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1. Introduction

Fear-conditioned analgesia (FCA) is an important survival response expressed upon re-exposure to a
context or cue, paired, through Pavlovian conditioning, with an aversive stimulus. Induction of FCA
results in suppression of pain/nociception in both humans and rodents [9,27]. Elucidation of substrates
underpinning FCA advances our understanding of endogenous analgesic mechanisms and may aid

identification of new therapeutic targets for pain and fear-related anxiety disorders, or their co-morbidity.

Aside from its function in learning and memory [50,53], the hippocampus has an established role in pain
and aversion [2,46]. Pharmacological [54,55], molecular [13,42], electrophysiological [41,81] and
neuroimaging [73] studies have demonstrated that it is an important structure subserving formalin-evoked
nociceptive behaviour in rodents. Human neuroimaging studies have demonstrated that the hippocampus
is activated by noxious stimuli [7] and in post-traumatic stress disorder (PTSD) patients exhibiting
reduced pain responding [28]. In addition, the hippocampus, particularly the ventral aspect, is
anatomically connected to components of the pain neuromatrix including the amygdala and prefrontal
cortex (PFC) [35,66]. These regions are key components of the descending pain pathway [5] and facilitate
the expression of FCA [9,27,31]. With respect to hippocampal involvement in conditioned aversion,
evidence suggests that this structure mediates conditioned fear when the conditioned stimulus is
contextual [43,51]. Pharmacological inactivation or lesioning of the hippocampus impairs freezing in rats
following re-exposure to contextual cues previously paired with footshock [4,6,43,49,64,68,75,77].
Furthermore, the hippocampus is critically involved in extinction of conditioned aversion, and deficits in
fear extinction have been purported to underlie anxiety disorders such as PTSD [58]. The ventral
hippocampus (vHip) has received increasing attention due to 1) its reciprocal connections with the PFC
and amygdala, which integrate anxiety or fear with contextual information relevant to pain [35,66] and 2)

structural or functional alterations in the anterior hippocampus (the human analog of the vHip) following



context conditioning and recall of fear extinction memory [3,58]. However, despite this evidence, no

studies have investigated the role of the hippocampus in FCA.

The endocannabinoid system is a key regulator of pain [33] and fear [44]. The expression and extinction
of conditioned fear and stress-induced analgesia (including FCA), can be altered by manipulating
endocannabinoid tone [10,11,25,34,52,57,60,69,70]. The hippocampus contains high concentrations of the
endocannabinoids, 2-arachidonoylglycerol (2-AG) and N-arachidonoylethanolamide (anandamide; AEA),
and the related N-acylethanolamines, N-palmitoylethanolamide (PEA) and N-oleoylethanolamide (OEA)
[23,28]. There is high expression of cannabinoid; (CB) receptors and the enzyme fatty acid amide
hydrolase (FAAH) in the hippocampus [17,40] and evidence supports a role for the hippocampal
endocannabinoid system in modulating aversive behaviour and memory [1,71,72,78]. The present study
investigated the hypothesis that the endocannabinoid system in the vHip plays a role in the expression of

FCA and fear-pain interactions.

Specifically, we investigated the effects of intra-vHip administration of the FAAH inhibitor, URB597, the
CB, receptor antagonist/inverse agonist, rimonabant, or co-administration of these drugs, on FCA and on
the expression of conditioned aversive behaviour in the presence of formalin-evoked nociceptive tone in
rats. We also determined whether FCA was associated with alterations in vHip endocannabinoid

concentrations.



2. Materials and Methods

2.1. Animals

Male Lister-hooded rats (220-260 g on arrival; Charles River, Margate, Kent, UK) were housed in groups
of 3 in plastic-bottomed cages (45 x 20 x 20 cm) containing wood shavings as bedding prior to surgery.
The animals were maintained at a constant temperature (22 + 2° C) under standard lighting conditions (12:
12 h light:dark cycle, lights on from 08.00 to 20.00 h). Food and water were available ad libitum. Rats
weighed between 250-310 g on the experimental days. The experimental protocol was carried out in
accordance with the guidelines and approval of the Animal Care and Research Ethics Committee, National
University of Ireland, Galway under license from the Irish Department of Health and Children and in
compliance with the European Communities Council directive 86/609 and all efforts were made to
minimise the number of animals used and their suffering. All in vivo experiments adhered to the

guidelines of the Committee for Research and Ethical Issues of IASP.

2.2. Intra-ventral hippocampus guide cannula implantation

Stainless steel guide cannulae (12mm length, Plastics One Inc., Roanoke, Virginia, USA) were
stereotaxically implanted above the right and left vHip (AP -0.46cm, ML £0.5cm relative to bregma, DV -
0.59cm from skull surface, [63] under isoflurane anaesthesia (1-3% in O3; 0.5 L/min). A second cohort of
rats, designated off-target controls, had cannulae stereotaxically implanted above the right and left medial
geniculate nucleus (AP -0.46cm, ML + 0.32cm relative to bregma, DV -0.5cm from skull surface). A

stylet made from stainless steel tubing (Plastics One Inc., Roanoke, Virginia, USA) was inserted into the



guide cannula to prevent blockage by debris. The non-steroidal anti-inflammatory agent, carprofen
(1.25mg/25ul s.c., Rimadyl, Pfizer, Kent, UK), was administered before the surgery to manage post-
operative analgesia. Following cannulae implantation, the rats were housed singly. At least 6 days were
allowed for recovery post-surgery. During this period, the rats were handled and their body weight and

general health monitored once daily.

2.3. Chemicals and drug preparation

The FAAH inhibitor URB597 [(3’-carbamoyl-biphenyl-3-yl-cyclohexylcarbamate) Cayman Europe,
Tallinn, Estonia] (0.1mM), the CB, receptor antagonist rimonabant (SR141716A) [N-(piperidin-1-yl)-5-
(4-chlorophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1-H-pyrazole-3-carboxamide, NIMH Chemical
Synthesis Programme: Batch no. 10937-163-1] (2mM), and a solution of both drugs (URB597 0.1mM +
Rimonabant 2mM) were all prepared fresh on the day of use, dissolved in dimethyl sulfoxide vehicle
(Sigma, Ireland). N-Arachidonyl ethanolamide (anandamide; AEA), 2-arachidonyl glycerol (2-AG), N-
palmitoyl ethanolamide (PEA) and N-oleoyl ethanolamide (OEA), and their corresponding synthetic
deuterated internal standards; N-arachidonyl ethanolamide-d8 (AEA-dS), 2-arachidonylglycerol-d8 (2AG-
d8), N-palmitoyl ethanolamide-d4 (PEA-d4), N-oleoyl ethanolamide-d2 (OEA-d2) were all purchased
from Cayman Europe (Tallinn, Estonia). Acetonitrile and formic acid were from Lennox Laboratory

Supplies (Dublin, Ireland). All solvents and chemicals were of HPLC grade or higher.

2.4. Experimental procedures



The experimental procedure was identical to that described previously [10,11,25,60,70]. In brief, it
consisted of two phases, conditioning and testing, occurring 24h apart. Subjects were randomly assigned
to groups and the sequence of testing was randomized throughout the experiment in order to minimise any

confounding effects associated with the order of testing.

On the conditioning day, rats were placed in a Perspex fear-conditioning/observation chamber (30 x 30 x
30 cm) and after 15 seconds they received the first of 10 footshocks (0.4mA, 1second duration; LESSXCT
Programmer and Scrambled Shock Generator, Linton Instrumentation, Norfolk, UK) spaced 60 seconds
apart. Fifteen seconds after the last footshock, rats were returned to their home cage. Controls not
receiving footshock were exposed to the chamber for an equivalent 9.5 minute period. The Perspex arena
and stainless steel bars were cleaned with 0.5% acetic acid between each conditioning session and

between each animal during test day to remove any olfactory cues.

The test phase commenced 23.5h later when the subjects received an intra-plantar injection of 50uL
formalin (2.5% in 0.9% saline, s.c.) into the right hindpaw under brief isoflurane anaesthesia. Rats were
returned to their home cage for a further 15minutes, after which they received intra—vHip microinjections
of either URB597 (0.1mM in 1pL), rimonabant (2mM in 1puL), combination of both drugs (URB597
0.ImM + rimonabant 2mM in 1uL) or vehicle (1pL DMSO) into the right and left vHip. Drugs or vehicle
were microinjected bilaterally into the vHip in a volume of 1puL or deliberately off-target (medial
geniculate nucleus) in a volume of 300 nL using an injector and Hamilton syringe attached to 50cm-long
polyethylene tubing (0.75 mm OD, 0.28 mm ID, Harvard Apparatus, Kent UK) to minimize handling and
enable injections to be carried out while the rats remained in the home cage. Microinjections were

performed over a period of 1 minute and the needle was left in position for a further 1 minute to allow



diffusion of the drug before the cannula was withdrawn. The study design resulted in seven experimental
groups: no-fear-conditioning+formalin+vehicle (NFC-Form-Veh; n =9), no-fear-
conditioning+formalintURB597 (NFC-Form-URB597; n = 7), no-fear-conditioning + formalin +
rimonabant (NFC-Form-Rim; n= 8), fear-conditioning+formalin+vehicle (FC-Form-Veh; n=8), fear-
conditioning+formalintURB597 (FC-Form-URB597; n =8), fear-conditioning+formalin+rimonabant
(FC-Form-Rim; n=8), and fear-conditioning+formalin+URB597+rimonabant (FC-Form-URB597+Rim;
n=9). Six animals were used as off-target controls: fear-conditioning+formalin+vehicle (FC-Form-Veh; n
= 3), fear-conditioning+formalintURB597 (FC-Form-URB597; n = 3). Following intra-vHip injection,
rats were returned to their home cage until 30 minutes post-formalin injection (i.e. 15 minutes post-drug or
vehicle), at which point they were returned to the same perspex observation chamber to which they had
been exposed during the footshock conditioning phase 24 h earlier. A bat detector (Batbox Duet, Batbox
Ltd, West Sussex, UK) was positioned above the arena to detect ultrasonic vocalisation in the 22 kHz
range and behaviours were recorded for 15 minutes from a video camera positioned under the observation
chamber. The 30-45 minutes post-formalin interval was chosen on the basis of previous studies
demonstrating that formalin-evoked nociceptive behaviour is stable over this time period and that fear-
conditioned analgesia and conditioned fear expressed during this period are regulated by the
endocannabinoid system [11,25,70]. Immediately following completion of the 15 minute test trial, rats
were removed from the arena, decapitated, and 2% fast green dye (dissolved in DMSO) was immediately
microinjected into the vHip (1pL) or off-target into the medial geniculate nucleus (300nL) to mark the
injection sites. The brains were removed quickly, snap-frozen on dry ice and stored at -80 °C for
subsequent histological verification of cannula positioning in the vHip and endocannabinoid

measurements. All brains were frozen within three minutes post-decapitation.



2.5. Behavioural analysis

Behaviour was analysed using the Observer®™ software package (Noldus, Wageningen, Netherlands),
which allowed for continuous event recording over each 15 minute trial. A rater blind to experimental
conditions assessed fear-related behaviours (duration of freezing and 22 kHz ultrasonic vocalisation),
formalin-evoked nociceptive behaviours and motor behaviours (rearing, grooming and walking) for
the total duration of the trial as described previously [10,11,25,26,69,70]. Freezing was defined as
cessation of all visible movement except that necessary for respiration. Formalin-evoked nociceptive
behaviour, categorised as time spent raising the paw above the floor without contact with any other
surface and holding, licking, biting, shaking or flinching the paw was scored and summated over the
entire duration of the trial. Formalin-induced oedema was assessed by measuring the difference
between the post-mortem diameter of the right hind paw and the diameter measured before formalin

administration using Vernier callipers.

2.6. Histology

The sites of injection were determined prior to data analysis. Coronal sections of the vHip (30pum
thickness) were collected on a cryostat and brain sections containing the fast green dye were mounted onto
glass slides and counter-stained with cresyl violet in order to locate the precise position of the site of
microinjection using a light microscope.

Ninety-five percent of the injections were placed within the borders of the right and left vHip in the CA1,

CA3 and dentate gyrus regions (Figure 1) with the remaining 5% positioned outside the vHip on one or



both sides. Only the results of experiments in which both injections were correctly positioned in the vHip

were included in the analyses.

2.7. Measurement of endocannabinoids and related N-acylethanolamines from Palkovits punched

vHip tissue using liquid chromatography- tandem mass spectrometry (LC-MS-MS)

Quantitation of endocannabinoids and N-acylethanolamines was essentially as described previously with
minor modifications [10]. Frozen coronal brain sections (300 pm) containing the vHip from vehicle-
treated rats (i.e. NFC-Form-Veh and FC-Form-Veh) were cut on a cryostat. vHip tissue was punched
from the frozen sections using cylindrical brain punchers (Harvard Apparatus, internal diameter 2mm).
vHip punches (average weights of punched tissue: 9.5 mg) were taken between bregma -4.30 mm and
bregma -6.72mm) [61,63]. Each punched tissue sample was kept frozen on dry ice throughout the
collection procedure, weighed and stored at -80°C prior to extraction for liquid chromatography coupled to
tandem mass spectrometry (LC-MS-MS). During extraction, punched tissue was first homogenised in 400
pL of 100% acetonitrile containing deuterated internal standards added in fixed amounts to all samples
(0.014 nmol AEA-dS, 0.48 nmol 2-AG-d8, 0.016 nmol PEA-d4, 0.015nmol OEA-d2). Homogenates were
centrifuged at 14,000 g for 15 minutes at 4°C and the supernatant was collected and evaporated to dryness
in a centrifugal evaporator. Lyophilised samples were resuspended in 40uL 65% acetonitrile and 2pL
injected onto a Zorbax® C18 column (150 x 0.5 mm internal diameter; Agilent Technologies Ltd, Cork,
Ireland) from a cooled autosampler maintained at 4 °C (Agilent Technologies Ltd., Cork, Ireland). Mobile
phases consisted of A (water with 0.1% formic acid) and B (acetonitrile with 0.1% formic acid), with a
flow rate of 12uL/min. Reversed-phase gradient elution began initially at 65% B and over 10 min was

ramped linearly up to 100% B. At 10 min, the gradient was held at 100% B up to 20 min. At 20.1 min, the



gradient returned to initial conditions for a further 10 mins to re-equilibrate the column. The total run time
was 30 min. Under these conditions, AEA, 2-AG, PEA and OEA eluted at the following retention times:
9.1 min, 9.8 min, 10.4 min and 10.8 min, respectively (Figure 5). Analyte detection was carried out in
electrospray-positive ionisation mode on an Agilent 1100 HPLC system coupled to a triple quadrupole
6410 mass spectrometer (Agilent Technologies Ltd., Cork, Ireland). Instrument conditions and in
particular source parameters such as fragmentor voltage and collision energy were optimised for each
analyte by injecting standards separately. Quantitation of target analytes was achieved by positive ion
electrospray ionization and multiple reaction monitoring (MRM) mode, allowing simultaneous detection
of the protonated precursor and product molecular ions of the analytes of interest and the deuterated form
of the internal standard. MRM spectra and mass-to-charge (m/z) ratios of each analyte of interest and its
corresponding internal standard are displayed in Figure 5. Quantitation of each analyte was performed by
determining the peak area response of each target analyte against its corresponding deuterated internal
standard. This ratiometric analysis was performed using Masshunter Quantitative Analysis Software
(Agilent Technologies Ltd., Cork, Ireland). The amount of analyte in samples was calculated from the
analyte/internal standard peak area response ratio using al0-point calibration curve constructed from a
range of concentrations of the non-deuterated form of each analyte and a fixed amount of deuterated
internal standard. Linearity was determined over a range of 18.75 ng to 71.5 fg except for 2-AG which
was 187.5 ng- 715 fg. The limit of quantification was 6.1 pmol/g for all analytes except for 2-AG where it

was 48.3 pmol/g.

2.8. Statistical analysis

10



SPSS 17.0 statistical package was used to analyse all data. All data were tested for normality using
Shapiro-Wilk test and for equality of variance using Levene’s test. Non-parametric statistics were
necessary to analyse behavioural data since these data were not normally distributed (P<0.05 for Shapiro-
Wilk and Levene’s test for homogeneity of variance test). Behavioural (nociceptive) data were analysed
using Kruskal Wallis ANOVA by rank followed by Mann-Whitney-U test. Behavioural changes over time
(fear data) were analysed using a Friedman Two-Way ANOVA by rank followed by Wilcoxon matched
pairs test for within-subjects effects (time and treatment) and Mann-Whitney-U test for between-subjects
effects (treatment). Parametric statistics were employed to analyse the neurochemical data since these
data were normally distributed (P>0.05 for Shapiro-Wilk and Levene’s test for homogeneity of variance
test). Student’s independent t-test was used to compare endocannabinoid concentrations within the vHip
of non-fear-conditioned rats receiving intra-vHip vehicle and intra-plantar formalin injection versus their
fear-conditioned counterparts. Student’s independent t-test was also used to compare URB597 effects on
behaviour in off-site control rats as these data followed a normal Gaussian distribution (P<0.05 for
Shapiro-Wilk and Levene’s test for homogeneity of variance test). The level of statistical significance
was set at P<0.05. Results are expressed as group medians + interquartile range with min/max values for
behavioural data and means + standard error of the mean (SEM) for neurochemical data and off-target

behavioural data.
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3. Results

3.1. Effects of intra-vHip administration of URB597 and/or rimonabant on fear-conditioned analgesia

Intra-plantar injection of formalin produced robust licking, biting, shaking, flinching and elevation of the
injected paw (Figure 2). Fear-conditioned rats receiving intra-vHip vehicle displayed significantly less
formalin-evoked nociceptive behaviour throughout the entire 15-minute trial period, compared with non-
fear-conditioned rats treated with vehicle (Figure 2, Kruskal Wallis ANOVA by rank followed by Mann-
Whitney-U test; significant effect of treatment: X?=33.487, P < 0.001; NFC-Form-Veh vs. FC-Form-
Veh, U=0, p<0.001), confirming the expression of fear-conditioned analgesia (FCA). The FAAH
inhibitor, URB597, administered alone into the vHip, significantly enhanced the expression of FCA over
the entire test trial (Figure 2, FC-Form-URB597 vs. FC-Form-Veh; U = 12, P<0.05). Off-target
administration of the same dose of URB597 had no significant effect on the expression of FCA over the
entire test trial (FC-Form-Veh vs. FC-Form-URB597, Mean + SEM = 25.0 + 8.34s vs. 31.0 + 1.55s; t4) =
0.708, p=0.518). Intra-vHip administration of URB597 had no significant effect on formalin-induced
nociceptive behaviour per se in non-fear-conditioned rats (Figure 2, NFC-Form-Veh vs. NFC-Form-
URB597; U=15, P=0.081). The URB597-induced enhancement of the expression of FCA was
significantly blocked by co-administration of the CB, receptor antagonist/inverse agonist rimonabant
(Figure 2, FC-Form-URBS597 vs. FC-Form-URB597+ Rim; U = 13, P<(.05). Intra-vHip administration of
rimonabant alone, had no significant effects on formalin-induced nociceptive behaviour in fear-

conditioned rats, nor did this drug have any significant effects on formalin-induced nociceptive behaviour
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per se in non-fear-conditioned rats (Figure 2, NFC-Form-Rim vs. NFC-Form-Veh; U=25, P=0.29 and FC-
Form-Rim vs. FC-Form-Veh; U= 23, P=3.45).

Intra-plantar injection of formalin also resulted in hind paw oedema (change in paw diameter in NFC-
Form-Veh group = 0.18 +£0.02 mm) which was unaffected by fear conditioning or intra-vHip drug

administration (data not shown).

3.2. Effects of intra-vHip administration of URB597 and/or rimonabant on expression of contextual

fear-related behaviour in the presence of formalin-evoked nociceptive tone

Fear-conditioned, formalin-injected rats receiving intra-vHip vehicle expressed significant contextually-
induced freezing behaviour, 22 kHz ultrasound emission, and co-occurrence of these two behaviours
throughout the test trial, compared with non-fear-conditioned counterparts in which these fear-related
behaviours were not detectable (Figure 3, Kruskal Wallis ANOVA by rank followed by Mann-Whitney-U
test; A significant effect of treatment: X2 = 42.78, P <0.001 NFC-Form-Veh vs. FC-Form-Veh U=0,
p<0.0001; B significant effect of treatment: X2 = 38.4, P <0.001; NFC-Form-Veh vs. FC-Form-Veh
U=4.5, p<0.001; C significant effect of treatment: X2 = 23.2, P <0.001, NFC-Form-Veh vs. FC-Form-
Veh; U=4.5,P<0.001, NFC data represented as dotted line). Temporal analysis of fear-related behaviour
revealed that intra-vHip URB597 significantly increased the duration of freezing + 22 kHz ultrasonic
vocalisation co-occurrence only in the first 5 minutes of the trial (Figure 3C, Friedman two-way ANOVA
by rank followed by Mann-Whitney-U test; significant effect of treatment: X*==31.045, P <0.001; FC—
Form—Veh 0-5min vs. FC—Form—URBS597 0-5mins; U= 13, P<0.05). This URB597-induced increase in
conditioned aversive behaviour during tonic persistent pain tended to be blocked by co-administration of

rimonabant although this effect failed to reach statistical significance (Figure 3C, FC-Form-URB597 0-5
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min vs. FC-Form-URB597 + Rim 0-5 min: U= 24, P=0.248). Intra-vHip rimonabant, administered either
alone or in combination with URB597, had no significant effect on fear responding in the presence of
formalin-evoked nociceptive tone throughout the entire trial. Contextually-induced freezing behaviour
decreased significantly over the course of the test trial in rats that had received intra-vHip vehicle,
rimonabant alone, and rimonabant in combination with URB597 indicating short-term within-trial
extinction of conditioned fear responding in these rats (Figure 3A, Friedman two-way ANOVA by rank
followed by Wilcoxon Matched pairs test; FC-Form 0-5 min vs. FC-Form 11-15 min; Vehicle: Z= 2.20,
P<0.05; Rimonabant: Z= 2.20, P<0.05; URB597 + Rimonabant: Z= 2.52, P<0.05). However, intra-vHip
administration of URB597 disrupted this short-term extinction of fear-related behaviour by prolonging the
duration of freezing in fear-conditioned, formalin-treated rats (Figure 3A, FC-Form-URB597 0-5min vs.
FC-Form-URB597 11-15min, Z =1.86 P=0.063), an effect that was significantly attenuated by co-
administration of rimonabant (FC-Form-URB597 11-15min vs. FC-Form-URB597 + Rim 11-15min:U=
10, P<0.05). Contextually-induced 22 kHz aversive vocalisations decreased significantly over the course
of the test trial in rats that had received either intra-vHip vehicle or rimonabant alone (Figure 3B, FC-
Form 0-5 min vs. FC-Form 11-15 min; Vehicle: Z= 1.99, P<0.05; Rimonabant: Z= 2.37, P<0.05; URB597
+ Rimonabant: Z= 2.52, P<0.05). Intra-vHip administration of URB597, administered either alone, or in
combination with rimonabant, disrupted this short-term extinction of fear-related aversive vocalisations
(Figure 3B, FC-Form 0-5 min vs. FC-Form 11-15 min; URB597: Z= 0.70, P=0.484; URB597 +

Rimonabant: Z= 0.845, P=0.398).

3.3. Effects of fear-conditioning and intra-vHip administration of URB597 and/or rimonabant on

motor activity

14



There was no significant effect of fear conditioning or intra-vHip URB597 or rimonabant, alone or in

combination, on rat motor activity measured as the sum duration of rearing, grooming and walking (Figure

4).

3.4. Expression of FCA is associated with increases in levels of endocannabinoids and PEA in the

vHip

Fear-related alterations in levels of the endocannabinoids, AEA and 2-AG, and the related N-
acylethanolamines, PEA and OEA, in the vHip of vehicle-treated formalin-injected rats killed
immediately after completion of the 15 minute behavioural trial were examined. FCA was still expressed
robustly at this time-point (Kruskal Wallis ANOVA by rank followed by Mann-Whitney-U test on
formalin-evoked nociceptive data from the last minute of the trial; significant effect of treatment: X* =
29.495, P <0.001; NFC-Form-Veh vs. FC-Form-Veh U = 3, P=0.001). All analytes were detectable in
tissue punches of the vHip and were above the limit of quantitation for the assay (Table 1, Figure 5). The
concentrations of all analytes in punched vHip tissue were similar to the range of concentrations reported
in the literature for gross dissected rat hippocampal tissue [19,22,23,67]. Levels of AEA, 2-AG and PEA
were all significantly higher in the vHip of fear-conditioned, formalin-treated rats which received intra-
vHip vehicle, compared with their non-fear-conditioned counterparts (Table 1, NFC-Form-Veh vs. FC-
Form-Veh; AEA: t4) = 3.42, P<0.01; 2-AG: tu4) = 2.79, P<0.05; PEA: t(5) = 2.23, P<0.05). Thus,
expression of FCA was accompanied by increases in vHip levels of these analytes. An increase in levels

of OEA was also observed but this failed to reach statistical significance (t(s) = 1.539, P = 0.145; Tablel).
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4. Discussion

The results of the present study revealed that pharmacological inhibition of the enzyme FAAH within the
rat vHip enhanced antinociception expressed upon exposure to an aversively conditioned context (i.e.
FCA). This effect is likely to be CB, receptor-mediated as it was blocked by the CB; receptor
antagonist/inverse agonist rimonabant. Inhibition of vHip FAAH also selectively increased the expression
of conditioned aversive behaviour in the presence of formalin-evoked nociceptive tone. Moreover,
expression of FCA was associated with elevated levels of the endocannabinoids, AEA and 2-AG, and the
related fatty acid amide, PEA, in the vHip. Together, these data suggest an important role for the
endocannabinoid system in the vHip in endogenous pain suppression during conditioned aversion and
extend the current literature to include the ventral pole of the hippocampus as another neural substrate

mediating this important survival response.

The antinociception observed here following re-exposure to an aversively conditioned context
corroborates previous studies demonstrating robust expression of FCA in rats following Pavlovian fear
conditioning [11,20,25,31,69,70,80]. Our previous work has demonstrated that this form of potent
endogenous analgesia is mediated by the endocannabinoid system [11,25]. Thus, systemic administration
of the CB; receptor antagonist/inverse agonist, rimonabant, prevents expression of FCA in rats [25] while
systemic administration of the FAAH inhibitor, URB597, enhances FCA via CB, and CB, receptor-
dependent mechanisms [11]. These findings corroborate the work of Hohmann and colleagues who have
demonstrated involvement of the endocannabinoid system in a form of unconditioned stress-induced
analgesia in rats [34]. Stress-induced analgesia is thought to be mediated by activation of the descending
inhibitory pain pathway, of which the amygdala, PAG and RVM are key components, and indeed a key

role for the endocannabinoid system in these brain regions during expression of stress-induced analgesia
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[16,34,74] and FCA [60,69] has been demonstrated. However, surprisingly, given its key role in
contextual memory and limbic system function, there is a paucity of studies investigating the role of the
vHip in stress- or fear-induced analgesia. Here, we demonstrate for the first time that the endocannabinoid
system in the vHip plays an important role in regulating the expression of FCA in rats. Direct injection of
the FAAH inhibitor URB597 into the vHip enhanced FCA. The lack of a significant effect of intra-vHip
URB597 on formalin-evoked nociceptive behaviour in non-fear-conditioned rats suggests specific
involvement of FAAH substrates in this region in the suppression of pain responding during fear rather
than involvement in the regulation of pain responding per se. The URB597-induced enhancement of FCA
was blocked by co-administration of rimonabant into the vHip and is therefore likely to be CB; receptor-
mediated. Analysis of endocannabinoid tissue content in the vHip revealed that the expression of FCA
was associated with an increase in levels of AEA and 2-AG in this brain region. Considering this result
together with the pharmacological data, it seems reasonable to suggest that the URB597-induced
enhancement of FCA may be a consequence of the drug’s inhibitory effect on the catabolism of fear-
mobilised AEA (and to a lesser extent 2-AG) in the vHip, with the enhanced levels of endocannabinoids
then activating CB receptors in this region to effect a change in behaviour. More work would be
necessary, however, to determine whether local injection of URB597 selectively elevates AEA levels
within the vHip. Moreover, we also observed that another FAAH substrate, PEA, was elevated in the
vHip of rats expressing FCA. By competing with AEA as a substrate for FAAH, elevations in PEA may
further enhance the levels and actions of AEA in the vHip via the so-called ‘entourage effect’ [45].
Alternatively, or in addition, PEA may exert effects directly through its actions at non-CB receptor
targets including peroxisome-prolierator-activated receptors (PPARa; [37,47]) and GPRS5 [30]. It is
worth noting that while rimonabant blocked the URB597-induced enhancement of FCA, it did not by

itself have any effect on FCA. This result suggests that while CB; receptors in the vHip are involved in
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the modulation of FCA following FAAH inhibition, their tonic activation by endocannabinoids does not

appear to be critical for expression of FCA.

FCA is mediated by the activation of emotionally responsive brain regions, including those of the limbic
system and brainstem, which recruit and modulate the activity of the descending inhibitory pain pathway
via endocannabinergic, opioidergic, GABAergic and monoaminergic signalling, to dampen nociceptive
transmission in the dorsal horn and reduce pain perception [9]. The vHip is a key component of the limbic
system and it contains neurons that express cannabinoid, opioid, and GABA receptors [32,38,40,56].
There is a paucity of pharmacological studies investigating the involvement of the vHip in nociception,
but microinjection of morphine into the dorsal hippocampus produces antinociception by inhibiting
GABAergic interneurons resulting in the disinhibition of hippocampal pyramidal cells [8,21]. It has been
suggested by these authors [21] that the observed antinociceptive response following injection of
morphine into this region may be the result of activation and/or recruitment of a neural circuit similar to
or perhaps identical to that described for the descending inhibitory pain pathway [5]. However, at the
present time the specific neural substrates and circuitry mediating opioid-induced hippocampal
antinociception are unknown. Similarly, the precise neural circuitry and neurochemical mechanisms
mediating the enhancement of FCA by intra-vHip administration of URB597 observed here remain to be
elucidated. However, one possibility is that the increased availability of fear-mobilised FAAH substrates
following intra-vHip URB597 results in the activation ofCB; receptors on GABAergic basket cells within
this region [40], resulting in the inhibition of these GABAergic interneurons with consequent disinhibition
of hippocampal pyramidal neurons, activation of anatomically connected downstream structures such as
the amygdala [12,35,36,65], and ultimately enhanced antinociception through hyperactivation of the

descending inhibitory pain pathway [5]. The results of the present study provide a solid foundation upon
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which to design further studies aimed at elucidating the precise neurochemical mechanisms and neural

circuitry involved in the modulation of FCA by endocannabinoid signalling in the vHip.

Our experimental design also enabled assessment of the role of the vHip endocannabinoid system in the
expression of conditioned fear responding in the presence of formalin-evoked nociceptive tone. Our
results demonstrated that intra-vHip administration of URB597 increased the co-occurrence of freezing
and 22 kHz ultrasonic vocalisation, in the early part of the trial, and disrupted the short-term within-trial
extinction of fear-related behaviour. These data indicate that during persistent pain state, FAAH inhibition
within the vHip potentiates short-term expression of conditioned aversive behaviour. The initial URB597-
induced enhancement of fear responding at the start of the trial was not significantly blocked by
rimonabant; however, by the end of the trial, fear responding in rimonabant co-treated rats was minimal
while rats which had received URB597 alone continued to express robust fear-related behaviour.
Administration of rimonabant alone into the vHip had no significant effect on fear responding, suggesting
that endocannabinoid signalling in this region may serve to modulate rather than mediate fear-related
behaviour in the presence of nociceptive tone. This is the first report on the role of the vHip
endocannabinoid system in fear responding in the presence of nociceptive tone. The role of the
endocannabinoid system in fear responding per se (i.e. in the absence of nociceptive tone) has been
examined extensively and the weight of evidence suggests that endocannabinoid-CB; receptor signalling
serves to facilitate and enhance the extinction of conditioned fear responding (for review see [15,48,79]),
while genetic deletion or pharmacological blockade of the CB receptor attenuates short- and long-term
extinction of conditioned fear responding [14,18,25,39,44,48,52,59,62,70,76]. The results of the present
study, however, suggest that in the presence of formalin-evoked nociceptive tone, increased

endocannabinoid signalling in the vHip (as a consequence of URB597 administration) in fact serves to

19



inhibit rather than enhance the short-term, within-trial extinction of fear responding. This result supports
our previous studies which have provided additional evidence for differential modulation of fear
responding by the endocannabinoid system in the presence versus absence of pain [25,69,70]. In addition,
and in agreement with the present findings, there are also reports of anxiogenic effects (dependent on
dose) of URB597 or the phytocannabinoid and CB; receptor agonist A’-tetrahydrocannabinol (THC)
following their direct administration into the vHip [71,72]. Overall then, it is likely that the net effect of
endocannabinoid activity on anxiety/fear-related behaviour will depend both on the specific region/sub-

region and the environmental or aversive context under investigation.

Psychiatric disorders related to both maladaptation to stress and the extinction of aversive memories such
as panic, phobia and PTSD can present with altered pain processing [29]. The aetiology of these disorders
has been suggested to involve dysfunction of the endocannabinoid system (for review see [24]). Increased
understanding of the neuroanatomy, neurochemistry and neuropharmacology of endogenous analgesic and
aversive systems with models such as FCA, may aid in the development of new endocannabinoid-based
therapies for these debilitating disorders. Here we propose the vHip as a candidate substrate mediating
FCA and provide evidence that endocannabinoid signalling within this region may serve to modulate both

FCA and fear responding in the presence of persistent pain state.
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Figure Legends

Figure 1. Schematic depicting the sites of injector placement in rats that received Vehicle (open squares),
URBS597 (open triangles), rimonabant (closed circles) or URB597 + rimonabant (grey triangles) bilaterally

into the ventral hippocampus. Adapted from [63].

Figure 2. Effects of URB597 and rimonabant, administered alone or in combination directly into the
ventral hippocampus, on expression of formalin-evoked nociceptive behaviour and fear-conditioned
analgesia (FCA) in rats throughout the entire 15 min trial. P < 0.01 vs. NFC-Form counterpart; "P<0.03,
vs. FC-Form-Veh; "P<0.05 vs. FC-Form-URB597 (Kruskal Wallis ANOVA by rank followed by Mann-
Whitney-U test) (Significant effect of treatment:X* = 33.487, P < 0.001). Data are median + interquartile
range with min/max values (n = 7-9). FC (fear conditioned), NFC (non-fear conditioned), Form

(formalin), Veh (vehicle), Rim (rimonabant).

Figure 3. Effects of URB597 and rimonabant, administered alone or in combination directly into the
ventral hippocampus, on expression of contextually induced freezing behaviour (A), duration of 22kHz
ultrasonic vocalisations (B) and the co-occurrence of contextually induced freezing behaviour whilst
emitting 22kHz ultrasonic vocalisations (C) in rats. P < 0.05 for FC-Form-Veh vs. FC-Form-URB597 at
0-5 min; P < 0.05 for FC-Form-URB597 vs. FC-Form-URB597+Rim at 11-15 min; ¥P<0.05 all FC-
groups 0-5 min vs all FC-groups 11-15 min (Friedman two-way ANOVA by rank followed by Wilcoxon
Matched pairs test for within-subjects effects and Mann-Whitney-U test for between subjects effects) (A.
Significant effect of Treatment X2 =30.401, P <0.001; B. Significant effect of Treatment X?=2231 1, P<

0.05; C. Significant effect of Treatment X2 =31.045, P < 0.001). Fear-related behaviour in non-fear-
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conditioned rats receiving either vehicle, URB597 or rimonabant was not detected in the present study. It
is represented here as a dotted line on the figure. Data are median + interquartile range with min/max
values (n = 7-9). FC (fear conditioned), NFC (non-fear conditioned), Form (formalin), Veh (vehicle), Rim

(rimonabant).

Figure 4. Effects of fear-conditioning and intra-vHip URB597 and rimonabant, administered alone or in
combination directly into the ventral hippocampus, on motor activity measured as the sum duration of
rearing, grooming and walking. Data are median + interquartile range with min/max values (n = 7-9). FC

(fear conditioned), NFC (non-fear conditioned), Form (formalin), Veh (vehicle), Rim (rimonabant).

Figure 5. Representative chromatograms and precursor and product ion mass-to-charge (m/z) ratios for all
analytes detected in rat ventral hippocampus and their corresponding deuterated synthetic analytes used as
internal standards. PEA (m/z =300.3-62.1); PEA-d4 (m/z = 304.3-62.1); OEA (m/z = 326.3-62.1); OEA
d2 (m/z =328.3-62.1); AEA (m/z = 348.3-62.1); AEA-d8 (m/z =356.3-63.1); 2-AG (m/z = 379.3-287.2);

2-AG-d8 (m/z = 387.3-294.2).
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Table 1. Endocannabinoid concentrations measured within the ventral hippocampus of both non-fear
conditioned and fear-conditioned formalin-treated rats receiving intra-vHip vehicle.

NFC-Form-Veh FC-Form-Veh
AEA (pmol/g) 61.9+551 102.0 £ 10.54 **
2AG (nmol/qg) 7.61+1.47 18.42 £+3.97 *
PEA (nmol/g) 0.230 £ 0.043 0.382 + 0.054 *
OEA (nmol/qg) 0.221 £ 0.031 0.298 £ 0.040

Data are means + SEM (n =7-9). ** P <0.01, * P <0.05 vs. NFC- Veh-Form (Student’s t-test). FC (fear
conditioning), NFC (Non-fear conditioned).
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