Cacna1c Hemizygosity Results in Aberrant Fear Conditioning to Neutral Stimuli
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CACNA1C, a gene that encodes an alpha-1 subunit of
L-type voltage-gated calcium channels, has been strongly
associated with psychiatric disorders including schizophrenia and bipolar disorder. An important objective is
to understand how variation in this gene can lead to an
increased risk of psychopathology. Altered associative
learning has also been implicated in the pathology of psychiatric disorders, particularly in the manifestation of psychotic symptoms. In this study, we utilize auditory-cued fear
memory paradigms in order to investigate whether associative learning is altered in rats hemizygous for the Cacna1c
gene. Cacna1c hemizygous (Cacna1c+/−) rats and their
wild-type littermates were exposed to either delay, trace,
or unpaired auditory fear conditioning. All rats received a
Context Recall (24 h post-conditioning) and a Cue Recall
(48 h post-conditioning) to test their fear responses. In the
delay condition, which results in strong conditioning to the
cue in wild-type animals, Cacna1c+/− rats showed increased
fear responses to the context. In the trace condition, which
results in strong conditioning to the context in wild-type animals, Cacna1c+/− rats showed increased fear responses to
the cue. Finally, in the unpaired condition, Cacna1c+/− rats
showed increased fear responses to both context and cue.
These results indicate that Cacna1c heterozygous rats show
aberrantly enhanced fear responses to inappropriate cues,
consistent with key models of psychosis.
Key words: calcium/learning/fear/salience/animal models/
psychosis
Introduction
Genetic variation in CACNA1C, a gene that encodes the
pore-forming alpha-1 subunit of CaV1.2 L-type voltagegated calcium channels (LTCCs), has been strongly and
consistently linked to both schizophrenia and bipolar

disorder, among other psychiatric disorders.1–3 While
schizophrenia and bipolar disorder can present very differently in the clinic, both are associated with a psychosis
phenotype,4 and several studies have indicated that there
is a shared genetic architecture between the two disorders,5,6 including in CACNA1C.7
Studies have shown the altered expression of
CACNA1C in individuals with CACNA1C common risk
variants, mostly decreased expression,8–10 although some
studies have indicated an increased expression in certain
brain regions.11 Although most studies have concentrated
on common variations, rare variants in CACNA1C have
also been implicated in psychiatric disorders.12,13
Calcium signaling in neurons is responsible for regulating neuronal excitability, synaptic plasticity, cognition
and information processing, and features considered to
be impaired in psychiatric disorders.14 Therefore, there
has been substantial interest in the role of Cav1.2 on
endophenotypes associated with these disorders. Altered
associative learning has been implicated in the pathology
of various psychiatric disorders,15–20 particularly in the
manifestation of positive (psychotic) symptoms.21 There
is also evidence at a genomic level that these learning processes are implicated in risk for schizophrenia.13,22,23
One powerful method of studying associative learning
is the use of tightly controlled Pavlovian fear conditioning.
Indeed, associative learning in the context of Pavlovian
fear has been shown to be altered in patients with schizophrenia.24 Aversive conditioning in schizophrenic populations has been shown to result in abnormal retrieval
of safety cues and reduced extinction, culminating in
increased learnt fear responses in these patients.25,26
Pavlovian fear conditioning involves the pairing of a neutral conditioned stimulus (CS) with an unconditioned
stimulus (US). The CS–US associations formed evoke a
conditioned response upon subsequent presentations of
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the CS alone.27 The exact relationship between the presentation of CS and US determines what associations are
formed. Subtle manipulations of the contingencies between the CS and US can lead to significant differences in
the associations formed, as exemplified by trace and delay
conditioning. During delay conditioning, CS and US are
presented together and a strong association between the
two is formed.28 In trace conditioning, CS and US are
separated by a temporal gap, the trace interval, between
CS cessation and US onset. This results in weaker CS–
US associations and increased conditioning to contextual
features.29 As the trace interval increases, conditioning to
the CS decreases,27 and there is increased conditioning to
the contextual stimuli.30 While both delay and trace fear
conditioning depend on activity in the amygdala, trace
conditioning relies on additional circuity,31 including the
hippocampus and prefrontal cortex, reflecting their roles
in encoding the multimodal features of an environment32
and temporal information.33
Dysfunction in the encoding of associations by brain
structures such as the hippocampus and prefrontal cortex
has been hypothesized to contribute to the development
of psychosis.34 One prevailing theory holds that psychosis
derives from an increased response to irrelevant stimuli,
also known as aberrant salience.35–38 Aberrant salience
represents the inclination to inappropriately “tag” neutral
or irrelevant cues with importance,35 leading to inappropriate associations being formed.39 It has been reported
that patients with schizophrenia present with an inability
to ignore irrelevant stimuli.38,40,41 It is argued that the assignment of importance to inappropriate cues can, over
time, contribute to the formation and maintenance of
psychotic symptoms.21,36,38 Therefore, how associations
are created and maintained during learning is important
when considering the development of psychopathology.
Previous studies have suggested that the total loss of
forebrain Cacna1c impacts on associative learning processes,42–44 although this is not consistent across studies.45,46
However, the genetic variants in Cacna1c associated with
schizophrenia and related disorders do not produce a
total loss of the gene, but instead likely influence the expression.9–11 In this study, we investigate the responses of
Cacna1c hemizygous rats after delay, trace, and unpaired
contextual fear conditioning in order to determine the
role of dosage of Cav1.2 on associative fear memory. We
specifically sought to determine whether altered dosage
of Cacna1c impacts on conditioning to less-salient cues
in associative fear learning paradigms.
Methods
Animals
Adult male Cacna1c hemizygous (Cacna1c+/−) rats on
a Sprague Dawley background (TGR16930, Horizon,
Sage Research Labs, USA) and wild-type littermates were
obtained and housed in mixed-genotype groups of 2–4 in
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standard cages (38cm × 56cm × 22cm) with ad libitum access to food and water. This model is a constitutive zinc
finger nuclease knockout, resulting in an approximately
50% and 40% decrease in hippocampal mRNA and protein levels, respectively, with diseases in other brain regions such as the prefrontal cortex.47 Therefore, this model
accords with reduced brain expression in CACNA1C in
patient cohorts.9,10 All animals were housed on 12:12h
light–dark cycles. Experiments were conducted in accordance with local ethics guidelines, the UK Animals
(Scientific Procedures) Act 1986 and the European
Communities Council Directive (1986/609/EEC).
Auditory Fear Conditioning
Animals were trained in either delay, trace, or unpaired
fear conditioning at PND 60–70 within the light cycle
period. In total, 44 animals were used (22 wild-types, 22
Cacna1c+/−, weight 350–500 g), with 7–8 per genotype
used per protocol. Animals were placed into one of two
standard rat conditioning chambers (Supplementary S2).
Two contexts were used for the analysis (Supplementary
S2, figure 1); 15 s of 75-6db white noise formed the CS
and the US was 0.5 s, and 0.5 mA scrambled footshock
in all protocols. The use of the two contexts was counterbalanced across genotype. Behavior was recorded by a
digital video camera. Rats were habituated for three days
prior to the conditioning session by being transported to
the testing room once a day, briefly handled and returned
to their home cages.
Conditioning and Recall. Rats were conditioned using
a protocol previously established by our group.[48] Rats
were individually placed in either context A or B in a
counterbalanced manner and given a 120-s baseline habituation period (Baseline). For delay conditioning, animals were presented with 10 CS–US pairings separated
by an intertrial interval (ITI) of 312+/−62s, where the CS
co-terminated with the US. For trace conditioning, rats
also received 10 CS–US pairings separated by an ITI of
312+/−62s; however, the CS and US were separated by a
30-s trace period between the offset of the CS and onset
of the US. This trace period has previously been shown
to be an optimal length for trace conditioning.[49,50] For
unpaired conditioning, rats received 10 presentations of
the CS and 10 presentations of the US in an explicitly
unpaired manner (CS–US interval = 156+/−31s), separated by an ITI of 312+/−62s. Twenty-four hours postconditioning, rats were returned to the chamber they
were conditioned in for 10 min in the absence of both
CS and US to assess contextual fear responses (Context
Recall). Two days post-conditioning, rats were placed in
the nonconditioned chamber. The nonconditioned context was further altered by offsetting the time of day
tested by 3 h and by placing a plastic insert over the shock
bars. A 120-s baseline period occurred (Novel Baseline)
before a 6-min CS presentation to examine CS-evoked
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were performed on different sets of animals. Two-way
repeated measures ANOVAs were set up to analyze acquisition on conditioning day (Baseline vs Post-US). For
Context Recall, a one-way ANOVA was used to compare
responses between genotypes. Finally, for Cue Recall, a
two-way repeated measures ANOVA was performed to
analyze responses to each part of the recall test (Novel
Baseline vs CS vs Post-CS). Tukey–Kramer honestly significant difference (Tukey–Kramer HSD) post hoc tests
were performed where appropriate. All data were checked
for homogeneity of variance (Levene’s Test) and normality of distribution and transformed by square-root
transformations if necessary. Data were analyzed in JMP
statistical software (SAS Institute, USA). Results were
assumed to be significant if P < .05. Graphs were made
in GraphPad Prism (Version 7 for Windows, GraphPad
Software, La Jolla California USA).
Results
Increased Contextual Fear Memory Following Delay
Auditory Conditioning was Observed with Cacna1c
Hemizygosity

Fig. 1. Experimental overview for fear conditioning and test
sessions. A = Rats were conditioned on Day 1 in Context A or
B in either a delay, trace, or unpaired paradigm. They received a
10-min Context Recall on Day 2 where they were returned to their
Day 1 context for 10 min. On Day 3, rats were placed into a novel
context and presented with the auditory cue during a Cue Recall
session. B = Two contexts were used to distinguish the behavioral
reactions to the context and auditory cue. Context A was a
darkened conditioning chamber (houselight off) with a lavender
scent, whereas Context B was a lit chamber (houselight on) with
a starred background wallpaper and sawdust. C = Delay, trace,
and unpaired conditioning schematic. In delay conditioning, the
auditory CS co-terminates with the US. In trace conditioning
however, the US is presented 30 s after the termination of the CS.
In unpaired conditioning, the CS and US were explicitly unpaired.

fear responses (CS). Following CS cessation, animals
were monitored for a further 4 min (Post-CS).
Analysis. Fear responses were measured by freezing
behavior. Freezing behavior was defined as complete
immobility for 1 s except for movement required for respiration. Animals were scored every 10 s, with the experimenter blind to conditions. The percentage (%) of
time freezing was calculated for each animal for each
period during each training (Pre-US and Post-US) and
test session (Context Recall, and Novel Baseline, CS, and
Post-CS during Cue Recall). A model was set up for each
condition (Delay, Trace, and Unpaired) separately as they

The presentation of the US during conditioning elicited
a robust freezing response during delay conditioning
in both Cacna1c+/− and wild-types (F(1,12) = 217.472,
P < .001; figure 2A). There was no difference between
genotypes (F(1,12) = 0.010, P = .923), indicating that a reduction in Cacna1c dosage did not affect the perception
and behavioral responses to the aversive stimuli during
delay conditioning.
During the Context Recall test 24 h later, Cacna1c+/− rats
froze significantly more than wild-types overall in the conditioning context (F(1,12) = 6.86, P = .028). However, there
was no effect of genotype during Cue Recall session in the
novel context on Day 3 (F(1,12) = 1.481, P = .247) and no
Session*Genotype interaction (F(1,12) = 1.73, P = .136),
with both groups showing a large conditioned response
to the CS presentation. Therefore, wild-type rats freeze
more to the CS than to context, whereas in heterozygotes,
this difference is reduced (figure 2B). Thus, while the heterozygous Cacna1c rats acquired and retrieved cued fear
memory similar to wild-type animals in the Delay conditioning procedure, they showed increased contextual fear
associations. Nevertheless, the Cacna1c+/− rats were able to
discriminate between the conditioned and nonconditioned
context as no freezing was seen in the novel context (Novel
Baseline) during Cue Recall (figure 2A).
Trace Conditioned Cacna1c+/− Rats Show Aberrant Cue
Responses
During trace conditioning Cacna1c+/− and wild-types rats
showed an increase in freezing following exposure to the
US (F(114) = 859.3, P < .001) (figure 2C), with no effect of
genotype (F(1,14) = 0.833, P = .377).
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Fig. 2. Delay, trace, and unpaired fear conditioning in wild-type Cacna1c+/− rats. A = Following delay conditioning, Cacna1c+/− rats
display increased freezing responses to conditioned context (Context) in comparison to wild-types, although wild-types still freeze more
than at baseline. Nevertheless, the Cacna1c+/− rats show a similar response to wild-types in a novel context (Novel Baseline) and to the
auditory CS during Cue Recall. B = Wild-type rats freeze significantly more to the CS during Cue Recall than to the conditioning context
in the Context Recall session after delay conditioning but for the heterozygotes, this difference is smaller (n = 7/genotype). C = Following
trace conditioning, Cacna1c+/− rats show comparable freezing behavior to the wild-types during Context recall; however, they display
increased freezing during auditory CS presentation during the Cue Recall session. Similar levels of freezing to wild-types were noted
during Novel Baseline and Post-CS periods. D = Trace conditioned wild-type rats show a trend to freezing less to the auditory CS
during Cue Recall than to the conditioning context, but for Cacna1c+/− rats there is no difference (n = 8/genotype). E = After unpaired
conditioning, Cacna1c+/− rats show increased fear responses to the conditioned context and CS. F = Both wild-type and Cacna1c+/−
rats freeze more to the conditioned context than the CS (following unpaired conditioning) (n = 7/genotype). There were no behavioral
differences between the Cacna1c+/− and wild-type rats during delay, trace, and unpaired training (Baseline and Post-US periods). Data
points represent mean percentage freezing per group for each session; error bars are SEM. Cacna1c+/− vs wild-type rats; # = P < .1,
* = P < .05, ** = P < .01, Tukey Kramer HSD.
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Cacna1c+/− and wild-type animals showed similar levels
of conditioned fear during the Context Recall test on
Day 2 (F(1,14) = 0.075, P = .788). However, at Cue Recall
on Day 3, there was an effect of session (F(3,13) = 27.94,
P < .001) with a trend for a genotype effect (F(1,14) = 3.281,
P = .092) and a significant Session*Genotype interaction (F(3,13) = 3.870, P = .048). Post hoc tests revealed that
Cacna1c+/− rats froze significantly more than wild-types
during the CS presentation (P = .003). Thus after trace
conditioning, Cacna1c+/− rats show levels of conditioned
contextual freezing similar to wild-types but increased responses to the auditory cue, such that the fear responses
to the conditioned context and cue are indistinguishable
(figure 2D).
To determine if the perception of fear of the auditory cue between genotypes may be driving this effect,
i.e. there is a difference between the Cacna1c+/− and
wild-types in finding the noise more fearful in itself, we
analyzed freezing behavior following CS presentation
without an associated footshock. No freezing behavior
was observed in either Cacna1c+/− rats or wild-types, suggesting that the CS is not enough to drive a fear response
alone (Supplementary S3).
Unpaired Auditory Fear Conditioning Results in
Increased Fear Memory in Cacna1c+/− Rats
Both conditioned Cacna1c+/− and wild-type rats display
similar acquisition of fear memory during unpaired
training (F(1,12) = 209.173, P < .001) (figure 2E), with both
genotypes freezing similarly to the shock (F(1,12) = 1.702,
P = .217).
Cacna1c+/− rats displayed increased contextual fear
memory as shown by higher freezing to the conditioned context on Day 2 than wild-types (F(1,12) = 5.030,
P = 0.045). During Cue Recall, Cacna1c+/− rats also
showed increased conditioning to the unpaired cue.
Thus, in the Day 3 cue test, there was a significant effect
of Session (F(3,11) = 6.632, P = .013) and Genotype (F(1,
= 6.90, P = .022) on freezing behavior. Post hoc anal=12)
ysis revealed that the genotype effect was accounted for by
increased freezing responses in the Cacna1c+/− rats during
auditory cue presentation (P = .002). Compared to wildtypes, there also was a trend to increased conditioned fear
responses during the Post-CS period (P = .08). Despite
enhanced responding to the auditory cue, Cacna1c+/− rats
showed higher responding to the context than the auditory cue similar to the pattern seen in the wild-types
(figure 2F). Together, these results show increased contextual and cued fear memory in Cacna1c+/− rats.
Discussion
Wild-type rats show the expected conditioned behavioral
responses to the discrete CS, whereby robust freezing
behavior was seen when the CS co-terminated with the

US (Delay) but decreased when an interval was explicitly interposed during training (Trace and Unpaired).27
Within the Unpaired group, conditioned responding to
the context was higher than to the CS because the context better predicts the US.30 However, in the Trace group,
while the CS still predicts the US, the 30-s delay makes
encoding this association difficult, allowing the context
to also gain salience. The genetic knockdown of Cacna1c
had significant effects on these paradigms. Following
delay conditioning, Cacna1c+/− rats showed increased
contextual fear, whereas in trace fear conditioning they
showed increased freezing to CS. Unpaired conditioning
resulted in increased fear responses in both recalls. These
results suggest that Cacna1c heterozygosity results in normally less-salient cues gaining aberrant salience during
associative learning tasks.
Initial acquisition of fear memory was unaffected in
Cacna1c+/− rats with all rats displaying robust post-US
freezing to the same degree as the wild-types. This is in
agreement with previous studies of CaV1.2 homozygous
deletion in neuron-specific mouse knockout models which
show normal acquisition of auditory44,46 and contextual43
fear conditioning. Also, Cacna1c+/− rats responded to the
CS in a similar way to wild-types, suggesting that the perception of the sensory properties of the CS and US is
maintained. It is also important to note that Cacna1c+/−
rats had no greater baseline fear or anxiety levels, as indicated by the lack of freezing response at Baseline and
Novel Baseline. This is in line with previous behavioral
analysis performed in this model, that showed no differences in anxiety in an open field test and no basal fear
differences in startle response between genotypes.47
Cued and contextual fear conditioning is intact in
the Cacna1c+/− rats. In delay conditioning, robust conditioned freezing was seen upon the presentation of the
CS in a novel context. Likewise, Cacna1c hemizygosity
does not impair the acquisition and retrieval of contextual fear memory, both Trace and Unpaired groups
show robust freezing responses upon exposure to the
training context (Context Recall), but not to a novel
context (Novel Baseline, Cue Recall). These data suggest that CS–US associative learning is not diminished
in the Cacna1c+/− rats. Nevertheless, the Cacna1c+/− rats
show evidence of inappropriate conditioned freezing to
cues that were present during fear memory training but
do not elicit such a strong response in wild-types. Thus,
the mutant animals show abnormally high responding to
the conditioned context after delay conditioning and also
to the CS in trace and unpaired training. It is unlikely
that generalized fear to contexts underlies this observation because the Cacna1c+/− rats can discriminate between
the context in which conditioning occurred (high levels of
freezing on Day 2) and one that did not (very-low level
response at Novel Baseline on Day 3).
It has been proposed that during trace or unpaired
conditioning, the interval between CS and US results in
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the CS signaling the absence of the US. Therefore, the
animal learns that the US will not occur when the CS is
present.51,52 As such, through the formation and recall of
an inhibitory CS–no US association, the CS may act as
a “safety signal.” Due to the design of our experiments
in which the CS was presented in a novel context, we do
not have direct evidence that the CS acts to reduce conditioned responses produced by the conditioned context
in wild-types.53 However, in Cue Recall, lower freezing
responses were seen in the presence of the CS than in
the Post-CS intervals in wild-type rats after trace and
unpaired conditioning. This may be evidence of the CS
acting as a safety cue. This observation has been also reported by others using similar experimental procedures
to ours.54,55 It is notable that the Cacna1c+/− rats did not
show a reduction in freezing in the presence of the CS,
which suggests that Cacna1c hemizygosity may impair inhibitory CS–no US learning or retrieval.
The high levels of freezing seen to the training context
by delay conditioned Cacna1c+/− rats may also indicate
an impairment in the encoding or retrieval of context-no
US associations. In delay conditioning, the animal learns
an association between the CS and US; however, the US
also enters associations with the background context.30
As the context is always present, it can gain predictive
properties including to signal the absence of the US. The
higher than expected freezing behavior in the Cacna1c+/−
rats may indicate a weaker context–no US association
to influence the behavioral expression of fear elicited by
the context–US memory. It is possible that the context–
no US association may be stronger with unpaired than
trace conditioning, because the ITI intervals are variable,
and the context is more ambiguous in predicting the occurrence of the US.56 This view would account for the
supramaximal responding in unpaired trained Cacna1c+/−
rats with impaired context–no US memory. Together our
data suggest that the Cacna1c+/− rats show a general deficit in stimulus–no outcome associative encoding or retrieval and therefore that CaV1.2 LTCCs are required for
inhibitory memory.
The observed impairments in inhibitory learning
may be indicative of a form of aberrant salience of fear
memory, with the Cacna1c heterozygotes attributing fear
to all aspects of conditioning. Psychosis has been suggested to be a result of aberrant salience—an increased
focus on neutral stimuli that leads to altered learning
and perception.19,36,38,57 It has been suggested that positive symptoms in schizophrenia are a result of this fundamental abnormality in learning that leads to neutral
or “safe” stimuli being misinterpreted as relevant or important.38,41 Therefore, within this context, the results
presented in this study may be explained as Cacna1c heterozygote rats experiencing aberrant salience; assigning
importance to less relevant stimuli within the task leading
to abnormal associations being formed. This can be seen
in delay and unpaired conditioning as an inappropriate
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formation of a context–US association, and inappropriate CS–US association in trace and unpaired. As
demonstrated by their increased fear responses, these formations can have a large impact on learnt behaviors and
responses to stimuli.
Although the biology behind aberrant salience is not
fully understood, Kapur proposed that, in psychosis, a
patient experiences an increased, and out of synchrony,
release of dopamine that leads to a hyperdopaminergic
state.36 Whilst this study did not investigate dopamine release during conditioning, LTCCs have been shown to be
required for normal dopaminergic transmission between
the nucleus accumbens and ventral tegmental area,58–60
and Cacna1c hemizygosity in mice has been shown to
result in an attenuated response to a dopamine transporter blocker and a diminished locomotor response to
dopamine elevating psychostimulants.58 An investigation into the dopamine system in Cacna1c+/− rats may
be beneficial for further interpretation of the current results. Furthermore, there is a potential that the abnormal
context-specific effects seen in the Cacna1c+/− rats may
arise from aberrant salience as a consequence of a habituation deficit, where the context does not become familiar
and thus attention to it is maintained.39 This habituation
impairment may generate sensitiation to the stimulus, resulting in the enhanced freezing observed.39 This would
require further investigation into how these mechanisms
interact.
Finally, it should be noted that these experiments
were only performed in males. Most preclinical studies
in neuroscience use males,61 yet females show a higher
prevalence of fear and anxiety disorders,62 and differ
in the development and expression of schizophrenia.63
Given that there is now a growing understanding of
sex differences in learning and memory, it is imperative to understand the biology in both sexes under these
paradigms.64
To summarize, Cacna1c heterozygote rats consistently
demonstrate altered fear responses due to impaired inhibitory learning or retrieval, in the absence of a more
general increase in anxiety. This suggests that mechanisms
for regulating cue-specific learning are impaired when
Cacna1c dosage is altered, leading to aberrant attribution
of salience to inappropriate cues. Such altered associative
learning may contribute to the association between genetic variation in Cacna1c and psychiatric disorders.
Supplementary Material
Supplementary material is available at Schizophrenia
Bulletin online.
Acknowledgment
We would like to acknowledge the excellent care given to
the animals by Charles River and JBIOS staff.

Downloaded from https://academic.oup.com/schizophreniabulletin/advance-article-abstract/doi/10.1093/schbul/sbz127/5698064 by University of Cardiff - Journal of Biochemisty Trial user on 02 March 2020

A. L. Moon et al

Conflict of Interest
The authors have declared that there are no conflicts of
interest in relation to the subject of this study.
Funding
This work was supported by the Medical Research Council
(PhD scholarship awarded to A.L.M and grant: MR/
RO11397/1) and the Wellcome Trust (100202/Z/12/Z).
References
1. Sklar P, Smoller JW, Fan J, et al. Whole-genome association
study of bipolar disorder. Mol Psychiatry. 2008;13(6):558–569.
2. Moon AL, Haan N, Wilkinson LS, Thomas KL, Hall J.
CACNA1C: association with psychiatric disorders, behavior,
and neurogenesis. Schizophr Bull. 2018;44(5):958–965.
3. Green EK, Grozeva D, Jones I, et al. The bipolar disorder
risk allele at CACNA1C also confers risk of recurrent
major depression and of schizophrenia. Mol Psychiatry.
2010;15(10):1016–1022.
4. Thaker G. Psychosis endophenotypes in schizophrenia and
bipolar disorder. Schizophr Bull. 2008;34(4):720–721.
5. Potash JB, Bienvenu OJ. Neuropsychiatric disorders: shared
genetics of bipolar disorder and schizophrenia. Nat Rev
Neurol. 2009;5(6):299–300.
6. Craddock N, O’Donovan MC, Owen MJ. The genetics of
schizophrenia and bipolar disorder: dissecting psychosis. J
Med Genet. 2005;42(3):193–204.
7. Smoller JW. Identifi cation of risk loci with shared eff ects
on five major psychiatric disorders: a genome-wide analysis.
Lancet. 2013;381(9875):1371–1379.
8. Gershon ES, Grennan K, Busnello J, et al. A rare mutation
of CACNA1C in a patient with bipolar disorder, and decreased gene expression associated with a bipolar-associated
common SNP of CACNA1C in brain. Mol Psychiatry.
2014;19(8):890–894.
9. Roussos P, Mitchell AC, Voloudakis G, et al. A role
for noncoding variation in schizophrenia. Cell Rep.
2014;9(4):1417–1429.
10. Eckart N, Song Q, Yang R, et al. Functional characterization
of schizophrenia-associated variation in CACNA1C. PLoS
One. 2016;11(6):e0157086.
11. Bigos KL, Mattay VS, Callicott JH, et al. Genetic variation in
CACNA1C affects brain circuitries related to mental illness.
Arch Gen Psychiatry. 2010;67(9):939–945.
12. Purcell SM, Moran JL, Fromer M, et al. A polygenic burden
of rare disruptive mutations in schizophrenia. Nature.
2014;506(7487):185–190.
13. Pardiñas AF, Holmans P, Pocklington AJ, et al. Common
schizophrenia alleles are enriched in mutation-intolerant
genes and in regions under strong background selection. Nat
Genet. 2018;50(3):381–389.
14. Berridge MJ. Calcium signalling and psychiatric disease:
bipolar disorder and schizophrenia. Cell Tissue Res.
2014;357(2):477–492.
15. Brambilla P, Cerruti S, Bellani M, et al. Shared impairment in associative learning in schizophrenia and bipolar
disorder. Prog Neuropsychopharmacol Biol Psychiatry.
2011;35(4):1093–1099.

16. Hall J, Romaniuk L, McIntosh AM, Steele JD, Johnstone EC,
Lawrie SM. Associative learning and the genetics of schizophrenia. Trends Neurosci. 2009;32(6):359–365.
17. Diwadkar VA, Flaugher B, Jones T, et al. Impaired associative learning in schizophrenia: behavioral and computational
studies. Cogn Neurodyn. 2008;2(3):207–219.
18. Miller R. Schizophrenic psychology, associative learning and the
role of forebrain dopamine. Med Hypotheses. 1976;2(5):203–211.
19. Smith A, Li M, Becker S, Kapur S. Dopamine, prediction error and associative learning: a model-based account.
Network. 2006;17(1):61–84.
20. Murray GK, Corlett PR, Fletcher PC. The neural underpinnings of associative learning in health and psychosis: how
can performance be preserved when brain responses are abnormal? Schizophr Bull. 2010;36(3):465–471.
21. Fletcher PC, Frith CD. Perceiving is believing: a Bayesian approach to explaining the positive symptoms of schizophrenia.
Nat Rev Neurosci. 2009;10(1):48–58.
22. Clifton NE, Pocklington AJ, Scholz B, et al. Schizophrenia
copy number variants and associative learning. Mol
Psychiatry. 2017;22(2):178–182.
23. Pocklington AJ, Rees E, Walters JT, et al. Novel findings from
CNVs implicate inhibitory and excitatory signaling complexes in schizophrenia. Neuron. 2015;86(5):1203–1214.
24. Romaniuk L, Honey GD, King JR, et al. Midbrain activation during Pavlovian conditioning and delusional
symptoms in schizophrenia. Arch Gen Psychiatry.
2010;67(12):1246–1254.
25. Holt DJ, Coombs G, Zeidan MA, Goff DC, Milad MR.
Failure of neural responses to safety cues in schizophrenia.
Arch Gen Psychiatry. 2012;69(9):893–903.
26. Holt DJ, Lebron-Milad K, Milad MR, et al. Extinction
memory is impaired in schizophrenia. Biol Psychiatry.
2009;65(6):455–463.
27. Pavlov IP. Conditioned Reflexes: An Investigation of the
Physiological Activity of the Cerebral Cortex. Oxford,
England: Oxford University Press; 1927.
28. Nees F, Heinrich A, Flor H. A mechanism-oriented approach
to psychopathology: the role of Pavlovian conditioning. Int J
Psychophysiol. 2015;98(2 Pt 2):351–364.
29. Bangasser DA, Waxler DE, Santollo J, Shors TJ. Trace conditioning and the hippocampus: the importance of contiguity. J
Neurosci. 2006;26(34):8702–8706.
30. Marlin NA. Contextual associations in trace conditioning.
Anim Learn Behav. 1981;9(4):519–523.
31. Raybuck JD, Lattal KM. Bridging the interval: theory
and neurobiology of trace conditioning. Behav Processes.
2014;101:103–111.
32. Rudy JW, Huff NC, Matus-Amat P. Understanding contextual fear conditioning: insights from a two-process model.
Neurosci Biobehav Rev. 2004;28(7):675–685.
33. Solomon PR, Vander Schaaf ER, Thompson RF, Weisz DJ.
Hippocampus and trace conditioning of the rabbit’s classically conditioned nictitating membrane response. Behav
Neurosci. 1986;100(5):729–744.
34. Sterzer P, Adams RA, Fletcher P, et al. The predictive coding
account of psychosis. Biol Psychiatry. 2018;84(9):634–643.
35. Schmidt K, Roiser JP. Assessing the construct validity of aberrant salience. Front Behav Neurosci. 2009;3:58.
36. Kapur S. Psychosis as a state of aberrant salience: a framework linking biology, phenomenology, and pharmacology in
schizophrenia. Am J Psychiatry. 2003;160(1):13–23.

Page 7 of 8

Downloaded from https://academic.oup.com/schizophreniabulletin/advance-article-abstract/doi/10.1093/schbul/sbz127/5698064 by University of Cardiff - Journal of Biochemisty Trial user on 02 March 2020

Cacna1c Hemizygosity and Auditory Fear Conditioning

37. Katthagen T, Dammering F, Kathmann N, et al. Validating
the construct of aberrant salience in schizophrenia – behavioral evidence for an automatic process. Schizophr Res Cogn.
2016;6:22–27.
38. Gray JA, Feldon J, Rawlins JNP, Hemsley DR, Smith AD.
The neuropsychology of schizophrenia. Behav Brain Sci.
1991;14(01):1–20.
39. Barkus C, Sanderson DJ, Rawlins JN, Walton ME,
Harrison PJ, Bannerman DM. What causes aberrant salience in schizophrenia? A role for impaired short-term habituation and the GRIA1 (GluA1) AMPA receptor subunit. Mol
Psychiatry. 2014;19(10):1060–1070.
40. Hemsley DR. A simple (or simplistic?) cognitive model for
schizophrenia. Behav Res Ther. 1993;31(7):633–645.
41. Roiser JP, Stephan KE, den Ouden HE, Barnes TR,
Friston KJ, Joyce EM. Do patients with schizophrenia exhibit
aberrant salience? Psychol Med. 2009;39(2):199–209.
42. Moosmang S, Haider N, Klugbauer N, et al. Role of
hippocampal Cav1.2 Ca2+ channels in NMDA receptorindependent synaptic plasticity and spatial memory. J
Neurosci. 2005;25(43):9883–9892.
43. Temme SJ, Bell RZ, Fisher GL, Murphy GG. Deletion of
the mouse homolog of CACNA1C disrupts discrete forms
of hippocampal-dependent memory and neurogenesis within
the dentate gyrus. eNeuro. 2016;3(6).
44. Kabir ZD, Che A, Fischer DK, et al. Rescue of impaired sociability and anxiety-like behavior in adult cacna1c-deficient
mice by pharmacologically targeting eIF2α. Mol Psychiatry.
2017;22(8):1096–1109.
45. Jeon D, Kim S, Chetana M, et al. Observational fear learning
involves affective pain system and Cav1.2 Ca2+ channels in
ACC. Nat Neurosci. 2010;13(4):482–488.
46. Langwieser N, Christel CJ, Kleppisch T, Hofmann F,
Wotjak CT, Moosmang S. Homeostatic switch in hebbian
plasticity and fear learning after sustained loss of Cav1.2 calcium channels. J Neurosci. 2010;30(25):8367–8375.
47. Sykes L, Haddon J, Lancaster TM, et al. Genetic variation
in the psychiatric risk gene CACNA1C modulates reversal
learning across species. Schizophr Bull. 2019;45(5):1024–1032.
48. Brydges NM, Moon A, Rule L, Watkin H, Thomas KL, Hall J.
Sex specific effects of pre-pubertal stress on hippocampal
neurogenesis and behaviour. Transl Psychiatry. 2018;8(1):271.
49. McEchron MD, Bouwmeester H, Tseng W, Weiss C,
Disterhoft JF. Hippocampectomy disrupts auditory trace
fear conditioning and contextual fear conditioning in the rat.
Hippocampus. 1998;8(6):638–646.
50. Shors TJ, Miesegaes G, Beylin A, Zhao M, Rydel T, Gould E.
Neurogenesis in the adult is involved in the formation of trace
memories. Nature. 2001;410(6826):372–376.

Page 8 of 8

51. Kalat JW, Rozin P. “Learned safety” as a mechanism in longdelay taste-aversion learning in rats. J Comp Physiol Psychol.
1973;83(2):198–207.
52. Moscovitch A, LoLordo VM. Role of safety in the Pavlovian
backward fear conditioning procedure. J Comp Physiol
Psychol. 1968;66(3, Pt.1):673–678.
53. Huerta PT, Sun LD, Wilson MA, Tonegawa S. Formation
of temporal memory requires NMDA receptors within CA1
pyramidal neurons. Neuron. 2000;25(2):473–480.
54. Czerniawski J, Ree F, Chia C, Otto T. Dorsal versus ventral hippocampal contributions to trace and contextual
conditioning: differential effects of regionally selective
NMDA receptor antagonism on acquisition and expression.
Hippocampus. 2012;22(7):1528–1539.
55. Czerniawski J, Ree F, Chia C, Ramamoorthi K, Kumata Y,
Otto TA. The importance of having Arc: expression of the
immediate-early gene Arc is required for hippocampusdependent fear conditioning and blocked by NMDA receptor
antagonism. J Neurosci. 2011;31(31):11200–11207.
56. Bolles RC. The role of stimulus learning in defensive behavior.
In: Hulse SH, Fowler H, Honig WK, eds. Cognitive Processes
in Animal Behavior. Hillsdale, MI: Erlbaum; 1978:89–107.
57. Howes OD, Kapur S. The dopamine hypothesis of schizophrenia: version III–the final common pathway. Schizophr
Bull. 2009;35(3):549–562.
58. Terrillion CE, Dao DT, Cachope R, et al. Reduced levels of
Cacna1c attenuate mesolimbic dopamine system function.
Genes Brain Behav. 2017;16(5):495–505.
59. Anderson SM, Famous KR, Sadri-Vakili G, et al. CaMKII:
a biochemical bridge linking accumbens dopamine and
glutamate systems in cocaine seeking. Nat Neurosci.
2008;11(3):344–353.
60. Rajadhyaksha A, Husson I, Satpute SS, et al. L-type
Ca2+ channels mediate adaptation of extracellular signalregulated kinase ½ phosphorylation in the ventral tegmental
area after chronic amphetamine treatment. J Neurosci.
2004;24(34):7464–7476.
61. Shansky RM. Are hormones a “female problem” for animal
research? Science. 2019;364(6443):825–826.
62. Kessler RC, Petukhova M, Sampson NA, Zaslavsky AM,
Wittchen H-U. Twelve-month and lifetime prevalence and lifetime morbid risk of anxiety and mood disorders in the United
States. Int J Methods Psychiatr Res. 2012;21(3):169–184.
63. Mendrek A, Mancini-Marïe A. Sex/gender differences in the
brain and cognition in schizophrenia. Neurosci Biobehav Rev.
2016;67:57–78.
64. Tronson NC, Keiser AA. A dynamic memory systems framework for sex differences in fear memory. Trends Neurosci.
2019;42(10):680–692.

Downloaded from https://academic.oup.com/schizophreniabulletin/advance-article-abstract/doi/10.1093/schbul/sbz127/5698064 by University of Cardiff - Journal of Biochemisty Trial user on 02 March 2020

A. L. Moon et al

