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Abstract
Rationale Dopamine D1-like receptor signalling is involved
in contextual fear conditioning, but the brain regions involved
and its role in other contextual fear memory processes remain
unclear.
Objectives The objective of this study was to investigate (1)
the effects of SCH 23390, a dopamine D1/D5 receptor antagonist, on contextual fear memory encoding, retrieval and
reconsolidation, and (2) if the effects of SCH 23390 on conditioning involve the dorsal hippocampus (DH) and/or
basolateral amygdala (BLA).
Methods Rats were used to examine the effects of systemically administering SCH 23390 on the acquisition, consolidation,
retrieval and reconsolidation of contextual fear memory, and
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on locomotor activity and shock sensitivity. We also determined the effects of MK-801, an NMDA receptor antagonist,
on contextual fear memory reconsolidation. The effects of
infusing SCH 23390 locally into DH or BLA on contextual
fear conditioning and locomotor activity were also examined.
Results Systemic administration of SCH 23390 impaired contextual fear conditioning but had no effects on fear memory
consolidation, retrieval or reconsolidation. MK-801 was
found to impair reconsolidation, suggesting that the behavioural parameters used allowed for the pharmacological disruption of memory reconsolidation. The effects of SCH 23390
on conditioning were unlikely the result of any lasting drug
effects on locomotor activity at memory test or any acute drug
effects on shock sensitivity during conditioning. SCH 23390
infused into either DH or BLA impaired contextual fear conditioning and decreased locomotor activity.
Conclusions These findings suggest that dopamine D1-like
receptor signalling in DH and BLA contributes to the acquisition of contextual fear memory.
Keywords Amygdala . Contextual fear conditioning .
Dopamine . D1 receptor . Hippocampus . Locomotor activity .
Memory . Retrieval . Reconsolidation . Shock sensitivity
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Introduction
The neurotransmitter dopamine plays a crucial role in memory
processing. Although well known for its involvement in appetitive learning and memory (Schultz 2013), dopamine also
mediates certain aversive memory processes (Pezze and
Feldon 2004; Iordanova 2009; Volman et al. 2013). During
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Pavlovian fear conditioning, an innocuous conditioned stimulus (CS) is paired with an aversive unconditioned stimulus
(US); this results in the CS becoming associated with the US,
such that the CS alone elicits fear responding after conditioning (Fendt and Fanselow 1999). Following conditioning, fear
associated with the CS is transferred to long-term memory
through consolidation (McGaugh 2000). Upon retrieval, fear
memory can become labile which may allow for the updating
of the memory to maintain its relevance, before it is
restabilized through reconsolidation (Lee 2009).
Dopamine D1-like receptor signalling is involved in
Pavlovian fear conditioning to discrete and contextual cues.
SCH 23390 is a selective D1/D5 receptor antagonist in vivo
(Bourne 2001) that has been used extensively as a pharmacological tool for investigating the role of D1-like receptor signalling in modulating fear memory processing. Systemic administration of SCH 23390 before training impairs fearpotentiated startle and contextual fear conditioning (Inoue
et al. 2000; Greba and Kokkinidis 2000; Calzavara et al.
2009). In contrast, SCH 23390 administered immediately after
training has no effect on contextual fear conditioning (Inoue
et al. 2000; Bai et al. 2009), suggesting that D1/D5 receptor
antagonism impairs the acquisition, but not consolidation, of
contextual fear. Yet the brain regions involved in mediating
the effects of SCH 23390 on contextual fear conditioning
remain unclear. The dorsal hippocampus (DH) and basolateral
amygdala (BLA) are both well known for their involvement in
contextual fear conditioning. One prevalent view is that contextual representations are encoded by DH and associated
with the US in BLA (Anagnostaras et al. 2001). Both DH
and BLA receive dopamine projections from the ventral tegmental area (VTA) and show D1/D5 receptor expression
(Huang et al. 1992; Scibilia et al. 1992; Gasbarri et al. 1997;
Pinard et al. 2008; Muller et al. 2009). SCH 23390 suppresses
long-term potentiation in DH and BLA, suggesting that D1like receptor signalling is involved in synaptic plasticity in
these regions (Otmakhova and Lisman 1996; Huang and
Kandel 1995, 2007). Infusion of SCH 23390 into DH impairs
spatial learning, and SCH 23390 infusion into BLA impairs
fear learning to discrete cues (Greba and Kokkinidis 2000;
O’Carroll et al. 2006; Pezze and Bast 2012). However, the
role of D1-like receptor signalling in these areas in regulating
contextual fear conditioning is poorly understood; therefore,
one of the aims of the present study was to address this issue.
More recent studies have begun to investigate the role of
dopamine transmission in memory reconsolidation.
Amphetamine, an indirect dopamine receptor agonist, enhances
the reconsolidation of conditioned place preference, but not
Pavlovian conditioned approach, memory (Blaiss and Janak
2006, 2007). D3 receptor antagonism interferes with the
reconsolidation of drug-associated memory (Yan et al. 2013,
2014). SCH 23390 also disrupts drug-associated memory
reconsolidation and the reconsolidation of passive avoidance
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memory (Sherry et al. 2005; Yan et al. 2014). Infusion of SCH
23390 into medial prefrontal cortex impairs the reconsolidation
of recognition memory under certain conditions (Maroun and
Akirav 2009). However, the potential involvement of D1-like
receptor signalling in modulating the reconsolidation of contextual fear memory has not been examined.
Here we sought to confirm and extend previous findings by
examining (1) the effects of SCH 23390 on the acquisition,
consolidation, retrieval and reconsolidation of contextual fear
memory, (2) if any effects of SCH 23390 on conditioning are
attributable to non-specific drug effects on locomotion or
nociception, and (3) the effects of infusing SCH 23390 into
DH or BLA on contextual fear conditioning and locomotion.

Methods
Animals
Male Lister hooded rats (250–400 g; Harlan, UK, or Charles
River, UK) were group-housed on a 12-h light/dark cycle
(lights on at 0800) and had free access to food and water.
The principles of laboratory animal care were followed, and
all experimental protocols were performed in accordance with
internal ethical review and the Animals (Scientific
Procedures) Act 1986, UK. All behavioural testing occurred
during the animals’ light cycle.
Systemic drug administration
Animals were injected with SCH 23390 (0.1 mg/kg, i.p.) or
MK-801 (0.1 mg/kg, i.p.) dissolved in 0.9 % saline (0.1 mg/
mL). These doses of SCH 23390 and MK-801 have previously been shown to impair fear conditioning and memory
reconsolidation, respectively (Greba and Kokkinidis 2000;
Inoue et al 2000; Lee et al. 2006). Vehicle-treated controls
received injections of saline (1 mL/kg, i.p.).
Systemic drug effects on contextual fear conditioning
and memory testing
The effects of systemic SCH 23390 administration on different stages of contextual fear learning and memory processing
were investigated using two chambers which have been described in detail elsewhere (Stevenson et al 2009). All animals
underwent contextual fear conditioning on day 1 using testing
parameters modified from our previous study (Stevenson
2011). Animals were conditioned in a novel context consisting
of distinct visual (stripes or spots on two walls of the chambers
with the house light on), auditory (60-dB white noise) and
olfactory (ethanol cleaning solution) cues present during conditioning. The US used was mild electric shock delivered automatically through the floor bars of the chamber by a
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computer (MED-PC IV software, Med Associates, VT). The
animals were placed in the chambers and after 2 min were
subjected to four unsignalled shocks (0.5 mA, 0.5-s duration,
1-min inter-trial interval). The animals were removed from the
chamber 2 min after the last shock and returned to the home
cage. On day 2, all animals were returned to the conditioning
chambers for 2 min. In some experiments, this served to test
long-term memory (LTM), whereas in other experiments, this
served to test memory retrieval and to reactivate memory before testing post-reactivation long-term memory (PR-LTM)
for 2 min on day 3 (see Fig. 1). Separate cohorts of animals
Fig. 1 a Systemic SCH 23390
administration 30 min before
contextual fear conditioning
decreased freezing during LTM
testing the next day (**P<0.01).
b SCH 23390 given immediately
after conditioning had no effect
on freezing during later LTM
testing. c SCH 23390 given
30 min before brief memory
reactivation (REACT) had no
effects on freezing during
REACT or during PR-LTM
testing the next day. d SCH 23390
given immediately after REACT
had no effect on freezing during
later PR-LTM testing. e MK-801
given 30 min before REACT
decreased freezing during PRLTM testing the next day
(*P<0.05)
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were injected with SCH 23390 or vehicle as follows: (1)
30 min before conditioning on day 1, (2) immediately after
conditioning on day 1, (3) 30 min before reactivation on day 2,
or (4) immediately after reactivation on day 2. Another cohort
of animals was injected with MK-801 or vehicle 30 min before reactivation on day 2 to determine if the conditioning and
reactivation parameters used allowed for the pharmacological
disruption of reconsolidation; this NMDA receptor antagonist
has previously been shown to disrupt the reconsolidation of
other types of memory (Lee et al. 2006; Milton et al. 2008;
Flavell and Lee 2013). The chamber floor bars and waste trays
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were cleaned with the ethanol cleaning solution between each
session, and the animals were tested at approximately the
same time of day on each day. Behaviour was recorded via
digital cameras in the chamber ceilings for subsequent data
analysis.
Systemic drug effects on locomotor activity and shock
sensitivity testing
To determine if any effects of systemic SCH 23390 given
before conditioning on freezing during later LTM testing were
due to non-specific effects on locomotion or nociception,
some of the animals from the contextual fear conditioning
and memory processing experiments described above were
also used to examine the effects of this drug treatment on
locomotor activity or shock sensitivity. Animals were tested
2–7 days after the last day of memory testing (Stevenson
2011).
Locomotor activity was tested in the open field using an
apparatus (1×1-m base, 0.5-m high walls) made of black
Perspex. Separate cohorts of animals were injected with
SCH 23390 or vehicle as above, either 30 min or 24 h before
testing. Animals were tested for 10 min in the open field.
Testing occurred in a dimly lit room to match the lighting
conditions present during contextual fear conditioning and
memory testing. The floor of the open field was cleaned using
a methanol solution after each testing session. Behaviour was
digitally recorded for subsequent data analysis.
Shock sensitivity was tested using a modified version of a
previously described paradigm (Quirk et al. 2000). A separate
cohort of animals was injected with SCH 23390 or vehicle as
above and tested 30 min later. Animals were placed in a novel
chamber and after 10 min were subjected to 10 unsignalled
shocks (0.5 s, 1-min inter-trial interval). The first shock was
0.05 mA and each subsequent shock increased in 0.05-mA
increments, such that the last shock was 0.5 mA. The chamber
floor bars and waste trays were cleaned with a methanol
cleaning solution between each session. Behaviour during
testing was digitally recorded for subsequent data analysis.
Surgery
To determine the possible sites of action of SCH 23390 on
contextual fear conditioning and locomotor activity, separate
cohorts of experimentally naïve animals were implanted with
cannulae targeting DH or BLA to infuse drug locally into
these regions. Anaesthesia (isoflurane) and analgesia
(buprenorphine) ensured complete inhibition of the hindpaw
withdrawal reflex during surgery. Animals were placed in a
stereotaxic frame and the incisor bar was adjusted to maintain
the skull horizontal. For DH, guide cannulae (26-gauge;
PlasticsOne, VA) were implanted bilaterally 0.5 mm dorsal
to the target site using the following stereotaxic coordinates:
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4.5 mm posterior and 3 mm lateral to bregma, and 3 mm
ventral to the brain surface (Paxinos and Watson 1998). The
stylets (33-gauge; PlasticsOne) extended 0.5 mm beyond the
tip of the guide cannulae. These coordinates were based on
our previous study investigating the effects of hippocampal
SCH 23390 infusions on spatial learning and memory
(Pezze and Bast 2012). For BLA, guide cannulae were implanted bilaterally 1 mm dorsal to the target site using the
following stereotaxic coordinates: 2.8 mm posterior and
4.7 mm lateral to bregma, and 6.4 mm ventral to the brain
surface. The stylets extended 1 mm beyond the tip of the guide
cannulae. These coordinates were modified from our previous
study investigating the effects of BLA inactivation on contextual fear memory expression (Stevenson 2011). Cannulae
were secured with dental cement to four screws threaded into
the skull. Animals were singly housed after surgery and given
post-operative analgesia (buprenorphine and meloxicam).
From 1–2 days after surgery, animals were mildly restrained
every 1–2 days and the stylets were loosened and retightened
to ensure that the cannulae remained unblocked; this also
served to habituate the animals to handling during the central
drug infusion procedure. Behavioural testing began 5–7 days
after surgery.

Central drug effects on contextual fear conditioning
and locomotor activity
For DH infusions, 5 μg of SCH 23390 dissolved in 1 μL of
0.9 % saline was infused (Pezze and Bast 2012). For BLA
infusions, 2.5 μg of SCH 23390 dissolved in 0.5 μL of
0.9 % saline was infused. This dose was adapted from our
previous studies investigating the effects of BLA SCH
23390 infusion on acoustic startle regulation (Stevenson and
Gratton 2004a, 2004b). The stylets were removed, and SCH
23390 or vehicle (0.9 % saline) was infused bilaterally at a rate
of 0.5 μL/min using injectors (33-gauge; PlasticsOne), extending 0.5 mm (DH) or 1 mm (BLA) beyond the tips of the
guide cannulae, which were connected to 1-μL Hamilton syringes via a length of polyethylene tubing. The injectors were
left in place for 1 min following infusions before they were
removed and the stylets replaced; behavioural testing started
10 min later. Animals were first given SCH 23390 or vehicle
infusions before contextual fear conditioning using the same
parameters as above except that the shock duration was
increased to 1 s to reduce any potential deficit in freezing caused by surgery (Hart et al. 2009). The next day,
the animals underwent LTM testing for 2 min as above.
The same animals were then used 2–7 days later to test
the effects of DH or BLA infusions of SCH 23390 or
vehicle given 10 min before open field testing as above.
Behaviour during LTM and open field testing was digitally recorded for subsequent data analysis.
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Histology

Results

Upon completion of the central drug infusion experiments, the
animals were deeply anaesthetized and transcardially perfused
with 0.9 % saline followed by 4 % paraformaldehyde. Brains
were removed and post-fixed in 4 % paraformaldehyde and
kept at 4 °C until slicing. DH or BLA sections were obtained
and stained for acetylcholinesterase as previously described
(Stevenson et al. 2007).

Systemic SCH 23390 effects on contextual fear conditioning
and memory processing

Data analysis
Freezing, defined as the absence of movement except for that
related to respiration, was taken as a behavioural index of fear
during LTM, reactivation and/or PR-LTM testing. Freezing
behaviour was scored manually by one or two trained observers, one of whom was blind to the treatment group of
the animal. Freezing was determined at 3-s intervals throughout testing, and the cumulative duration of freezing was then
calculated and expressed as a percentage of each 2-min test.
The effects of systemic SCH 23390 given before or after conditioning on freezing during LTM testing the next day were
analysed separately using two-tailed unpaired t tests. The effects of systemic SCH 23390 given before reactivation on
freezing during reactivation and PR-LTM testing the next
day were analysed using a two-way analysis of variance
(ANOVA), with treatment and test as the between- and
within-subject factors, respectively. The effects of systemic
SCH 23390 given after or MK-801 given before reactivation
on freezing during PR-LTM testing the next day were
analysed using separate two-tailed unpaired t tests. The effects
of DH or BLA SCH 23390 given before conditioning on
freezing at LTM test the next day were analysed separately
using two-tailed unpaired t tests.
Behaviour in the open field was analysed using
Ethovision software (Noldus, Netherlands). The total
distance moved was determined and taken as an index
of locomotor activity. The effects of systemic SCH
23390 given 30 min or 24 h before testing were
analysed separately using two-tailed unpaired t tests.
The effects of DH or BLA SCH 23390 given 10 min
before testing were analysed in the same way.
Behaviour during shock sensitivity was scored manually to
determine the threshold current which elicited ‘flinch’ and
vocalization responses (Quirk et al. 2000). Behaviour was
scored by two observers, one of whom was blind to the treatment group of the animal. The effects of systemic SCH 23390
given before testing were analysed using two-way ANOVA,
with treatment and response as the between- and withinsubject factors, respectively. All data are presented as the
mean+SEM and the significance level for all comparisons
was set at P<0.05.

The effects of systemic SCH 23390 given 30 min before or
immediately after contextual fear conditioning on freezing
during LTM testing the next day are presented in Fig. 1a, b.
Compared to vehicle (n=10), SCH 23390 (n=10) given before conditioning significantly decreased freezing at LTM test
(t(18) =3.03, P<0.01; Fig. 1a). No differences in freezing during LTM testing were observed between SCH 23390 (n=10)
and vehicle (n = 9) given after conditioning (t(17) = 0.66,
P>0.1; Fig. 1b).
The effects of systemic SCH 23390 given 30 min before or
immediately after memory reactivation on freezing during reactivation and during PR-LTM testing the next day are shown
in Fig. 1c, d. There were no differences in freezing during
reactivation or PR-LTM testing between SCH 23390 (n=10)
or vehicle (n=10) given before reactivation (main effect of
treatment: F(1,18) =0.67, P>0.1; treatment×test interaction:
F(1,18) =1.46, P>0.1; Fig. 1c). Similarly, no differences in
freezing during reactivation or PR-LTM testing were observed
between SCH 23390 (n=11) or vehicle (n=11) given immediately after reactivation (main effect of treatment: F(1,20) =
0.002, P > 0.1; treatment × test interaction: F (1,20) = 2.82,
P>0.1; Fig. 1d).
The lack of effect of SCH 23390, given before or after
reactivation, on freezing at PR-LTM test suggests that SCH
23390 did not affect memory reconsolidation. Various boundary conditions, such as memory strength and reactivation duration, are important in determining if a memory can undergo
reconsolidation after its retrieval (Lee 2009). To test if the
conditioning and reactivation parameters used allowed for
memory reconsolidation to occur, we examined the effects
of MK-801 given 30 min before reactivation on freezing during PR-LTM testing. Compared to vehicle (n=9), MK-801
(n = 9) significantly decreased freezing at PR-LTM test
(t(16) =2.13, P<0.05; Fig. 1e). This result suggests that MK801 impaired memory reconsolidation, in agreement with other studies (Lee et al. 2006; Milton et al. 2008; Flavell and Lee
2013). It also suggests that the lack of effect of SCH 23390 on
reconsolidation was unlikely due to any boundary conditions
associated with the parameters used.
Systemic SCH 23390 effects on locomotor activity and shock
sensitivity
The finding that SCH 23390, given before conditioning, reduced freezing at LTM test suggests that SCH 23390 impaired
contextual fear conditioning. However, it is possible that SCH
23390 affected nociception during conditioning. Another possibility is that SCH 23390 had non-specific locomotor effects
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that endured until LTM testing the next day; similarly, the lack
of effect of SCH 23390 given before reactivation on freezing
at PR-LTM test the next day could also have been due to
lasting drug effects on locomotor activity. We addressed these
issues by examining the effects of systemic SCH 23390 on
locomotor activity and shock sensitivity.
The effects of SCH 23390 given 30 min before open field
testing are presented in Fig. 2a. Compared to vehicle (n=9),
SCH 23390 (n=11) significantly decreased locomotor activity
(t(18) =3.69, P<0.01). The effects of SCH 23390 given 24 h
before open field testing are shown in Fig. 2b. In contrast to
the effects of treatment 30 min before testing, no differences in
locomotor activity were observed between SCH 23390 (n=9)
or vehicle (n=9) when testing occurred 24 h after treatment
(t(16) =0.27, P>0.1). The effects of SCH 23390 given 30 min
before shock sensitivity testing are depicted in Fig. 2c. There
were no differences between SCH 23390 (n=10) or vehicle
(n=10) treatment in the threshold current eliciting flinch or
vocalization responses (main effect of treatment: F(1,18) =
0.015, P > 0.1; treatment × response interaction: F(1,18) =
0.023, P>0.1). These results likely rule out the possibility that
SCH 23390 given before conditioning reduced freezing at
LTM test due to non-specific drug effects on locomotion or
nociception, which generally agrees with previous findings
(Bruhwyler et al. 1991; Inoue et al. 2000).

conditioning on freezing during later LTM testing are shown
in Fig. 4b. Freezing was markedly decreased in animals with
BLA cannulae, possibly due to partial BLA damage caused by
the implants which has been reported previously (Fendt
2001). Nevertheless, compared to vehicle (n = 10), SCH
23390 (n=12) infused into BLA before conditioning also significantly decreased freezing at LTM test (t (20) = 2.10,
P<0.05). These results suggest that SCH 23390 impairs contextual fear conditioning, at least in part, by acting in DH and
BLA.
We also examined the effects of infusing SCH 23390 into
DH or BLA on locomotor activity to determine if the acute
effects of systemic administration reported above (see Fig. 2a)
involve these regions. The effects of SCH 23390 infusion into
DH 10 min before open field testing are presented in Fig. 4c.
Compared to vehicle (n= 10), intra-DH infusion of SCH
23390 (n=12) significantly decreased locomotor activity
(t(20) =3.08, P<0.01). The effects of BLA SCH 23390 infusion 10 min before the open field test are shown in Fig. 4d.
Compared to vehicle (n=9), intra-BLA SCH 23390 (n=14)
resulted in a small but significant decrease in locomotor activity (t(21) =2.22, P<0.05). These results suggest that DH and
BLA are sites of action for the inhibitory effects of SCH
23390 on locomotor activity, broadly confirming previous
findings (McGregor and Roberts 1993; Pezze and Bast 2012).

Central SCH 23390 effects on contextual fear conditioning
and locomotor activity

Discussion

To determine if SCH 23390 acts in DH and/or BLA in mediating its effects on contextual fear conditioning, we examined
the effects of local drug infusion into these regions. Only data
from animals with histologically confirmed cannulae placements in DH or BLA (i.e. lateral or basal amygdaloid nuclei)
were included in the analysis (Fig. 3). The effects of infusing
SCH 23390 into DH 10 min before contextual fear conditioning on freezing during LTM testing the next day are presented
in Fig. 4a. Compared to vehicle (n=10), infusion of SCH
23390 (n=12) into DH before conditioning significantly decreased freezing at LTM test (t(20) =2.44, P<0.05). The effects
of intra-BLA infusion of SCH 23390 10 min before

This study investigated the effects of the dopamine D1/D5
receptor antagonist SCH 23390 on contextual fear memory
processing. We found that SCH 23390 impaired the acquisition, but not the consolidation, retrieval or reconsolidation, of
contextual fear memory. The lack of effect of SCH 23390 on
reconsolidation was unlikely due to any boundary conditions
associated with the behavioural parameters used, given that
the NMDA receptor antagonist MK-801 was found to impair
memory reconsolidation using these parameters. We found
that SCH 23390 decreased locomotor activity when given
30 min, but not 24 h, after administration and that it had no
effect on shock sensitivity. This indicates that the acquisition

Fig. 2 a Systemic SCH 23390 administration 30 min before open field
testing decreased the distance moved during the test (**P<0.01). b SCH
23390 given 24 h before the open field test had no effect on the distance

moved during testing. c SCH 23390 had no effect on the threshold current
required to elicit flinch or vocalization responses during shock sensitivity
testing

Psychopharmacology (2015) 232:2619–2629
Fig. 3 Representative cannulae
placements in a DH and b BLA
are indicated by the arrows.
Schematic representation of
cannulae placements in c DH and
d BLA indicated by the dots
(distance (mm) posterior to
bregma is indicated to the right of
each section) is presented
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impairment caused by SCH 23390 was unlikely due to nonspecific drug effects on nociception during conditioning or on
locomotion during memory testing the next day. SCH 23390
infused locally into DH or BLA also impaired conditioning
and decreased locomotor activity, indicating that it mediates
its effects, at least in part, by acting in these regions.
The finding that systemic SCH 23390 administration impaired contextual fear conditioning, but not memory consolidation or retrieval, is congruent with a previous report (Inoue
et al. 2000). It is possible that we would have observed a drug
effect on memory consolidation if a longer-duration LTM test
had been used. However, Inoue et al. (2000) reported a similar
negative finding of SCH 23390 on consolidation using a longer duration LTM test. Moreover, we did observe a drug effect
on acquisition using the same brief duration LTM test that we
used in the consolidation experiments. The lack of effect of
SCH 23390 on shock sensitivity has been shown previously
(Inoue et al. 2000) and suggests that it did not affect somatosensory perception of the US during conditioning. The acute
locomotor effect of SCH 23390 agrees with previous findings

(Bruhwyler et al. 1991), and its lack of effect 24 h after administration is in keeping with the brief (~25 min) half-life of
this drug in rats (Bourne 2001). This suggests that SCH 23390
given before conditioning did not have non-specific locomotor effects during memory testing the next day. Taken together,
these findings suggest that D1-like receptor signalling at the
time of conditioning is involved in encoding contextual fear.
It is worth noting that SCH 23390 can modulate the consolidation of contextual fear memory under certain conditions.
Intra-DH infusion of SCH 23390 after conditioning attenuates
the facilitatory effects of corticosterone on contextual fear
encoding (Liao et al. 2013). Male rats exposed to females after
conditioning show impaired contextual fear retention, and this
effect is blocked by infusion of SCH 23390 into DH postconditioning (Bai et al. 2009). However, in both of these studies, SCH 23390 had no effect in the respective control conditions, suggesting that D1/D5 receptor signalling in DH is not
necessary for contextual fear memory consolidation. The lack
of effect of systemic SCH 23390 administration on the retrieval of contextual fear memory is more difficult to interpret
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Fig. 4 a Infusing SCH 23390 into DH 10 min before contextual fear
conditioning decreased freezing during LTM testing the next day
(*P < 0.05). b SCH 23390 infusion into BLA 10 min prior to
conditioning also decreased freezing at LTM test (*P<0.05). c Intra-DH
infusion of SCH 23390 10 min before testing decreased the distance
moved in the open field (**P<0.01). d Intra-BLA SCH 23390 infusion
10 min before the test also decreased the distance moved in the open field
(*P<0.05)

given its acute locomotor effects. It is possible that SCH
23390 impaired retrieval, which would have reduced freezing,
but that this effect was masked by the locomotor activity
impairing effects of the drug, which might have resembled
enhanced freezing. In contrast, central infusion studies have
shown a role for D1-like receptor signalling in learned fear
retrieval. Intra-BLA infusion of SCH 23390 impairs the retrieval of fear-potentiated startle and second-order auditory
fear memory (Lamont and Kokkinidis 1998; Nader and
LeDoux 1999), whereas infusion into nucleus accumbens
shell enhances contextual fear retrieval (Albrechet-Souza
et al. 2013). Therefore, studies investigating the effects of
central SCH 23390 infusions on the retrieval of contextual
fear memory might be warranted.
Contrary to the present results, previous studies have
shown that SCH 23390 disrupts memory reconsolidation in
other paradigms. SCH 23390 impairs the reconsolidation of
passive avoidance memory (Sherry et al. 2005), albeit at a
greater dose (0.5 mg/kg) than the one used here. Therefore,
it is possible that we may have observed an effect had we used
a greater dose of drug. However, SCH 23390 given at a similar
dose (0.08 mg/kg) to that used in the present study has been
found to disrupt cocaine-associated memory reconsolidation
(Yan et al. 2014). Another possibility is that certain boundary
conditions related to the behavioural parameters used here did
not allow for the impairment of memory reconsolidation by
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SCH 23390. For example, previous studies have shown that
using strong conditioning or brief reactivation parameters can
result in resistance to the pharmacological disruption of memory reconsolidation (Bustos et al. 2009; Lee and Flavell 2014).
Memory updating during the reconsolidation process is
thought to involve a prediction error signal to incorporate
new information into the existing memory (Lee 2009). Thus,
it is possible that the reactivation duration used in the present
study was too brief to engage prediction error signalling and
render the memory amenable to disruption. To address this
issue, we also examined the effects of MK-801 on memory
reconsolidation using the same testing parameters that were
used in the SCH 23390 experiments. We found that MK-801
impaired memory reconsolidation, confirming previous results
(Lee et al. 2006; Milton et al. 2008; Flavell and Lee 2013).
This indicates that the lack of effect of SCH 23390 on the
reconsolidation of contextual fear memory was unlikely due
to any boundary conditions surrounding the parameters used.
Another possibility is that D1-like receptor signalling is involved in the destabilization of contextual fear memory. During
retrieval, memory can become labile by undergoing destabilization before later becoming restabilized through
reconsolidation. This process is thought to play an important
role in maintaining memory persistence and relevance following memory updating (Lee 2009). Evidence indicates that
memory retrieval and destabilization are dissociable processes
(Ben Mamou et al. 2006; Milton et al. 2013), therefore, the lack
of effect of SCH 23390 on retrieval reported here does not
preclude a role for D1 receptor signalling in mediating destabilization. Recent studies have shown that dopamine transmission
is involved in memory destabilization. Inhibition of dopamine
cell activity in the VTA before appetitive memory retrieval
prevents the disruptive effects of post-retrieval MK-801 on
reconsolidation (Reichelt et al. 2013). SCH 23390 infused into
DH before the retrieval of object recognition memory also mitigates the reconsolidation impairing effects of anisomycin infusion after retrieval (Rossato et al. 2014). These results suggest
that memory updating through prediction error signalling, during which dopamine transmission plays a crucial role (Schultz
2013), involves the initial destabilization process. Furthermore,
D1-like receptor signalling might also be involved in the destabilization of contextual fear memory.
We found that infusing SCH 23390 into DH or BLA impaired contextual fear conditioning. To our knowledge, this
has not been shown previously. However, this result broadly
agrees with other findings showing that D1-like receptor signalling in these regions is involved in synaptic plasticity and,
more specifically, plays a role in aversive learning involving
contextual cues. SCH 23390 impairs long-term potentiation in
DH and BLA (Otmakhova and Lisman 1996; Huang and
Kandel 1995, 2007). Mice lacking D1 receptors in dentate
gyrus granule cells show impaired contextual fear conditioning
(Sariñana et al. 2014). These mice also exhibit similar fear
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levels in the conditioning context and another separate context
after learning, suggesting that they show generalization of contextual fear. In the present study, we did not examine the effects
of SCH 23390 on contextual fear generalization, although this
could be investigated in the future. Intra-BLA infusion of SCH
23390 impairs conditioned place avoidance learning (Macedo
et al. 2007). Infusing SCH 23390 into the central nucleus of the
amygdala (CE) before auditory fear conditioning results in reduced freezing at memory test, in response to tones and during
the interval between tone presentations, indicating impaired
conditioning to auditory and background contextual cues
(Guarraci et al. 1999). Interestingly, D1-like receptor expression in CE is low relative to the adjacent BLA (Scibilia et al.
1992), suggesting that the effects of intra-CE infusion of SCH
23390 reported by Guarraci et al. (1999) might instead be mediated by BLA. Indeed, infusion of a D1/D5 receptor agonist
into BLA enhances contextual fear conditioning under certain
conditions (Biedenkapp and Rudy 2008).
How exactly D1-like receptor signalling in DH and BLA is
involved in encoding contextual fear memory remains to be
determined. During contextual fear conditioning, a spatial representation of the context is encoded and this representation
becomes associated with the US (Anagnostaras et al. 2001).
Previous studies have shown that intra-DH infusion of SCH
23390 impairs spatial learning (O’Carroll et al. 2006; Pezze
and Bast 2012). This raises the possibility that SCH 23390
infused into DH may impair contextual fear conditioning by
interfering with the encoding of the spatial representation of
the context. For example, D1-like receptor signalling might be
involved in encoding the various contextual elements into a
distinct configural representation of the context (Rudy and
Sutherland 1995). Although a previous study found that amphetamine did not impair configural associations during appetitive learning (Blackburn and Hevenor 1996), this issue has
received little scrutiny to date and future studies could investigate the effects of SCH 23390 on configural learning.
Another possibility is that SCH 23390 disrupts attentional
mechanisms involved in contextual encoding by DH, and evidence from studies on spatial and appetitive learning supports
this idea (Muzzio et al. 2009). Alternatively, evidence also
indicates a role for DH in associating the context and US
during contextual fear learning (Chang et al. 2008; Lee
2010), and D1-like receptor signalling could be involved in
this process. Similarly, intra-BLA SCH 23390 infusion may
disrupt contextual fear conditioning by interfering with
encoding the context-US association. Previous studies showing that amygdala SCH 23390 infusion impairs aversive learning lend support to this idea (Guarraci et al. 1999; Greba and
Kokkinidis 2000). Further work is needed to determine the
respective roles of DH and BLA D1-like receptor signalling
in modulating contextual fear conditioning.
In summary, we have confirmed previous findings demonstrating that SCH 23390 impairs the acquisition of contextual
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fear and extended them by showing that this effect is mediated
partly by DH and BLA. However, we cannot rule out the
involvement of other regions in mediating the effects of
SCH 23390 on contextual fear conditioning. Through their
inter-connections with DH and BLA, corticostriatal areas such
as the medial prefrontal cortex, dorsal striatum and nucleus
accumbens form part of a wider neural circuit involved in
contextual fear processing (Haralambous and Westbrook
1999; Levita et al. 2002; White and Salinas 2003; Rozeske
et al. 2014). These areas receive dopamine input from VTA
(Lammel et al. 2014), and recent evidence indicates that D1
receptor signalling in these regions regulates contextual fear
conditioning (Ikegami et al. 2014). Our results add to a growing body of evidence indicating that contextual fear processing is modulated by both D1- and D2-like receptor signalling
(Biojone et al. 2011; de Souza Caetano et al. 2013; Colombo
et al. 2013; Wen et al. 2014).
Acknowledgments This research was supported by doctoral training
grants from the BBSRC UK (FCH, RJ), an Early Career Fellowship from
the Leverhulme Trust (MP), and the University of Nottingham. The
funders had no other involvement in any aspect of this research. All
experimental protocols were performed in accordance with the Animals
(Scientific Procedures) Act 1986, UK.
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.

References
Albrechet-Souza L, Carvalho MC, Brandão ML (2013) D(1)-like receptors in the nucleus accumbens shell regulate the expression of contextual fear conditioning and activity of the anterior cingulate cortex
in rats. Int J Neuropsychopharmacol 16:1045–1057
Anagnostaras SG, Gale GD, Fanselow MS (2001) Hippocampus and
contextual fear conditioning: recent controversies and advances.
Hippocampus 11:8–17
Bai HY, Cao J, Liu N, Xu L, Luo JH (2009) Sexual behavior modulates
contextual fear memory through dopamine D1/D5 receptors.
Hippocampus 19:289–298
Ben Mamou C, Gamache K, Nader K (2006) NMDA receptors are critical for unleashing consolidated auditory fear memories. Nat
Neurosci 9:1237–1239
Biedenkapp JC, Rudy JW (2008) Hippocampal and extrahippocampal
systems compete for control of contextual fear: role of ventral
subiculum and amygdala. Learn Mem 16:38–45
Biojone C, Casarotto PC, Resstel LB, Zangrossi H Jr, Guimarães FS,
Moreira FA (2011) Anti-aversive effects of the atypical antipsychotic, aripiprazole, in animal models of anxiety. J Psychopharmacol 25:
801–807
Blackburn JR, Hevenor SJ (1996) Amphetamine disrupts negative patterning but does not produce configural association deficits on an
alternative task. Behav Brain Res 80:41–49
Blaiss CA, Janak PH (2006) Post-training and post-reactivation administration of amphetamine enhances morphine conditioned place preference. Behav Brain Res 171:329–337

2628
Blaiss CA, Janak PH (2007) Post-training, but not post-reactivation, administration of amphetamine and anisomycin modulates Pavlovian
conditioned approach. Neurobiol Learn Mem 87:644–658
Bourne JA (2001) SCH 23390: the first selective dopamine D1-like receptor antagonist. CNS Drug Rev 7:399–414
Bruhwyler J, Chleide E, Liégeois JF, Delarge J, Mercier M (1991) Effects
of specific dopaminergic agonists and antagonists in the open-field
test. Pharmacol Biochem Behav 39:367–371
Bustos SG, Maldonado H, Molina VA (2009) Disruptive effect of midazolam on fear memory reconsolidation: decisive influence of reactivation time span and memory age. Neuropsychopharmacology 34:
446–457
Calzavara MB, Medrano WA, Levin R, Kameda SR, Andersen ML,
Tufik S, Silva RH, Frussa-Filho R, Abílio VC (2009) Neuroleptic
drugs revert the contextual fear conditioning deficit presented by
spontaneously hypertensive rats: a potential animal model of emotional context processing in schizophrenia? Schizophr Bull 35:748–
759
Chang SD, Chen DY, Liang KC (2008) Infusion of lidocaine into the
dorsal hippocampus before or after the shock training phase impaired conditioned freezing in a two-phase training task of contextual fear conditioning. Neurobiol Learn Mem 89:95–105
Colombo AC, de Oliveira AR, Reimer AE, Brandão ML (2013)
Dopaminergic mechanisms underlying catalepsy,fear and anxiety:
do they interact? Behav. Brain Res 257:201–207
de Souza Caetano KA, de Oliveira AR, Brandão ML (2013)
Dopamine D2 receptors modulate the expression of contextual conditioned fear: role of the ventral tegmental area and the
basolateral amygdala. Behav Pharmacol 24:264–274
Fendt M (2001) Injections of the NMDA receptor antagonist
aminophosphonopentanoic acid into the lateral nucleus of the amygdala block the expression of fear-potentiated startle and freezing. J
Neurosci 21:4111–4115
Fendt M, Fanselow MS (1999) The neuroanatomical and neurochemical
basis of conditioned fear. Neurosci Biobehav Rev 23:743–760
Flavell CR, Lee JL (2013) Reconsolidation and extinction of an appetitive
pavlovian memory. Neurobiol Learn Mem 104:25–31
Gasbarri A, Sulli A, Packard MG (1997) The dopaminergic mesencephalic projections to the hippocampal formation in the rat. Prog
Neuropsychopharmacol Biol Psychiatry 21:1–22
Greba Q, Kokkinidis L (2000) Peripheral and intraamygdalar administration of the dopamine D1 receptor antagonist SCH 23390 blocks
fear-potentiated startle but not shock reactivity or the shock sensitization of acoustic startle. Behav Neurosci 114:262–272
Guarraci FA, Frohardt RJ, Kapp BS (1999) Amygdaloid D1 dopamine
receptor involvement in Pavlovian fear conditioning. Brain Res 827:
28–40
Haralambous T, Westbrook RF (1999) An infusion of bupivacaine
into the nucleus accumbens disrupts the acquisition but not
the expression of contextual fear conditioning. Behav
Neurosci 113:925–940
Hart G, Harris JA, Westbrook RF (2009) Systemic or intra-amygdala
injection of a benzodiazepine (midazolam) impairs extinction but
spares re-extinction of conditioned fear responses. Learn Mem 16:
53–61
Huang YY, Kandel ER (1995) D1/D5 receptor agonists induce a protein
synthesis-dependent late potentiation in the CA1 region of the hippocampus. Proc Natl Acad Sci U S A 92:2446–2450
Huang YY, Kandel ER (2007) Low-frequency stimulation induces a
pathway-specific late phase of LTP in the amygdala that is mediated
by PKA and dependent on protein synthesis. Learn Mem 14:497–
503
Huang Q, Zhou D, Chase K, Gusella JF, Aronin N, DiFiglia M (1992)
Immunohistochemical localization of the D1 dopamine receptor in
rat brain reveals its axonal transport, pre- and postsynaptic

Psychopharmacology (2015) 232:2619–2629
localization, and prevalence in the basal ganglia, limbic system,
and thalamic reticular nucleus. Proc Natl Acad Sci U S A A89:
11988–11992
Ikegami M, Uemura T, Kishioka A, Sakimura K, Mishina M (2014)
Striatal dopamine D1 receptor is essential for contextual fear conditioning. Sci Rep 4:3976
Inoue T, Izumi T, Maki Y, Muraki I, Koyama T (2000) Effect of the
dopamine D(1/5) antagonist SCH 23390 on the acquisition of conditioned fear. Pharmacol Biochem Behav 66:573–578
Iordanova MD (2009) Dopaminergic modulation of appetitive and aversive predictive learning. Rev Neurosci 20:383–404
Lammel S, Lim BK, Malenka RC (2014) Reward and aversion in a
heterogeneous midbrain dopamine system. Neuropharmacology
76:351–359
Lamont EW, Kokkinidis L (1998) Infusion of the dopamine D1 receptor
antagonist SCH 23390 into the amygdala blocks fear expression in a
potentiated startle paradigm. Brain Res 795:128–136
Lee JL (2009) Reconsolidation: maintaining memory relevance. Trends
Neurosci 32:413–420
Lee JL (2010) Memory reconsolidation mediates the updating of hippocampal memory content. Front Behav Neurosci 4:168
Lee JL, Flavell CR (2014) Inhibition and enhancement of contextual fear
memory destabilization. Front. Behav Neurosci 8:144
Lee JL, Milton AL, Everitt BJ (2006) Reconsolidation and extinction of
conditioned fear: inhibition and potentiation. J Neurosci 26:10051–
10056
Levita L, Dalley JW, Robbins TW (2002) Disruption of Pavlovian
contextual conditioning by excitotoxic lesions of the nucleus accumbens core. Behav Neurosci 116:539–552
Liao Y, Shi YW, Liu QL, Zhao H (2013) Glucocorticoid-induced enhancement of contextual fear memory consolidation in rats:
Involvement of D1 receptor activity of hippocampal area CA1.
Brain Res 1524:26–33
Macedo CE, Martinez RC, Albrechet-Souza L, Molina VA, Brandão ML
(2007) 5-HT2- and D1-mechanisms of the basolateral nucleus of the
amygdala enhance conditioned fear and impair unconditioned fear.
Behav Brain Res 177:100–108
Maroun M, Akirav I (2009) Differential involvement of dopamine D1
receptor and MEK signaling pathway in the ventromedial prefrontal
cortex in consolidation and reconsolidation of recognition memory.
Learn Mem 16:243–247
McGaugh JL (2000) Memory–a century of consolidation. Science 287:
248–251
McGregor A, Roberts DC (1993) Dopaminergic antagonism within the
nucleus accumbens or the amygdala produces differential effects on
intravenous cocaine self-administration under fixed and progressive
ratio schedules of reinforcement. Brain Res 624:245–252
Milton AL, Lee JL, Butler VJ, Gardner R, Everitt BJ (2008) Intraamygdala and systemic antagonism of NMDA receptors prevents
the reconsolidation of drug-associated memory and impairs subsequently both novel and previously acquired drug-seeking behaviors.
J Neurosci 28:8230–8237
Milton AL, Merlo E, Ratano P, Gregory BL, Dumbreck JK, Everitt BJ
(2013) Double dissociation of the requirement for GluN2B- and
GluN2A-containing NMDA receptors in the destabilization and
restabilization of a reconsolidating memory. J Neurosci 33:1109–
1115
Muller JF, Mascagni F, McDonald AJ (2009) Dopaminergic innervation
of pyramidal cells in the rat basolateral amygdala. Brain Struct Funct
213:275–288
Muzzio IA, Kentros C, Kandel E (2009) What is remembered? Role
of attention on the encoding and retrieval of hippocampal representations. J Physiol 587:2837–2854
Nader K, LeDoux JE (1999) Inhibition of the mesoamygdala dopaminergic pathway impairs the retrieval of conditioned fear associations.
Behav Neurosci 113:891–901

Psychopharmacology (2015) 232:2619–2629
O’Carroll CM, Martin SJ, Sandin J, Frenguelli B, Morris RG (2006)
Dopaminergic modulation of the persistence of one-trial hippocampus-dependent memory. Learn Mem 13:760–769
Otmakhova NA, Lisman JE (1996) D1/D5 dopamine receptor activation
increases the magnitude of early long-term potentiation at CA1 hippocampal synapses. J Neurosci 16:7478–7486
Paxinos G, Watson C (1998) The rat brain in stereotaxic coordinates.
Elsevier Academic Press, Amsterdam
Pezze M, Bast T (2012) Dopaminergic modulation of hippocampusdependent learning: blockade of hippocampal D1-class receptors
during learning impairs 1-trial place memory at a 30-min retention
delay. Neuropharmacology 63:710–718
Pezze MA, Feldon J (2004) Mesolimbic dopaminergic pathways in
fear conditioning. Prog Neurobiol 74:301–320
Pinard CR, Muller JF, Mascagni F, McDonald AJ (2008) Dopaminergic
innervation of interneurons in the rat basolateral amygdala.
Neuroscience 157:850–863
Quirk GJ, Russo GK, Barron JL, Lebron K (2000) The role of ventromedial prefrontal cortex in the recovery of extinguished fear. J Neurosci
20:6225–6231
Reichelt AC, Exton-McGuinness MT, Lee JL (2013) Ventral tegmental
dopamine dysregulation prevents appetitive memory destabilization.
J Neurosci 33:14205–14210
Rossato JI, Köhler CA, Radiske A, Lima RH, Bevilaqua LR, Cammarota
M (2014) State-dependent effect of dopamine D1/D5 receptors inactivation on memory destabilization and reconsolidation. Behav
Brain Res. doi:10.1016/j.bbr.2014.09.009
Rozeske RR, Valerio S, Chaudun F, Herry C (2014) Prefrontal neuronal
circuits of contextual fear conditioning. Genes Brain Behav. doi:10.
1111/gbb.12181
Rudy JW, Sutherland RJ (1995) Configural association theory and the
hippocampal formation: an appraisal and reconfiguration.
Hippocampus 5:375–389
Sariñana J, Kitamura T, Künzler P, Sultzman L, Tonegawa S (2014)
Differential roles of the dopamine 1-class receptors, D1R and
D5R, in hippocampal dependent memory. Proc Natl Acad Sci U S
A 111:8245–8250
Schultz W (2013) Updating dopamine reward signals. Curr Opin
Neurobiol 23:229–238

2629
Scibilia RJ, Lachowicz JE, Kilts CD (1992) Topographic nonoverlapping
distribution of D1 and D2 dopamine receptors in the amygdaloid
nuclear complex of the rat brain. Synapse 11:146–154
Sherry JM, Hale MW, Crowe SF (2005) The effects of the dopamine D1
receptor antagonist SCH23390 on memory reconsolidation following reminder-activated retrieval in day-old chicks. Neurobiol Learn
Mem 83:104–112
Stevenson CW (2011) Role of amygdala-prefrontal cortex circuitry in
regulating the expression of contextual fear memory. Neurobiol
Learn Mem 96:315–323
Stevenson CW, Gratton A (2004a) Basolateral amygdala dopamine receptor antagonism modulates initial reactivity to but not habituation
of the acoustic startle response. Behav Brain Res 153:383–387
Stevenson CW, Gratton A (2004b) Role of basolateral amygdala dopamine in modulating prepulse inhibition and latent inhibition in the
rat. Psychopharmacology (Berlin) 176:139–145
Stevenson CW, Halliday DM, Marsden CA, Mason R (2007) Systemic
administration of the benzodiazepine receptor partial inverse agonist
FG-7142 disrupts corticolimbic network interactions. Synapse 61:
646–663
Stevenson CW, Spicer CH, Mason R, Marsden CA (2009) Early life
programming of fear conditioning and extinction in adult male rats.
Behav Brain Res 205:505–510
Volman SF, Lammel S, Margolis EB, Kim Y, Richard JM, Roitman MF,
Lobo MK (2013) New insights into the specificity and plasticity of
reward and aversion encoding in the mesolimbic system. J Neurosci
33:17569–17576
Wen JL, Xue L, Wang RH, Chen ZX, Shi YW, Zhao H (2014)
Involvement of the dopaminergic system in the consolidation
of fear conditioning in hippocampal CA3 subregion. Behav Brain
Res 278:527–534
White NM, Salinas JA (2003) Mnemonic functions of dorsal striatum and
hippocampus in aversive conditioning. Behav Brain Res 142:99–
107
Yan Y, Kong H, Wu EJ, Newman AH, Xu M (2013) Dopamine D3
receptors regulate reconsolidation of cocaine memory.
Neuroscience 241:32–40
Yan Y, Newman AH, Xu M (2014) Dopamine D1 and D3 receptors
mediate reconsolidation of cocaine memories in mouse models of
drug self-administration. Neuroscience 278:154–164

