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BACKGROUND AND PURPOSE
Recently, we demonstrated that the nucleus accumbens (NAC) is required for the acquisition and expression of relief memory.
The purpose of this study was to investigate the role of NMDA receptors within the NAC in relief learning.

EXPERIMENTAL APPROACH

The NMDA receptor antagonist 2-amino-5-phosphonopentanoic acid (AP-5) was injected into the NAC. The effects of these
injections on the acquisition and expression of relief memory, as well as on the reactivity to aversive electric stimuli, were
tested.

KEY RESULTS
Intra-accumbal AP-5 injections blocked the acquisition but not the expression of relief memory. Furthermore, reactivity to
aversive electric stimuli was not affected by the AP-5 injections.

CONCLUSION AND IMPLICATION
The present data indicate that NMDA-dependent plasticity within the NAC is crucial for the acquisition of relief memory.

Abbreviations
AP-5, 2-amino-5-phosphonopentanoic acid; NAC, nucleus accumbens

Tables of Links

GPCRs* Ligand-gated ion channels® Dopamine

Dopamine receptors NMDA receptors

These Tables list key protein targets and ligands in this article which are hyperlinked to corresponding entries in http://
www.guidetopharmacology.org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Pawson et al., 2014) and are
permanently archived in the Concise Guide to PHARMACOLOGY 2013/14 (“’Alexander et al., 2013a,b).

Introduction well-investigated example for such learning is fear condition-

ing in which animals or humans learn that a particular cue
Learning about relations between stimuli and events is essen- predicts an aversive event (Fendt and Fanselow, 1999;
tial for adaptive behaviour (McNally and Westbrook, 2006). A LeDoux, 2012). This cue then becomes a conditioned fear
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stimulus that prepares the brain and body for future environ-
mental dangers. Less well-known cues that are presented after
an aversive event can also lead to associations. As the to-be-
learned stimulus is presented in the moment of relief from
the aversive event, this learning was called relief learning
(Gerber et al., 2014). In contrast to conditioned fear stimuli
that induce aversive behaviour (avoidance or startle poten-
tiation), conditioned relief stimuli trigger appetitive-like
behaviour such as approach behaviour or startle attenuation
(Tanimoto et al., 2004; Andreatta et al., 2012). Initial research
on relief learning was performed in fruit flies (Tanimoto et al.,
2004; Yarali et al.,, 2008) but relief learning has also been
demonstrated in humans and laboratory rodents (Andreatta
et al., 2010; 2012; Mohammadi et al., 2014).

Due to the appetitive-like nature of relief learning, it was
suggested that the brain’s reward system is involved in relief
learning. Indeed, a human imaging study showed an activa-
tion of the nucleus accumbens (NAC), a crucial part of the
reward system (Ikemoto, 2007), during expression of condi-
tioned relief (Andreatta et al., 2012). Furthermore, temporary
inactivation of the NAC in rats blocks both the acquisition
and expression of relief memory (Andreatta efal., 2012;
Mohammadi et al., 2014). Because the plasticity within the
NAC is responsible for reward learning and response-
reinforcement learning (Kelley, 2004; Miller and Marshall,
2005), these data suggest that the NAC is also the brain site of
relief learning.

Most forms of associative learning are dependent on
NMDA receptors (Maren, 2000; Martin efal.,, 2000;
Chapman, 2001). In line with this general observation, it was
repeatedly demonstrated that reward learning and response-
reinforcement learning are mediated by NMDA receptors
within the NAC (Kelley et al., 1997; Smith-Roe and Kelley,
2000; Di Ciano etal.,, 2001; Kelley, 2004). These findings
suggest that relief learning may also be mediated by accumbal
NDMA receptors.

The present study aims to address this hypothesis. There-
fore, rats received local injections of the NMDA receptor
antagonist 2-amino-5-phosphonopentanoic acid (AP-5) into
the NAC and were then submitted to relief conditioning. One
day later, conditioned relief was tested using the acoustic
startle paradigm. In a second experiment, it was tested if AP-5
injections affect the expression of conditioned relief and the
reactivity to the electric stimuli. The electric stimuli were
used as an unconditioned stimulus (US) in the relief condi-
tioning procedure.

Methods

Animals and surgery

Thirty-nine adult male Sprague Dawley rats aged between 2
and 3 months (250-350 g) at the time of the surgery were used
in this experiment. Rats were bred and reared at the local
animal facility (original breeding stock: Taconic, Ry,
Denmark). They were kept in groups of four to six animals per
cage (Makrolon Type IV; Tecniplast, Hohenpeifienberg,
Germany) in temperature- and humidity-controlled rooms (22
+2°C, 50 £ 10%) under a light : dark cycle of 12 h:12 h (lights
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on 6:00 h) and had free access to water and food. All experi-
ments and surgeries were performed during the light phase. All
studies involving animals are reported in accordance with the
ARRIVE guidelines for reporting experiments involving
animals (Kilkenny et al., 2010; McGrath et al., 2010) and were
approved by the local ethical committee (Landesverwaltung-
samt Sachsen-Anhalt, Az. 42502-2-1172 UniMD).

The animals were anaesthetized with isoflurane (Baxter
Germany GmbH; Unterschleifheim, Germany) mixed with
pure oxygen (5% isoflurane for induction, then 2.0-2.5%).
The depth of anaesthesia was assessed by testing reflexes to a
hind-paw pinch. Then, the animals were fixed in a rodent
stereotaxic apparatus. The skull was exposed and stainless
steel guide cannulas (custom-made; diameter: 0.7 mm,
length: 8.0 mm) were bilaterally implanted aiming at the
NAC: 1.2 mm rostral, + 1.5 mm lateral and 7.4 mm ventral to
the bregma (Paxinos and Watson, 1997). Cannulas were fixed
with dental cement to the skull and three anchoring screws.
After the surgery, the animal was housed on its own and
supervised for 4 h and then returned to the colony. After the
surgery, there was a recovery period of 5-7 days.

Apparatus

We used a startle system with eight chambers (35 cm x 35 cm
x 35 cm; SR-LAB, San Diego Instruments, San Diego, CA, USA).
Each chamber consisted of a stable platform holding a hori-
zontal, cylindrical, transparent animal enclosure with an
inner diameter of 9 cm and an inner length of 16 cm. Under-
neath the platform, a piezoelectric motion sensor was
mounted for measuring animal movements. The output signal
of this sensor was digitalized with a sampling rate of 1 kHz and
sent to the computer. Beginning at startle stimulus or electric
stimulus onset, consecutive 1 ms readings were recorded to
obtain the magnitude of the animal’s response to the startle
stimulus or electric stimulus (arbitrary units). The startle mag-
nitude, average readout in the ‘startle response peak window’,
was taken every 10-30 ms after startle stimulus onset.

For relief conditioning, aversive electric stimuli (US) and
light stimuli (conditioned stimulus, CS) were used. The light
stimulus was produced by a 10 W bulb, had an intensity of
~1000 lux and duration of 5s. The electric stimuli were
administered via a floor grid (six bars with 5 mm diameter,
distance: 10 mm), had an intensity of 0.4 mA and a duration
of 0.5 s. For the application of acoustic stimuli, a loudspeaker
mounted on the ceiling of the box was used. During all tests,
a background noise with an intensity of 50 dB sound pressure
level (SPL) was presented to mask environmental noises. The
acoustic startle stimulus was a noise burst with an intensity of
96 dB SPL for a duration of 40 ms. For testing the reactivity to
electric stimuli, stimulus intensities of 0.0, 0.1., 0.2, 0.3 and
0.4 mA were used. As a readout for reactivity to electric
stimuli, the summed readout of the piezoelectric motion
sensor during the electric stimuli (500 ms) was used.

Behavioural protocol

Experiment 1: effects of intra-NAC AP-5 injections on acquisition
of relief memory. Day 1 (baseline session): animals (n = 31)
were put in the chambers and after 5 min of acclimatization,
10 startle stimuli were delivered with an inter-trial interval of
30 s (see also Figure 1). Then, the animals were put back into
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Figure 1

Behavioural protocols of the present study. Upper panels depict the treatment schedule and the test sessions performed. Lower panels give

detailed information on the different test sessions.

their home cages. Based on the mean startle amplitude of this
session, the animals were distributed into groups with bal-
anced mean baseline startle amplitude.

Day 2 (training session): the animals were injected with
either the vehicle or AP-5 (2.5 or 5nmol-0.3 uL!, Sigma
Aldrich, Munich, Germany). To do this, the animals were
gently held in place by hand to insert the injection cannulas
(custom-made; diameter: 0.3 mm, 12 mm long), which were
connected via a tube to a 10 uL syringe into the guide can-
nulas. Then a volume of 0.3 pL was injected with a speed of
0.2 pL-min™" using a microinjection pump (CMA/100, Micro-
dialysis AB, Stockholm, Sweden). The cannulas were left in
place for 1 additional minute. Ten minutes later, the animals
were put into the startle chambers. After 5 min of acclimati-
zation, the relief conditioning protocol was performed.
Fifteen electric stimuli followed by a light stimulus (fixed
inter-stimulus interval: 3 s from onset electric stimulus to
onset light stimulus) were delivered to the animals. The inter-
trial interval (onset electric stimulus to onset next electric
stimulus) was pseudo-randomized and varied between 30 and
100 s. No startle stimuli were delivered to the animals during
the conditioning session.

Day 3 (retention test): the animals were put into the
startle chamber. Following 5 min of acclimatization, 10
startle stimuli were presented to habituate the animal, fol-
lowed by 20 startle stimuli, 10 of them without the light CS
and 10 of them upon presentation of the light CS (CS and
startle stimuli co-terminated). The order of the trials with and
without the light CS was pseudo-randomized.

Experiment 2: effects of intra-NAC AP-5 injections on expression of
relief memory. Day 1 and 2: eight animals were used for this
experiment. The baseline and training session was identical
to those of experiment 1 except that no injections were
performed before or during the relief conditioning session.

Day 3: half of the animals were injected with the vehicle
and the other half with 5 nmol-0.3 uL! AP-5. The animals
were put into the chambers immediately after injection and
the retention test was run.

Day 4: the animals were reconditioned with relief condi-
tioning protocol from day 2.

Day 5: the test of day 3 was repeated. However, animals
that received injections of saline on day 3 were now injected
with AP-5 and vice versa.
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Experiment 3: effects of intra-NAC AP-5 injections on locomotor
reactivity to electric stimuli. For this experiment, the animals
of experiment 2 were used. One day after completion of
experiment 2, the animals were injected with either saline or
5nmol-0.3 uL™' AP-5. Then they were put into the startle
chambers. After an acclimatization time of 5 min, five electric
stimuli with increasing intensities (0.0, 0.1, 0.2, 0.3 and
0.4 mA) were administered with an inter-stimulus interval of
30s. One day later, the same procedure was repeated.
However, rats that received saline on the day before now
received injections of AP-5 and vice versa.

We used doses of 2.5 and 5 nmol AP-5-0.3 uL™'. These
doses are based on the effective doses found in several pub-
lished studies (Miserendino et al., 1990; Kelley et al., 1997;
Schauz and Koch, 2000; Palencia and Ragozzino, 2004; Hsu
and Packard, 2008).

Histology. At the end of the behavioural experiments, the
animals were killed by CO,. The brains were removed and put
into 30% sucrose and 4% formalin solution for fixation. The
brains were sectioned by a cryostat in 60 pm slices. The slides
were Nissl-stained with cresyl violet, examined with light
microscopy and the injection sites (injection cannula trace)
were located and marked on sections of a brain atlas (Paxinos
and Watson, 1997).

Data analysis. For each animal, the mean response to the
electric stimuli, the mean startle amplitudes with and
without the light CS (peak amplitudes within the 100 ms
after the startle stimulus onset) and their difference were
calculated. Because all data were normally distributed
(D’Agostino and Pearson’s omnibus normality test), means
and SEM were shown in the figures and parametric statistical
tests were used for analysis (Prism 6.0, GraphPad Software
Inc., La Jolla, CA, USA). A significance level of P < 0.05 was
used for all tests.

Results

Histology

Histological analyses of the injection sites revealed that 35
animals received bilateral injections of saline or AP-5 into the
NAC (ns = 7-11 per group). Most of the injection sites were
localized in the core region of the NAC (Figure 2). Four
animals were discarded because of misplaced injections.

Behaviour

Experiment 1: effects of intra-NAC AP-5 injections on acquisition
of relief memory. In this experiment, saline or two different
doses of AP-5 (2.5 or 5 nmol-0.3 uL™") were injected into the
NAC immediately before the relief conditioning session (see
Figure 1). On the following day, a retention test was per-
formed without any injections. Figure 3A depicts the mean
startle magnitudes of startle alone and CS-startle trials of the
retention test as well as their difference. The data show that
AP-5 injections into the NAC dose-dependently inhibit the
acquisition of relief memory. This is supported by an aNova
with startle trial type as within-subject factor and treatment
as between-subject factor. There was a main effect of trial type
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Figure 2

Reconstruction of the vehicle and AP-5 injection sites into the NAC
on frontal brain sections (Paxinos and Watson, 1997). (A) Repre-
sentative photomicrograph showing a brain slide with injection sites
into the NAC. (B) Injections before relief conditioning (acquisition).
Black circles, saline; inverse triangles, 2.5 nmol AP-5; diamonds,
5 nmol AP-5. (C) Injections (gray circles) before expression of relief
memory and before testing on reactivity to electric stimuli. Values
represent the anterior distance to bregma (mm) according to
Paxinos and Watson (1997). CPu, caudate putamen; Ctx, cortex; ec,
external capsule; LSi, lateral septal nucleus.

(Fi22 = 8.90, P < 0.0001) and significant interaction between
trial type and treatment (F,,, = 4.58, P = 0.02). There were no
main effects of treatment (F,., = 1.13, P = 0.34) indicating
that the startle response itself was not affected by AP-5 injec-
tions. Post hoc Sidak’s multiple comparison tests show signifi-
cant trial type effects in the saline-injected group (t = 3.94,
P < 0.01) but not in the two AP-5-injected groups (ts < 0.69,
Ps > 0.05). This effect of intra-NAC AP-S is further supported
by an ANovA on the difference scores (F,2, = 4.50, P=0.02) and
post hoc Dunnett’s tests showing significant differences
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between animals treated with saline and animals treated with
the two AP-5 doses (Ps < 0.05).

Experiment 2: effects of intra-NAC AP-5 injections on expression of
relief memory. Animals were relief conditioned without
treatment. On the following day, they received injections of
saline and AP-5 (5 nmol-0.3 uL™) into the NAC and they were
tested for their relief memory. There was apparently no effect
of intra-NAC AP-S injections on the expression of relief
memory (Figure 3B). An aANova with startle trial type and
treatment as within-subject factors revealed a significant
effect of trial type (Fis = 10.79, P = 0.02) but neither of
treatment (F; = 0.88, P = 0.88) nor an interaction between
trial type and treatment (F; ¢ = 0.30, P = 0.61). Furthermore,
post hoc Sidak’s multiple comparison tests showed significant
trial type effects on both, saline- and AP-5-injected animals (s
> 2.97, Ps < 0.05). This is supported by a comparison of the
difference scores showing no treatment effects (paired f-test:
t =0.59, P = 0.57). Notably, the testing order had no effect
(F1,6 =0.003, P = 0.96).

Experiment 3: effects of intra-NAC AP-5 injections on locomotor
reactivity to electric stimuli. Animals were injected with either
saline or AP-5 (5 nmol-0.3 uL™") and then tested for their
reactivity to electric stimuli with increasing intensities (0.0 to
0.4 mA). In Figure 4, the mean locomotor response of the
animals during the 0.5 s duration of the electric stimuli is
depicted. Injections of AP-5 into the NAC did not affect the
reactivity to electric stimuli. An anova with intensity and
treatment as within-subject factors revealed a significant
effect of intensity (Fi.s = 21.26, P < 0.001) but neither of
treatment (F;,s = 0.10, P = 0.76) nor an interaction between
intensity and treatment (Fs.s = 0.21, P = 0.93).

Discussion

The present study investigated the role of accumbal NMDA
receptors in the acquisition and expression of relief memory.

Reactivity to eletric stimuli
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Figure 4

Effects of intra-NAC injections on the locomotor reactivity to electric
stimuli. Shown is the mean locomotor activity (arbitrary units + SEM)
during the electric stimuli (500 ms duration, different intensities).
AP-5 injections did not affect the reactivity to electric stimuli.

Therefore, local injections of the NMDA receptor antagonist
AP-5 were performed either directly before relief conditioning
(acquisition) or before the retention test on conditioned relief
(expression). Our data clearly show that accumbal NMDA
receptor blockade before conditioning, but not before the
retention test, prevented conditioned relief. Furthermore, we
demonstrated that NMDA receptor blockade does not affect
the reactivity to electric stimuli. Taken together, this indicates
that relief learning depends on NMDA receptor activation
within the NAC.

To measure conditioned relief, we used the acoustic
startle paradigm. In line with the data of our previous
studies (Andreatta ef al., 2012; Mohammadi et al., 2014), the
relief CS robustly attenuated the startle magnitude under
control conditions (injections of saline into the NAC). It is
important to note that such an attenuation of the startle
magnitude by a CS can only be observed if the CS has a
positive valence. This can be obtained not only by relief
conditioning (CS presented shortly after an aversive US) but
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also after safety conditioning (CS explicitly unpaired with
an aversive US; e.g. Mohammadi etal.,, 2014) and after
‘pleasure conditioning’ (CS precedes an appetitive US; e.g.
Schmid etal., 1995). In contrast, fear conditioning, in
which the CS precedes an aversive US, induces a startle
potentiation (Davis et al., 1993; Fendt and Koch, 2013). No
modulation of the startle magnitude can be observed if the
presentations of the CS and the US are randomized during
the conditioning phase (i.e. that by chance the CS and the
US can also simultaneously appear) or if the CS is presented
without any US during the conditioning phase (Davis and
Astrachan, 1978; Andreatta et al., 2012).

Previous studies from our group demonstrated that the
NAC is crucial for the acquisition and expression of condi-
tioned relief (Andreatta et al., 2012; Mohammadi et al., 2014).
Importantly, the NAC is not involved in safety learning, that
is the learning that a cue predicts the absence of the US
(Josselyn et al., 2005; Mohammadi etal.,, 2014). In latter
studies, safety learning was either induced by explicit unpair-
ing of the US and the CS or by a conditioned inhibition
procedure. (cf. Christianson et al., 2012). This demonstrates
that there is a neural dissociation between relief learning and
safety learning, strongly supporting the view that relief learn-
ing and safety learning represent distinct learning processes
(Gerber et al., 2014). In humans and rats, we previously dem-
onstrated a neural dissociation between fear learning and
relief learning (Andreatta etal., 2012). The amygdala is
crucial for fear learning but not for relief learning, whereas
the NAC is crucial for relief learning but not for fear learning.
Taken together, the NAC is only involved in relief learning,
not in fear or safety learning. This strongly suggests that the
observed effects after local injections into the NAC are spe-
cific to relief learning and not unspecific to any associative
relationship between CS and US (as e.g. in safety or fear
learning).

The present data now show an important role of accum-
bal NMDA receptors in relief learning. Both of our AP-5 doses,
2.5 and 5 nmol AP-5-0.3 uL™, significantly blocked the acqui-
sition of relief memory. These doses are in line with effective
doses found in the literature (e.g. Kelley etal., 1997).
However, it is important to note that the effects observed in
the present study can also be explained by state- dependency,
that is the AP-5 injections before relief conditioning induced
a specific state which is necessary later to express conditioned
relief. However, such a state- dependency has not been
observed yet for NMDA receptor blockade in associative
learning (e.g. Tzschentke and Schmidt, 1997; Bast et al.,
2003). Therefore, we are confident that the observed AP-5
effects are based on a blockade of acquisition and not on
state-dependency.

The NAC consists of different regions, the core and the
shell regions (Zahm and Brog, 1992). Based on data from
Kelley et al. (1997), it is thought that the NAC core mediates
the blockade of relief conditioning observed in this study.
This is supported by the fact that our injection sites were
almost exclusively located within the core region (cf.
Figure 2). However, we injected a volume of 0.3 puL and such
a volume may diffuse ca. 0.5 um (Martin, 1991). This means
that we cannot exclude the possibility that the injected AP-5
also reaches neurons within the NAC shell. In fact, it could be
that the shell region of the NAC is more important for relief

2424  British Journal of Pharmacology (2015) 172 2419-2426

learning than the core region. The shell region is the projec-
tion target of dopaminergic neurons within the ventral teg-
mental area which show an excitatory response to the offset
of electric stimuli (Brischoux et al., 2009), that is in the
moment of relief from the electric stimulus.

In our second experiment, the animals were relief condi-
tioned without any treatment and AP-5 was then injected
immediately before the retention test. These injections
clearly did not affect the expression of relief memory. This
demonstrates not only that accumbal NMDA receptors are
not involved in the expression of relief memory but also that
the sensory processing of the visual relief CS is not disturbed
by AP-5 injections into the NAC. The latter indicates that the
blockade of relief learning observed in our first experiment is
not due to AP-5 effects on the sensory processing of the relief
CS. However, a blockade of relief learning could also be
explained by disturbed sensory processing of the US. There-
fore, we performed a third experiment in which we tested the
effects of accumbal AP-5 injections on the locomotor reactiv-
ity to electric stimuli. Clearly, AP-5 injections did not affect
this reactivity indicating that the blockade of relief learning
by AP-5 injections into the NAC is also not caused by dis-
turbed US processing.

That means the sensory processing of both the CS and the
US are not impaired after AP-5 injections into the NAC.
Therefore, the most obvious interpretation of the AP-5 effects
in our first experiment is that AP-5 prevented the association
between the CS and the US. Thus, relief learning is based on
NMDA receptor-dependent plasticity within the NAC, for
example long-term potentiation (Schotanus and Chergui,
2008).

Several studies have already demonstrated that accumbal
NMDA receptors are involved in both appetitive Pavlovian
and instrumental conditioning (Kelley et al., 1997; Smith-Roe
and Kelley, 2000; Di Ciano et al., 2001; Dalley et al., 2005). In
these learning processes, rewarding stimuli are used as an US,
whereas in relief conditioning experiments, an aversive US is
used. However, as discussed earlier and in several publications
before (Gerber et al., 2014; e.g. Tanimoto et al., 2004), the
timing of CS and US presentation is critical for the valence of
the learned association. If the CS precedes the US in Pavlo-
vian conditioning (forward pairing), the CS will gain negative
valence and will later induce behavioural signs of fear (sum-
marized in Fendt and Fanselow, 1999; Davis, 2006; LeDoux,
2012). The underlying plasticity of this learning occurs in the
amygdala (Maren, 2005; Pape and Pare, 2010). However, if
the US precedes the CS (backward pairing), the CS will gain
positive valence as the relief from an aversive stimulus can be
considered as a reward. In line with this idea, midbrain dopa-
minergic neurons were described that were phasically excited
after the offset of aversive electric stimuli (Brischoux et al.,
2009). These neurons were dopaminergic and located in the
ventral region of the ventral tegmental area, a brain site
which plays a key role in reward processing (Schultz, 1998;
Wise, 2004). The ventral tegmental area projects to the NAC
and is its main dopaminergic input (Fallon and Moore, 1978).
For relief conditioning, it is not known whether accumbal
dopamine is involved. However, as it is involved in appetitive
Pavlovian and instrumental conditioning, we suggest that
this is also the case in relief learning. We will address this
hypothesis in future studies in our laboratory. Furthermore,
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appetitive conditioning depends on a coincident activation
of NMDA and dopamine receptors within the NAC
(Smith-Roe and Kelley, 2000; Di Ciano et al., 2001; Dalley
et al., 2005). If accumbal dopamine is involved in relief learn-
ing, it is very probable that this coincident receptor activa-
tion is also the molecular mechanism underlying relief
learning.

Taken together, the present results clearly demonstrate
that acquisition of relief memory is dependent on NMDA
receptors within the NAC. These receptors do not seem to be
crucial for the expression of relief memory and the sensory
processing of the CS and the US used in relief learning. Future
studies should investigate the role of accumbal dopamine in
relief learning and whether accumbal dopamine receptors
interact with NMDA receptors during the establishment of
relief memory.
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