificial cerebrospinal fluid (ACSF).
(b) Raw current traces of miniature IPSCs before (Pre) and during superfusion of CCK-S and ME. Cumulative probability distribution plots of miniature IPSC,
(c) inter-event interval, and (d) amplitude, before and during superfusion of CCK-S and ME. (e) Averaged traces of miniature IPSCs before and during
superfusion of CCK-S and ME, for the corresponding epochs used in (c) and (d). (f) Bar chart of the mean rate and amplitude of miniature IPSCs in the
presence of CCK-S and ME, expressed as a percentage of the pre-drug value, in normal ACSF (K™ =2.5mM) and in elevated external K™ (17.5mM),
In (f) **p<0.01 and #**p<0.001. Traces in (a—€) are from the same neuron.

The lack of effect CCK-S on miniature IPSCs may have been
because CCK-S modulation of GABAergic synaptic trans-
mission is mediated via inhibition of presynaptic voltage-
dependent calcium channels, as observed previously for
somatostatin (Connor et al, 2004). We therefore examined
the effect of CCK-S on miniature IPSCs under conditions, in
which voltage-dependent calcium currents are tonically
active. When the external concentration of potassium was
elevated ([K"]e=17.5mM), CCK-S (300 nM) produced a
reduction in miniature IPSC rate in two neurons (rate =48
and 65% of pre-CCK-S, inter-event interval cumulative
probability distributions p<0.01) and had no effect in the
other eight neurons (rate=85-111% of pre-CCK-S, inter-
event interval cumulative probability distributions p > 0.05).
When averaged across all neurons, CCK-S did not signifi-
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cantly affect miniature IPSC rate (Figure 4f, p = 0.08, n=10).
Under these conditions, met-enkephalin (10 uM) reduced the
miniature IPSC rate (Figure 4f, p <0.0001, n =10). CCK-S and
met-enkephalin had no effect on the amplitude of miniature
IPSCs (Figure 4f, p=0.3 and 0.2). The relatively minor
inhibitory effect of CCK-S on miniature IPSCs, compared
with evoked IPSCs suggests that it was exerting an effect via
an indirect upstream mechanism external to the synapse.

Cholecystokinin Inhibits IPSCs Via an mGluR5-
endocannabinoid-Dependent Mechanism

We have recently demonstrated that activation of Gg-
coupled NK1 and NTS1/2 receptors inhibit GABAergic
synaptic transmission by elevating endogenous glutamate,



which engages mGluR5-induced endocannabinoid signaling
(Drew et al, 2009; Mitchell et al, 2009). To address this,
we first examined whether CCK-S increased action poten-
tial-dependent release of glutamate. CCK-S (300 nM)
produced an increase in the rate of spontaneous EPSCs in
6/12 neurons tested (120-930% of pre-CCK-S, inter-event
interval cumulative probability distributions p<0.001).
By contrast, met-enkephalin (10 uM) produced a reduction
in the rate of spontaneous EPSCs in all neurons tested
(60 = 7% of pre-met-enkephalin, p <0.01, n=6). CCK-S and
met-enkephalin had no effect on the amplitude of
spontaneous EPSCs (107 =7 and 101 £1% of pre-CCK-S
and met-enkephalin, p=0.4, 0.6, n=12, 6).

We next examined the role of mGluR5 and cannabinoid
CB1 receptors in the CCK-S-induced inhibition of evoked
IPSCs. Unlike control untreated slices, addition of CCK-S
(300nM) had no effect on the amplitude, or the paired-
pulse ratio of evoked IPSCs in PAG neurons from
slices pre-incubated in the mGIuR5 antagonist MPEP
(1opM) (Figures 5a and d, p=0.8, 0.9, n=5). In slices
pre-incubated in the cannabinoid CB1 receptor antagonist/
inverse agonist AM251 (3 uM), addition of CCK-S did not
have a significant effect on the amplitude of evoked IPSCs,
or the paired-pulse ratio of evoked IPSCs (Figures 5b and d,
p=0.4 and 0.1, n=>5). In slices pre-incubated in the 1,2-
diacylglycerol lipase (DAGLx) inhibitor tetrahydrolipstatin
(10 pM), did not have a significant effect on the amplitude
of evoked IPSCs, or the paired-pulse ratio of evoked IPSCs
(Figures 5c and d, p=0.9 and 0.1, n=4). Finally, in slices
pre-incubated in the NK1, NTS1/2 and mAChR antagonists
1732138 (10 uM), SR142948 (300 nM) and atropine (1 uM),
addition of CCK-S produced a reduction in the amplitude of
evoked IPSCs (p=0.005) and an increase in the paired-
pulse ratio of evoked IPSCs (p =0.03) (Figure 5d, n=6),
which was not significantly different to that produced by
CCK-S alone (p>0.05). This suggests that CCK-induced
inhibition is independent of other receptor systems, which
induce endocannabinoid signaling within PAG.

DISCUSSION

This study has demonstrated that cholecystokinin exerts an
effect largely via CCK1 receptors to modulate PAG neuronal
activity by two partially overlapping mechanisms. These
include direct postsynaptic excitation, plus downstream
inhibition of GABAergic synaptic transmission via mGluR-
induced endocannabinoid signaling. These observations
provide a cellular basis for the modulation of pain
and anxiety by cholecystokinin within the PAG, also the
potential for an interaction with the endocannabinoid
system.

Sulfated cholecystokinin-(26-33) (CCK-S), but not non-
sulfated cholecystokinin-(26-33) (CCK-NS) produced an
inward current in PAG neurons at concentrations between
100-300 nM. This suggests that the effects of cholecystoki-
nin were mediated by CCK1 receptors because CCK-S has
low nanomolar affinity for both CCK1 and CCK2 receptors,
whereas CCK-NS only has low nanomolar affinity for CCK1
receptors (eg, Smeets et al, 1998). To confirm this, we also
examined the effect on CCK-S-induced currents of the
selective antagonists devazepide and CI-988, which have low
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Figure 5 Cholecystokinin inhibition of evoked inhibitory postsynaptic
currents  (IPSCs) is mediated by mGIuR5-induced endocannabinoid
signaling. Traces of averaged evoked IPSCs before and after addition of
sulfated cholecystokinin-(26-33) (CCK-S, 300nM) in PAG neurons from
slices, which were pre-incubated in either (a) the mGIuRS antagonist MPEP
(5uM), (b) the cannabinoid CBI antagonist AM251 (I uM), or (c) the
DAG lipase inhibitor tetrahydrolipstatin (THL, [0uM). (d) Bar chart
showing the effect of CCK-S (300 nM) on the first evoked IPSC (elPSCI)
and the ratio of evoked IPSC2/IPSCI (elPSC2: 1), in control untreated
slices (Ctl) and slices pre-incubated in either MPEP, AM251, THL, or a
cocktail of NKI (L732138 [0uM), NTSI/2 (SR142948 300nM) and
mACHR (atropine | pM) antagonists (Cktail). The data in (d) is the mean
elPSC amplitude and elPSC2: | ratio in the presence of CCK-S expressed
as a percentage of the pre-CCK-S value. In (d) *p<0.05, **»<0.0! and
##%5 <0.001 (comparing values before and during addition of CCK-S).
Traces in (a—c) are from different neurons, and stimulus artifacts have been
blanked for clarity.

nanomolar affinity for CCK1 and CCK2 receptors, respec-
tively (Noble et al, 1999). The CCK-S (100 nM) current was
abolished by devazepide at both 100nM and 1pM
concentrations. By contrast, CI988 had no effect and only
partially reduced the CCK-S-induced current at 100 nM and
1 UM concentrations, respectively. In addition, the CCK2
receptor antagonist LY225910 (1 uM) partially reduced the
CCK-S-induced inward current. Together, these results
suggest that the cholecystokinin-induced inward current is
largely mediated by CCK1 receptors; however, a role for
CCK2 receptors cannot be excluded. The present results
differ to previous studies in the PAG where the postsynaptic
effects of CCK-S were largely abolished by the CCK2
receptor antagonist L-365, 260 (10 uM), but not by 10 uM
devazepide (Yang et al, 2006, 2007). It might also be noted
that CCK2 antagonists have been reported to block the
increase in firing rate of PAG neurons, also the anxiety-
related activity, defensive rage, and the pro-nociceptive/
anti-opioid effects produced by CCK-S and pentagastrin
within the PAG (Bertoglio and Zangrossi, 2005; Brack and
Lovick, 2007; Chen et al, 1998; Liu et al, 1994; Luo et al,
1998; Netto and Guimaraes, 2004; Tortorici et al, 2003).
Although these findings suggest that CCK1 receptors alter
neuronal excitability within the PAG, the role of CCK1
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receptors in the coordinated functions of the PAG remain to
be determined, and may differ to that of CCK2 receptors.

CCK-S produced an inward current in ~75% of PAG
neurons, some of which were opioid responsive. This is
similar to the proportion of neurons that respond to the Gg-
coupled excitatory neurotransmitters neurotensin and
substance P within the PAG (Drew et al, 2005; Mitchell
et al, 2009). Thus, like substance P and neurotensin,
cholecystokinin has a direct excitatory effect on PAG
neurons, which opposes the postsynaptic inhibitory func-
tions of u-opioids. Many of these CCK-S-responding
neurons were likely to be interneurons, because relatively
few PAG neurons are output projection neurons (Reichling
and Basbaum, 1990) and only a small proportion of
PAG output neurons are opioid responsive (Osborne et al,
1996). This suggests that a range of Gq-coupled GPCRs
activate similar sub-populations of PAG interneurons. The
CCK-S-induced inward current was likely to be mediated by
activation of a non-selective cation conductance and
inhibition of an inwardly rectifying potassium conductance,
because it was associated with a near parallel shift in the
current-voltage relationship. Although this differs to a
previous study, in which it was found that CCK-S exerted an
effect solely by inhibiting an inwardly rectifying potassium
conductance in dorsolateral PAG neurons (Yang et al, 2006,
2007), it is similar to our previous findings for neurotensin
and substance P (Drew et al, 2005; Mitchell et al, 2009).

CCK-S, but not CCK-NS also produced a reduction in
GABA,-mediated evoked IPSCs, suggesting that the inhibi-
tion of GABAergic synaptic transmission was also largely
mediated by CCK1 receptors. In a number of brain regions
it has been demonstrated that activation of postsynaptic G-
coupled GPCRs inhibits synaptic transmission via retro-
grade endocannabinoid signaling (Kano et al, 2009). In this
regard, we have previously shown that postsynaptic
mGluR5 and M1 mAChR activation produces endocanna-
binoids that travel retrogradely across the synapse to
activate cannabinoid CB1 receptors on presynaptic nerve
terminals, reducing the probability of GABA release and
thereby inhibiting synaptic transmission onto that neuron
(Drew et al, 2008; Lau and Vaughan, 2008; see also Figure 6).
These findings suggest that the cholecystokinin-induced
inhibition of evoked IPSCs is also mediated by the
endocannabinoid system, because it was abolished by the
cannabinoid CB1 antagonist/inverse agonist AM251.
Furthermore, the endocannabinoid involved in this process
was likely to be 2-arachidonyl glycerol because the CCK-S-
induced inhibition was blocked by an inhibitor of DAGLa,
the enzyme which mediates its production via Gq-coupled
GPCRs in a number of brain regions, including the PAG
(Bisogno et al, 2003; Drew et al, 2009; Jung et al, 2005; Lau
and Vaughan, 2008; Uchigashima et al, 2007).

The CCK-S-induced inhibition of GABAergic synaptic
transmission was likely to be mediated by a presynaptic
mechanism because it was associated with an increase in the
evoked IPSC paired-pulse ratio, as observed previously for
opioids and cannabinoids within the PAG (Vaughan and
Christie, 1997; Vaughan et al, 2000). CCK-S, however had
little effect on the rate of spontaneous action potential-
independent miniature IPSCs in the presence of TTX, either
under basal conditions, or when presynaptic calcium
channel activation was enhanced. The lack of effect of
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Figure 6 Proposed model for CCK-induced suppression of GABAergic
transmission in PAG. Cholecystokinin (CCK) activates postsynaptic CCKI
(and possibly CCK2) receptors located on glutamatergic (GLU) neurons
(1) to elicit action potential (AP)-driven glutamate release (2). This
endogenous glutamate then activates postsynaptic mGIuRS receptors (3),
which causes the production of the endocannabinoid 2-arachidonoylgly-
cerol (2-AG) via the enzyme |,2-diacylglycerol lipase (DAGLwx) (4). 2-AG
leaves the postsynaptic neuron, exerts an effect as a retrograde messenger
to activate presynaptic cannabinoid CBI receptors located on the terminals
of GABAergic neurons (5) and reduces GABA release (6). The subsequent
inhibition of GABAergic synaptic transmission (7) leads to disinhibition
(excitation) of the postsynaptic neuron. It might be noted that the CCK-
induced endocannabinoid inhibition of GABAergic synaptic transmission
will be enhanced by agonists exerting an effect at presynaptic u-opioid
receptors (8). By contrast, neuronal excitation produced by postsynaptic
CCKI receptor activation will oppose postsynaptic u-opioid receptor-
mediated inhibition (9).

cholecystokinin on TTX-resistant miniature IPSCs suggests
that the cholecystokinin-induced reduction in presynaptic
GABA release involved additional mechanisms external to
the synapse, rather than direct postsynaptic CCK1 receptor-
induced retrograde endocannabinoid signaling, as observed
for mGluR5 and M1 mAChR receptor signaling in PAG
(Drew et al, 2008; Lau and Vaughan, 2008). We have
previously shown that activation of Gg-coupled NK1 and
NTS1/2 receptors indirectly activates the mGluR5-endocan-
nabinoid system by enhancing endogenous glutamate
release (Drew et al, 2009; Mitchell et al, 2009). In this
study, CCK-S produced neuronal depolarization and an
increase in spontaneous action potential-dependent
glutamatergic EPSCs, however, we cannot rule out a direct
CCK receptor-mediated enhancement of presynaptic gluta-
mate release (Yang et al, 2006). In addition, the cholecys-
tokinin-induced inhibition of evoked IPSCs was abolished
by the mGIuR5 antagonist MPEP. These observations
suggest that cholecystokinin exerts an effect via a complex
network involving CCK1/2-mediated postsynaptic neuronal
excitation, leading to enhanced action potential-dependent
glutamate release and postsynaptic mGluR5-induced
retrograde endocannabinoid signaling (Figure 6).

The PAG is a major site of the analgesic and anxiolytic
functions of cannabinoids and opioids (Finn et al, 2003;
Hohmann et al, 2005; Lichtman et al, 1996; Moreira et al,



2007; Resstel et al, 2008). Functional studies have shown
that cholecystokinin opposes the analgesic and anxiolytic
functions of opioids and cannabinoids within the PAG
(Li and Han, 1989; Luo et al, 1998; Netto and Guimaraes,
2004). The modulation of pain and anxiety from within the
PAG is intimately linked to GABAergic mechanisms (Fields
et al, 2006; Graeff et al, 1993). In particular, opioids and
cannabinoids activate PAG output neurons by reducing
GABAergic inhibition of these neurons, a process known as
disinhibition (Fields et al, 2006). At the cellular level,
disinhibition is observed as direct postsynaptic inhibition of
opioid-sensitive interneurons and presynaptic inhibition of
GABA release (Osborne et al, 1996; Vaughan and Christie,
1997; Vaughan et al, 2000). In this study, cholecystokinin
produced postsynaptic excitation of a substantial sub-
population of opioid-sensitive neurons within the PAG,
providing a cellular substrate for its anti-opioid functions
(Figure 6). These findings suggest that cholecystokinin may
interact with opioids and cannabinoids in a more complex
manner than simple functional antagonism. The postsy-
naptic excitatory and inhibitory effects of cholecystokinin
and opioids only overlapped in sub-populations of PAG
neurons, also cannabinoids have no postsynaptic effects
within PAG (Vaughan et al, 2000). In addition, like opioids
and cannabinoids, cholecystokinin inhibited GABAergic
synaptic transmission in most neurons (Figure 6), and this
would be expected to have an additive effect. It is also
possible that the net effect of cholecystokinin on pain and
anxiety changes when the balance of neuronal activity is
altered by chronic stress and pain. Interestingly, the
presynaptic inhibition produced by cholecystokinin was
mediated by mGluR5-induced endocannabinoid signaling.
Although the role of endocannabinoids in the behavioral
functions of cholecystokinin within the PAG are unknown,
there is evidence for a functional link between these
systems in the control of stress, pain and conditioned fear
within other brain regions (Chhatwal et al, 2009; Kurrikoff
et al, 2008).
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