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Ca 2� influx through postsynaptic Cav1.x L-type voltage-gated channels (LTCCs) is particularly effective in activating neuronal biochem-
ical signaling pathways that might be involved in Hebbian synaptic plasticity (i.e., long-term potentiation and depression) and learning
and memory. Here, we demonstrate that Cav1.2 is the functionally relevant LTCC isoform in the thalamus-amygdala pathway of mice. We
further show that acute pharmacological block of LTCCs abolishes Hebbian plasticity in the thalamus-amygdala pathway and impairs the
acquisition of conditioned fear. On the other hand, chronic genetic loss of Cav1.2 triggers a homeostatic change of the synapse, leading to
a fundamental alteration of the mechanism of Hebbian plasticity by synaptic incorporation of Ca 2�-permeable, GluA2-lacking AMPA
receptors. Our results demonstrate for the first time the importance of the Cav1.2 LTCC subtype in synaptic plasticity and fear memory
acquisition.

Introduction
The role of Cav1.x L-type voltage-gated channels (LTCCs) in
learning and memory is controversial. There is significant ev-
idence indicating an important role of LTCCs in the activation
of learning-related neural pathways, e.g., the cAMP response
element-binding protein (CREB) or nuclear factor of acti-
vated T cells (NFAT) pathway (West et al., 2001; Deisseroth et
al., 2003), and in Hebbian synaptic plasticity at glutamatergic
synapses (Grover and Teyler, 1990; Weisskopf et al., 1999;
Bauer et al., 2002; Moosmang et al., 2005). However, the
LTCC subtype responsible in each case is not known.

Given these data and the fact that there is a direct causal link
between Hebbian long-term potentiation (LTP) in the lateral
amygdala (LA) and fear learning and memory (Sigurdsson et al.,
2007), it is surprising that there are seemingly contradictory re-
ports on the role of LTCCs in various fear-learning paradigms.

Bauer et al. (2002) showed that intra-amygdala infusion of
LTCC blockers impaired acquisition of auditory fear memory,
while studies that used peripheral infusion of LTCC blockers
failed to find effects on fear memory acquisition (Cain et al., 2002;
Suzuki et al., 2004). Genetic deletion of Cav1.2 in the forebrain
did not impair acquisition, consolidation, and extinction of con-
textual fear memory (McKinney et al., 2008). On the other hand,
extinction of contextual fear memory has been shown to be im-
paired by LTCC blockers (Cain et al., 2002; Suzuki et al., 2004).
To complicate matters, recently it has been postulated that block

of LTCC signaling through Cav1.2 after peripheral, not intrace-
rebral, injection interferes with fear memory extinction, presum-
ably via a peripherally mediated mechanism (Busquet et al., 2008;
Waltereit et al., 2008). Here, we investigated the role of Cav1.2
LTCCs in synaptic plasticity in the LA and extended these in vitro
findings to animal behavior in an auditory fear-conditioning
paradigm.

Collectively, our results show for the first time that the
Cav1.2 subtype of LTCCs in the LA is specifically responsible
for fear memory acquisition and synaptic plasticity. Chronic
loss of these channels, however, triggers a homeostatic change in
the expression of postsynaptic Ca 2�-permeable, GluA2-lacking
AMPA receptors (cp-AMPARs) that maintains normal neuronal
functioning.

Materials and Methods
Mice
Mice with C57BL/6JOlaHsd background were purchased from Harlan
Winkelmann, transgenic mutant mice were bred at the Institut für Phar-
makologie der Technische Universität München (Munich, Germany).
Cav1.2 L1 and Cav1.2 L2 mice (Seisenberger et al., 2000) were back-
crossed on a C57BL6 genetic background (for 10 generations). Condi-
tional mouse mutants with an inactivation of the CACNA1C gene in the
whole CNS were obtained using the cre-loxP system. Specifically,
Cav1.2 NesCre mice (genotype: Cav1.2 L1/L2; Nestin-Cre Cre/�) (see Fig.
2a) and their litter-matched control siblings (genotype: Cav1.2 �/L2;
Nestin-Cre Cre/�) (see Fig. 2a) were obtained by crossing mice carrying
two loxP-flanked (“floxed”) Cav1.2 alleles (Cav1.2 L1 and Cav1.2 L2) with
Nestin-Cre transgenic mice (Tronche et al., 1999) backcrossed on a
C57BL/6 genetic background (for three generations). Only male mice
were used for experiments (at the age of 8 –12 weeks for behavioral ex-
periments, 17–24 d old for brain slice experiments). Given the mixed
genetic background of these Cav1.2 mutant mice and to rule out
unspecific effects of the Nestin-Cre transgene, littermate controls
expressing Cre were used in all experiments involving genetic deletion
of Cav1.2. Mice with C57BL/6JOlaHsd background were used in all
other experiments.
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Animals were housed singly with food and water ad libitum under an
inverse 12 h light/dark cycle (lights off, 9:00 A.M.) for at least 14 d before
starting the experiments. All experiments were approved by the Commit-
tee on Animal Health and Care of the State of Bavaria (Government of
Oberbayern, Germany) and performed in strict compliance with the
European Economic Community recommendations for the care and use
of laboratory animals.

All behavioral experiments were performed with different batches of
animals during the activity phase of the mice between 9:30 A.M. and 5:00
P.M.; experimenters were unaware of the genotype/treatment.

Brain slice preparations
Mice (17–24 d old) were anesthetized with diethylether and the brains
were removed and transferred to ice-cold artificial CSF (ACSF). In case
of LTP and AMPAR experiments, ACSF contained the following (in
mM): 10 glucose, 124 NaCl, 3 KCl, 26 NaHCO3, 1.25 KH2PO4, 2
CaCl2, 1 MgSO4*7H2O, gassed with 95% O2/5% CO2. In case of Ba 2�

current recordings, ACSF contained the following (in mM): 10 glu-
cose, 124 NaCl, 3 KCl, 26 NaHCO3, 1.25 KH2PO4, 2 BaCl*2H2O, 1
MgCl2*6H2O, 20 tetraethylammonium chloride, 5 4-aminopyridine.
Three hundred fifty-micrometer-thick coronal slices containing the
amygdala were cut using a vibratome (Microm). The slices were
placed in a holding chamber containing the aforementioned gassed
ACSF and held at room temperature for at least 1 h. Immediately
before recording, slices were transferred to a recording chamber
mounted on an upright microscope (BX50WI, Olympus) and super-
fused with gassed ACSF. All experiments were done at room temper-
ature (22–24°C). Patch pipettes were pulled from borosilicate glass
capillaries and had a resistance of 3–7 M�. All recordings were per-
formed with a HEKA EPC 9 amplifier. Data were acquired, processed,
and analyzed using Pulse (HEKA) and either Microsoft Excel 2000 or
Origin 7.5 (OriginLab) software.

Ba 2� current recordings
In Ba 2� current recordings, electrodes were filled with the following (in
mM): 120 Cs-methanesulfonate, 10 EGTA, 5 Mg-ATP, 0.5 Na3-GTP, 20
HEPES, 0.5 CaCl2, 10 NaCl, adjusted to pH 7.3 with CsOH. During
recordings, 1 �M TTX was applied to all bath solutions to block sodium
currents. Pyramidal neurons of the LA were identified by visual charac-
teristics and patched in whole-cell mode. Signals where digitized at 4 kHz
and filtered at 2 kHz. Cells where held at �60 mV and depolarized every
30 s to �5 mV, a pulse lasting 100 ms. After at least 10 min of achieving
a stable baseline, the solution was slowly (1 ml/min) replaced by ACSF
additionally containing 20 �M isradipine.

LTP recordings
In LTP experiments, recording electrodes were filled with the following
(in mM): 130 K-gluconate, 0.6 EGTA, 5 KCl, 2 MgCl*6H2O, 10 HEPES, 2
Mg-ATP, 0.3 Na3-GTP, adjusted to pH 7.3. To identify and characterize
pyramidal neurons of the LA electrophysiologically, cells were held under
current-clamp conditions at 0 pA. The resulting resting potentials were
�63 mV � 1.4 mV in Ctr neurons. There was no significant change in
resting potentials in neurons from other animal lines or treatment
groups. Next, cells were given 800-ms-long current injections in 10 pA
steps ranging from �20 to 80 pA. Upon reaching their spiking threshold,
cells produced an action potential (AP) firing pattern that elicited fre-
quency adaptation, which is typical for pyramidal neurons of the LA

(Weisskopf and LeDoux, 1999). For each cell, the first current-injection
trace that induced an AP train of at least three spikes was analyzed (see
Fig. 1c). Frequency adaptation values were calculated by division of the
time interval between the second and the third action potential by the
time interval between the first and the second action potential. Spiking
latency was measured as the latency for the onset of the first action
potential. Pyramidal neurons from the different experimental groups
were analyzed for their spiking latency and frequency adaptation values,
which are given in Table 1, together with their spiking threshold, resting
potential, and input resistance values.

In the LTP induction protocol, cells where held at 0 pA under current-
clamp conditions. Cells where stimulated presynaptically via thalamic
afferents into the LA (see Fig. 1b) through a 5� concentric bipolar tung-
sten electrode (stimulus length 150 �s, catalog TM53CCINS, World Pre-
cision Instruments). Presynaptic stimulation was set to induce 30 –50%
of the EPSP maximum. Baseline was monitored by applying a test stim-
ulus every 15 s. For analysis, values were binned into 1 min intervals.
After 5 min of achieving a stable baseline, cells were given a 100-ms-long
100 Hz tetanus presynaptically paired with postsynaptic current injec-
tion to depolarize them toward their spiking threshold. This stimulation
train was repeated 10 times with a 10 s interval (see Fig. 1b). After LTP
induction, test stimuli were given every 15 s for 30 min. Values were
binned into 1 min intervals and expressed as percentage to the averaged
baseline value. All drugs were added to the ACSF before the beginning of
the respective recording. For analysis, the values recorded during the
whole 30 min of the recording session (after potentiation) were averaged
into a single score for each cell. The amount of potentiation was analyzed
by comparing preinduction values (average of the 5 min before induc-
tion) with those collected during the 30 min after LTP induction. Signif-
icance of potentiation relative to baseline (100%) was tested with a
Wilcoxon signed rank test. Comparison of the amount of potentiation
between groups (drug treatments or genotypes) was tested using one-
way ANOVA with Tukey’s post hoc test. Differences were considered
significant if p � 0.05.

AMPAR rectification and NMDA currents recordings
In AMPAR recordings, pipettes contained the following (in mM) 135
Cs-methanesulfonate, 0.5 EGTA, 4 Mg-ATP, 0.3 Na3-GTP, 10 HEPES, 8
NaCl, 0.3 QX314, 0.1 spermine-tetrahydrochloride adjusted to pH 7.3.
During AMPA rectification recordings, 0.1 mM aminophosphonovaler-
ate (APV) and 0.05 mM picrotoxin were applied to all bath solutions.
Principal neurons of the LA were held under voltage-clamp conditions,
alternating at �70 mV and �40 mV, and slices were stimulated via the
thalamo-amygdala pathway (see LTP recordings). Five traces per cell
were binned.

To estimate possible effects on NMDA currents, APV was excluded from
the extracellular solutions to elicit NMDA currents at �40 mV holding
potential, and these solutions were compared with a group of solutions
treated with 10 �M philanthotoxin-433 (PhTX) (Sigma-Aldrich).

Paired-pulse facilitation
Picrotoxin (50 �M) was added to the extracellular ACSF. Pyramidal neu-
rons of the LA were patched in voltage-clamp configuration as described
above. The neurons received two presynaptic stimuli in rapid succession
(50 ms interval) to elicit paired pulse facilitation (PPF) of the resulting
EPSCs. The degree of facilitation was determined by comparing the EPSC

Table 1. No difference in electrophysiological properties of LA pyramidal neurons

Ctr (BL/6) Ctr (Nestin) 10 �M Isra (BL/6) KO

Spiking threshold (mV) �43.06 � 1.13 �42.98 � 1.12 �41.06 � 1.17 �43.30 � 0.54
Resting potential (mV) �63.8 � 1.4 �64.7 � 0.7 �64.0 � 1.1 �66.2 � 1.5
Spiking latency (ms) 185.2 � 32.9 180.0 � 14.4 150.4 � 19.3 191.3 � 27.2
Frequency adaptation 1.36 � 0.16 1.20 � 0.07 1.39 � 0.11 1.66 � 0.17
Input resistance (M�) 284 � 37 362 � 23 226 � 16 318 � 70

Pyramidal neurons from the different experimental groups were characterized by a current injection protocol in a LA slice preparation. Ctr (BL/6), Slices from control C57BL/6 mice (n � 5); Ctr (Nestin), slices from controls carrying the
Nestin-Cre transgene (n � 6). 10 �M Isra (BL/6), slices from Bl6 mice superfused with 10 �M isradipine (n � 5). KO, slices from Cav1.2 NesCre knock-out animals. For each cell, the first current-injection trace that induced an action potential
train of at least three spikes was analyzed for the threshold level for initiating a subsequent action potential (spiking threshold), resting potential, spiking latency, frequency adaptation, and input resistance (values are given as mean�SEM).
None of the groups differed significantly in any of the parameters.
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amplitude of the second pulse to the amplitude of the first pulse elicited
by the PPF protocol.

Auditory fear conditioning behavior assay
Setup. Experiments were performed in two contexts, the conditioning
chamber and the test context, which differed in various aspects, including
shape, odor, illumination, and bedding (Kamprath and Wotjak, 2004).
Contexts were cleaned thoroughly after each trial, and the bedding was
changed.

Procedure. For auditory fear conditioning, animals were placed in the
conditioning chamber. After 3 min, a tone (9 kHz, 80 dB sine wave) was
presented for 20 s that coterminated with a single scrambled electric
footshock (0.70 mA, 2 s) administered via the metal grid. Mice remained
in the chamber for additional 60 s after the last shock before they were
returned to their home cages.

To analyze freezing to the tone, mice were habituated to the neutral
test context for 3 min and then exposed to a 3 min tone (9 kHz, 80 dB) 1
and 7 d after conditioning. After tone presentation, animals remained in
the test context for another 60 s before being returned to their home
cages.

Measurements. Conditioned fear was assessed off-line from video tapes
by an experienced observer who quantified the freezing response to the
tone (Kamprath and Wotjak, 2004).

Stereotaxic surgery. Surgery was performed under isoflurane anesthesia
essentially as described previously (Wanisch and Wotjak, 2008). Briefly,
C57/BL/6JOlaHSd mice were fixed to a stereotaxic frame and unilaterally
equipped with a 23 gauge stainless steel guide cannula aimed at the right
lateral ventricle (coordinates: 0.3 mm posterior to bregma, 1 mm lateral
from midline, 1.2 mm below the surface of the skull) (Paxinos, 2001).
Mice quickly recovered from surgery and were tested 1 week later.

At the end of each behavioral experiment, mice were killed by an
overdose of isoflurane. Nissl staining and light microscopy was used
to verify the location of the cannula tips within the lateral ventricular
system.

Drug treatment. Isradipine (Tocris Bioscience) was dissolved in 100%
EtOH and administered intracerebroventricularly as a 2 �l bolus with a
final concentration of 10 or 100 �M in 1% EtOH (i.e., vehicle) either 30
min before (under light isoflourane anesthesia) or right after condition-
ing (without anesthesia), essentially as described previously (Wanisch
and Wotjak, 2008).

In situ hybridization
Brain sections (16 �m) were deparaffinized in toluene and rehydrated in
a series of ethanols (100, 95, 70, and 50%). Slides were prehybridized for
3 h at 42°C in hybridization buffer (10 mM Tris–HCl, pH 8.0, 1 mM

EDTA, 0.3 M NaCl, 50 mM DTT, 1� Denhardt’s solution, 10% dextran,
and 50% deionized formamide). [ 35S]UTP-labeled cRNA probes were
transcribed in vitro from fragments including nucleotides 2355–2628
(loop between repeat II and III) of murine Cav1.2 and nucleotides 1846 –
2101 for murine Cav1.3. All probes were located in regions that are
unique between the various calcium channel isoforms. Hybridization
proceeded overnight at 55°C using each probe at a specific activity of 5 �
10 6 cpm/ml. The sections were washed twice in 2� SSC buffer, 1 mM

DTT, 1 mM EDTA and then incubated in RNase A (20 �g/ml) for 30 min
at room temperature to remove the unbound probe. Subsequently, a
high stringency wash was done using two changes of 0.1� SSC, 1 mM

DTT, 1 mM EDTA at 65°C. After dehydration, the slides were exposed to
BiomaxMR film (Kodak) for 7 d. For resolution of cellular labeling, slides
were coated with liquid film emulsion NTB2 (Kodak) and developed
after 6 weeks. Sections were counterstained with hematoxylin-eosin and
examined by dark-field and bright-field microscopy. In situ hybridiza-
tions were always performed with the corresponding sense cRNA probes
on adjacent sections. These control hybridizations showed no signals.

Golgi–Cox stain
Rapid Golgi-Cox staining was done on whole brains by using the FD
Rapid GolgiStain kit (FD NeuroTechnologies) as described by the
manufacturer.

Biochemical analysis
For immunoblotting, frozen tissue samples from different brain areas
were pulverized under liquid nitrogen and boiled in 2% SDS/50 mM Tris
for 10 min. The resulting homogenates (50 �g of protein) were separated
by 10% SDS-PAGE, blotted on a polyvinylidene difluoride membrane
(Millipore) and probed with a Cav1.2-specific (Moosmang et al., 2005),
GluA1-specific (Calbiochem), or GluA2-specific antibody (Alomone
Labs). Equal loading of slots was ascertained by the use of an ERK1/2
(extracellular signal-regulated kinase 1/2) antibody (Millipore). All anti-
bodies were visualized by the ECL system (NEN). Quantifications were
done by densitometric scanning of films under linear exposure condi-
tions using Quantity One software (Bio-Rad).

Statistical methods
Values are given as means � SEM; n is the number of experiments, N the
number of animals. Statistical differences were determined by ANOVA
or Student’s unpaired t test, and p values of �0.05 were considered
statistically significant.

Results
Hebbian LTP at thalamic input synapses in the LA is
LTCC dependent
Recent findings suggest a direct causal link between long-term
synaptic enhancements in the pathways that transmit auditory
signals to the LA and fear learning (Sigurdsson et al., 2007). Of the
two LTCC subtypes, Cav1.2 and Cav1.3, which are expressed in
the brain (Striessnig et al., 2006), the Cav1.2 subtype is highly
enriched in the LA (Fig. 1a). This prompted us to investigate
whether Cav1.2 is required for Hebbian LTP in afferent inputs to
the LA. We examined LTP of the compound EPSP, recorded in
current-clamp mode at the thalamo-amygdala synapses of prin-
cipal pyramidal neurons in murine brain slices. Pyramidal neu-
rons of the LA showed various degrees of spike frequency
adaptation (Fig. 1b), typical for this cell type (Weisskopf and
LeDoux, 1999). Cellular electrophysiological analysis of these
neurons from the various genotypes and pharmacological treat-
ments showed no significant differences (Table 1). LTP was in-
duced by pairing 10 presynaptic stimuli, delivered via the
thalamic input into the LA (Fig. 1c) at a frequency of 100 Hz, with
current injection through the recording electrode.

We found that LTP was significantly reduced to baseline levels
in slices treated with the dihydropyridine (DHP) LTCC blocker
isradipine (10 �M), compared with vehicle-treated slices (Figs.
1d,e). During 30 min after LTP induction, on average the
thalamo-amygdala EPSP slope was potentiated to 151.1 � 9.8%
in vehicle-treated slices (5 cells) and to 110.3 � 8.9% of its base-
line value in isradipine-treated slices (six cells; significant differ-
ence to vehicle control, ANOVA, p � 0.001; no significant
difference to baseline, Wilcoxon signed rank test, p 	 0.2). Mean
values for baseline EPSP amplitudes and slopes from all LTP
experiments are given in supplemental Table S1, available at
www.jneurosci.org as supplemental material. To test whether
Hebbian LTP in the LA is codependent on both LTCCs and NR2-
containing NMDAR, we examined whether application of the
selective NR2B antagonist ifenprodil to amygdala brain slices im-
paired tetanus-induced LTP at thalamic input synapses. Ifen-
prodil (10 �M) blocked LTP relative to control cells (Fig. 1d,e).
After running the LTP protocol, the ifenprodil group showed no
potentiation (100.2 � 11.9%, p 	 0.5) compared with baseline
values, differing significantly from vehicle controls ( p � 0.001).
Thus, both LTCCs and NMDARs are necessary for the induction
of Hebbian LTP at glutamatergic synapses onto principal pyra-
midal neurons in the LA. To make sure that isradipine did not
affect presynaptic function, we performed paired-pulse experi-
ments using either vehicle or 10 �M isradipine. The facilitation
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values for the vehicle group (119.1 �
4.6%, N � 11) were not significantly dif-
ferent from those for the isradipine group
(125.0 � 5.4, N � 10, p 	 0.4), indicating
no effect of isradipine on presynaptic
function in our experimental setup (sam-
ple traces in Fig. S1, available at www.
jneurosci.org as supplemental material).

To test whether isradipine changed
membrane excitability, we recorded base-
line EPSPs and washed in 10 �M isradip-
ine 5 min after establishing a stable baseline.
There were no changes in EPSP baseline val-
ues after 10 min of isradipine wash-in, indi-
cating that it does not have an effect on
general excitability (see Fig. S2, available at
www.jneurosci.org as supplemental ma-
terial). Next, to genetically dissect which
of the brain LTCC subtypes, Cav1.2 or
Cav1.3, is involved in Hebbian plasticity,
we generated brain-specific conditional
knock-out mice lacking Cav1.2 in the LA.

Generation of brain-specific CACNA1C
knock-out mice
Mice with a global inactivation of the
CACNA1C gene die in utero (Seisenberger
et al., 2000). Therefore, we used the Cre
recombinase system using Nestin-Cre
transgenic mice (Tronche et al., 1999) to
create a mouse line with an inactivation of
the CACNA1C gene in the whole CNS
(Fig. 2a). Cav1.2 NesCre mice are viable
and exhibit normal life expectancy, body
weight, and breeding. Their brains did not
show any obvious morphological abnor-
malities (Golgi stain) (Fig. 2b). To exclude
the possibility that synaptic plasticity and
behavioral phenotypes in Cav1.2 NesCre an-
imals might be influenced by defects in
dendritic growth, arborization, and spine
densities, we performed a Sholl analysis
(Fig. 2c, panels 1, 2) (Sholl, 1955) and
spine count (Fig. 2c, panels 3, 4) on prin-
cipal hippocampal pyramidal neurons.
Compared with the LA, the hippocampus
is a clearly organized area of the brain and
therefore well suited for dimensional
analysis of principal neurons, ensuring a
low error margin due to less structural
overlap. We confirmed the efficiency of
the gene deletion in the Cav1.2 NesCre mice by immunoblotting
extracts from different brain regions. Cav1.2 protein was absent
from the hippocampus, neocortex, cerebellum, olfactory bulb,
and amygdala of Cav1.2 NesCre mice (Fig. 2d,e). The above findings
clearly demonstrate the effectiveness and selectivity of the
CACNA1C knock-out in Cav1.2 NesCre mice. The mRNA level of
Cav1.3 was not changed in Cav1.2 NesCre mice, and the Cav1.3
protein was not detectable in the amygdala from both control and
Cav1.2 NesCre mice (data not shown). This argues against com-
pensatory changes in the expression of the other brain LTCC
subtype (Striessnig et al., 2006) as a possible consequence of
the CACNA1C gene inactivation. To demonstrate the loss of

functional Cav1.2 channels and to characterize a possible contri-
bution of Cav1.3, we assessed isradipine-sensitive Ba 2� inward
currents in pyramidal cells of amygdala slices (Fig. 2f). We added
isradipine to the bath perfusion in a high concentration (20 �M)
to reliably block both the highly DHP-sensitive Cav1.2 and the
less sensitive (Striessnig et al., 2006) Cav1.3 subtype. We observed
a prominent decrease of the Ba 2� current amplitude (carried by
all voltage-gated Ca 2�-channel subtypes, including P/Q-type
channels) in LA neurons from control mice (76 � 3% of baseline;
n � 5). In sharp contrast, isradipine had no effect (103 � 4%; n �
5) on Ba 2� currents in LA neurons of Cav1.2 NesCre mice, indicat-
ing that Cav1.2 is the only functionally expressed LTCC subtype

Figure 1. Hebbian LTP in the thalamo-amygdala pathway is LTCC dependent. a, Expression of Cav1.x mRNA in the mouse brain.
Frontal sections (panels 1 and 3) and sagittal sections (panels 2 and 4) were labeled with a Cav1.3-specific (panels 1 and 2) and
Cav1.2-specific (panels 3 and 4) probes, as shown. CTX, Cerebral cortex; HIP, hippocampus; THL, thalamus; CRB, cerebellum; OB,
olfactory bulb. b, Response of a LA cell to current injection of �20 to 50 pA. Neural spiking thresholds, resting potentials, spiking
latencies, frequency adaptations, and input resistances for each pharmacological or genetic alteration were derived from these
traces and are shown in supplemental Table S1, available at www.jneurosci.org as supplemental material. c, Schematic drawing of
stimulating and recording electrode placement. Afferent fibers from the thalamus enter the LA medially (red arrow). CE, Central
nucleus of the amygdala; ec, external capsule; oc, optic tract. d, The LTCC blocker isradipine (10 �M; red) or the NR2B-blocker
ifenprodil (10 �M, green) abolished the induction of Hebbian LTP (control, black) at thalamic inputs. Time course of normalized
EPSP slope over 30 min after Hebbian LTP induction. Inset: Traces from individual experiments before and 30 min after induction
are shown. Scale bars: Vertical, 5 mV; horizontal, 50 ms. e, Normalized EPSP slope levels averaged over 30 min after LTP induction.
*p � 0.05 relative to vehicle controls; #, no significant difference to baseline. Ctr, Vehicle control, Ifen, ifenprodil, Isra, isradipine.
Sample sizes are indicated inside the bars.
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in the LA and absent in Cav1.2 NesCre mice. Next, we set out to
analyze the role of this LTCC for fear memory acquisition using a
combination of pharmacological block by intracerebroventricu-
lar injections and behavioral screening of Cav1.2 NesCre mice.

Acute pharmacological block of Cav1.2 LTCCs, but not
chronic genetic inactivation, impairs the acquisition of
conditioned fear
With auditory fear conditioning, we investigated a well charac-
terized amygdala-dependent form of associative emotional
memory in litter-matched control and Cav1.2 NesCre mice. Fear
conditioning involves information of an association between an
initially neutral conditioned stimulus (CS), such as tone, and an
aversive unconditioned stimulus, such as a foot shock. After fear
conditioning, the CS elicits a complex pattern of fear-related be-
havioral responses, including freezing (Schafe et al., 2001).

Auditory-cued fear memory was assessed 24 h after condition-
ing (Fig. 3a). First, separate groups of control mice were given
intracerebroventricular injections of vehicle or isradipine as a
bolus injection (2 �l bolus; 10 or 100 �M) either before training
(Fig. 3a) or directly after training (Fig. 3b). Pretraining injections
of 100 �M isradipine produced a decrease in the amount of freez-
ing elicited by the tone CS (Fig. 3a). The ANOVA showed a
significant effect for group [F(2,36) � 10.07; p � 0.0005], and
Newman–Keuls post hoc tests showed a significant difference be-
tween the group that received the highest dose of isradipine com-
pared with the group that received the lower dose and the vehicle
group (t21 � 1.1; p � 0.01). Importantly, no differences existed

between groups during baseline freezing
after 24 h (8.9 � 2.3% vs 9.6 � 2.7% vs
third group; p 	 0.6). Isradipine injec-
tions after training produced a different
pattern of results (Fig. 3b). The t test for
tone memory scores showed no effect
( p 	 0.3). Thus, a dose of isradipine suf-
ficient to block acquisition of fear condi-
tioning had no effect on consolidation of
fear memories.

Next, we investigated whether chronic
genetic loss of CACNA1C recapitulates or
differs from the effect of acute pharmaco-
logical block of the LA LTCC subunit,
Cav1.2. First, we performed a battery of
behavioral control tests to rule out unspe-
cific effects of the knock-out on pain per-
ception activity and locomotion, which
did not show any differences. Mice of ei-
ther genotype showed the same pain
sensitivity to a rising electric footshock
defined as the shock intensity at which
mice showed the first signs of discomfort,
that is, jumping and/or vocalization
(0.34 � 0.05 mA vs 0.37 � 0.07 mA, N �
5). In an open-field locomotor activity
test, no significant differences were found,
including vertical locomotion (percent-
age of time spent in the box; 28.2 � 2.1%
vs 31.2 � 2.1%, N � 9), resting time, and
time spent close to the walls of the box. In
a well established rotating rod task (Nolan
et al., 2003), there were no differences be-
tween genotypes (mean rotation speed at
which mice fell from the accelerating rod

on day 3, 40.6 � 1.8 rpm vs 40.8 � 1.1 rpm, N � 10). Next, we
turned to study auditory fear memory acquisition in Cav1.2 NesCre

mice. Surprisingly, in contrast to the data established with israd-
ipine injections, chronic genetic loss of CACNA1C produced no
decrease in the amount of freezing elicited by the tone CS 24 h
after training (t16 � 1.16; p � 0.14) (Fig. 3c). Baseline freezing
after 24 h was identical between groups (5.4 � 1.2% vs 7.3 �
2.2%; p 	 0.4).

Since such differences between genetically and pharmacolog-
ically achieved effects may result from developmental compensa-
tion for genetic loss of the target protein by homeostatic
mechanisms (Brickley et al., 2001; Davis and Bezprozvanny,
2001; Davis, 2006), we decided to investigate potential changes in
Hebbian synaptic plasticity in Cav1.2 NesCre mice.

Rescue of Hebbian LTP in mice lacking Cav1.2 by a
isradipine-insensitive mechanism
LTP was only partially reduced in slices from Cav1.2NesCre animals
compared with litter-matched controls (ANOVA, p � 0.001,
Tukey’s post hoc test), but there was still strong potentiation com-
pared with baseline (Wilcoxon signed rank test, p � 0.02 in both
groups) (Fig. 4a,c). During 30 min after LTP induction, the
thalamo-amygdala EPSP slope was potentiated on average to
153.6 � 16.1% in controls (n � 6) and to 130.9 � 6.8% of its
baseline value in Cav1.2 NesCre slices (n � 6).

In contrast to litter-matched control mice (also expressing the
Cre transgene) (Fig. 4b,c) and BL6 wild-type controls (Fig. 1d),
however, application of isradipine to amygdala brain slices of

Figure 2. Morphological, biochemical, and cellular electrophysiological characterization of brain-specific Cav1.2 NesCre mice.
a, Schematic representation of the wild type (WT), knock-out (L1), and conditional CACNA1C alleles (L2). The numbers indicate the
exon number. Brain-specific activation of Cre recombinase (Nestin-Cre) results in the deletion of CACNA1C exons 14 and 15.
Restriction sites are as follows: A, Acc65I; B, BamHI; C, ClaI; EI, EcoRI; Red triangles, loxP sites. b, Golgi-Cox stain demonstrating
unchanged dendritic length, branching, and spine density of Cav1.2 NesCre neurons. Ctr, Control; KO, knock-out. c, Analysis of
dendritic length and spine number. Panels 1 and 2, Sholl analysis was used to investigate the total dendritic length of hippocampal
pyramidal neurons and revealed no differences between the litter-matched controls (Ctr) and Cav1.2 NesCre (KO) groups (n � 10).
Panels 3 and 4, Analysis of dendrite order and spine number. No differences were found between the two groups in terms of
dendritic order (data not shown) or spine number (n � 10). d, e, Western blot analysis of proteins from mouse brain (d) or
amygdala (e) punches using an anti-Cav1.2 antibody demonstrates lack of Cav1.2 protein. ERK1/2 was used as loading control. CTX,
Cerebral cortex; AMY, amygdale; HIP, hippocampus; CRB, cerebellum; OB, olfactory bulb. kD, kilodalton. f, Isradipine (20 �M, solid
bar) blocks the DHP-sensitive component of barium currents in Ctr pyramidal neurons of the LA (black; n � 5) but has no effect in
Cav1.2 NesCre neurons (red; n � 5). *p � 0.05 relative to baseline.
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Cav1.2 NesCre animals had no effect on LTP at thalamic input syn-
apses (Fig. 4b,c). The control group treated with isradipine (10
�M) showed no LTP (103.5 � 8.8%), whereas the mechanism of
Hebbian LTP in Cav1.2 NesCre slices lost its dependency on
LTCCs. In these slices, EPSP slope values after LTP induction
were elevated to 132.5 � 9.5% during treatment with isradipine
and were significantly different from baseline (Wilcoxon signed
rank test, p � 0.02). LTP values of these slices were also different
from isradipine-treated litter-matched controls (ANOVA, p �
0.001, Tukey’s post hoc test).

Thus, Ca 2� entry through Cav1.2 LTCCs is necessary for the
induction of Hebbian LTP in the LA, while sustained loss of Ca 2�

entry through Cav1.2 leads to changes in the molecular mecha-
nisms underlying Hebbian synaptic plasticity in the LA. We next
set out to analyze the molecular basis of this homeostatic switch.

Sustained loss of Cav1.2 causes Hebbian LTP to switch to a
cp-AMPAR-dependent mechanism
The essential role of Ca 2� signaling in the induction of Hebbian
long-term synaptic plasticity (Nicoll and Malenka, 1995)
prompted us to investigate potential alternative Ca 2� influx
routes as the homeostatically regulated target. Recent findings
suggest an important role for GluA1-dependent synaptic plastic-
ity in amygdala-dependent emotional learning (Rumpel et al.,
2005; Humeau et al., 2007). In addition, a function of LTCCs for
adaption to inactivity (through insertion of cp-AMPAR) in cul-

tured hippocampal neurons has been described (Thiagarajan et
al., 2005). Therefore, we hypothesized that increased expression
of GluA1-containing, GluA2-lacking cp-AMPAR might be the
mechanism of DHP-insensitive Hebbian LTP in Cav1.2 NesCre

mice. In contrast to the majority of AMPARs, which form GluA2-
containing heteromers, cp-AMPAR is Ca 2�-permeable (Geiger
et al., 1995) and would thus be ideally suited as a homeostatically
regulated alternative source of Ca 2� influx for Hebbian LTP
induction.

First, we tested the effect of PhTX, a potent blocker of cp-
AMPARs (Washburn and Dingledine, 1996), on the DHP-
insensitive Hebbian LTP in Cav1.2 NesCre mice. We found that
LTP was abolished in slices from Cav1.2 NesCre mice treated with
10 �M PhTX (Fig. 5a,b). On average, during 30 min after LTP
induction the thalamo-amygdala EPSP slope was potentiated

Figure 3. Acute, but not sustained loss of Ca 2� signaling via Cav1.2 impairs acquisition of
fear memories. a, b, Auditory-cued fear memory 24 h after conditioning in control mice given
intracerebroventricular bolus infusions (2 �l, arrows) of vehicle of isradipine 30 min before (a)
or right after conditioning (b). *p � 0.0005 relative to vehicle controls. c, Auditory-cued fear
memory 24 after conditioning in litter-matched Ctr and Cav1.2 NesCre mice. Sample sizes are
indicated inside the bars. US, Unconditioned stimulus.

Figure 4. Lack of DHP effect on Hebbian LTP in the thalamo-amygdala pathway in
Cav1.2 NesCre mice. a, Time course of normalized EPSP slope over 30 min after Hebbian LTP
induction in Ctr (black) and Cav1.2 NesCre (red) LA slices. b, Isradipine (10 �M) abolished the
induction of Hebbian LTP at thalamic inputs in control (black) but not in Cav1.2 NesCre (red) LA
slices. Insets (a, b): Traces from individual experiments before and 30 min after induction are
shown. Scale bars: Vertical, 5 mV; horizontal, 50 ms. c, Normalized EPSP slope levels averaged
over 30 min after LTP induction. Control (Ctr) (black), Ctr plus 10 �M isradipine (Isra) (gray),
knockout (KO) (Cav1.2 NesCre, red), KO plus 10 �M Isra (pink), *p � 0.05 relative to control slices;
#, no significant difference to baseline. n.s., no significant difference between KO and KO plus
Isra groups. Sample sizes are indicated inside the bars.
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to 111.0 � 4.7% of its initial value in slices treated with PhTX
(six cells), which was not significantly different from baseline
(Wilcoxon signed rank test, p 	 0.1) and significantly less than
the untreated Cav1.2 NesCre group (ANOVA, p � 0.001). Contrar-

ily, washing in 10 �M PhTX 5 min after induction failed to affect
LTP (Fig. S3, available at www.jneurosci.org as supplemental ma-
terial). Since block of cp-AMPARs eliminated LTP induction in
Cav1.2 NesCre mice, we next evaluated whether PhTX might also
block Hebbian plasticity in control mice. However, slices from
litter-matched control animals showed robust LTP under PhTX
treatment (148.3 � 12.4, p � 0.05 to baseline) (Fig. 5b), which
was not different from that of untreated control animals (153.6 �
16.1, ANOVA, p 	 0.8). Our experiments thus far suggest a piv-
otal role for cp-AMPARs in Cav1.2-mediated homeostatic
changes. The most straightforward hypothesis is that a large in-
crease in homomeric GluA1 receptors takes place at Cav1.2 NesCre

synapses, accounting for the PhTX-sensitive Hebbian LTP.
Therefore, we looked at the rectification of AMPAR-mediated
synaptic currents (Fig. 5c).

AMPARs lacking GluA2 show pronounced inward rectifica-
tion due to voltage-dependent block of the channel pore by poly-
amines at positive membrane potentials (Bowie and Mayer, 1995;
Kamboj et al., 1995; Koh et al., 1995). Thus, to probe Cav1.2 NesCre

synapses for changes in their GluA2 content, we monitored the
rectification properties of AMPAR-mediated EPSCs during
whole-cell patch-clamp recordings with spermine-containing in-
tracellular solution. Cells were presynaptically stimulated via the
thalamic input into the LA while being held at alternating holding
potentials of either �70 or �40 mV. Notably, in Cav1.2 NesCre

slices the EPSCs monitored at �70 mV were significantly in-
creased compared with controls without concomitant changes in
EPSC amplitude at �40 mV (Fig. 5c). To quantify GluA1 delivery
to the thalamo-amygdala synapses, mean rectification indices
were calculated: (amplitude at �70 mV holding potential)/(am-
plitude at �40 mV holding potential). Principal pyramidal LA
neurons from the Cav1.2 NesCre group showed a significantly
larger index (3.0 � 0.3; n � 8) than neurons from the control
group (2.2 � 0.1, p � 0.05; n � 7) (Fig. 5d), indicating increased
synaptic delivery of cp-AMPAR through loss of Cav1.2 channels.
To discriminate whether NMDAR were affected by the applica-
tion of PhTX we withheld APV from a number of rectification
experiments and compared the values to a group treated only
with PhTX. PhTX did not affect NMDA/AMPA ratios in these
experiments, indicating that NMDARs were not affected by 10
�M PhTX (see Fig. S4, available at www.jneurosci.org as supple-
mental material).

Elevated levels of GluA1 favor the formation of cp-AMPAR
composed entirely of this subunit (Hollmann and Heinemann,
1994). To substantiate the electrophysiological findings with bio-
chemical data, we checked for alterations in the levels of GluA1
and GluA2. Western blot analysis of GluA1 and GluA2 protein
levels was performed on amygdala punch preparations (Fig. 5e).
In Cav1.2 NesCre tissue, GluA1 protein levels increased 2.2 � 0.2-
fold relative to those in controls (n � 7, p � 0.001, t test) (Fig. 5d),
while GluA2 levels did not change (1.0 � 0.02-fold, n � 9, p 	
0.95, t test) (Fig. 5d). Thus, both electrophysiological and bio-
chemical data indicate homeostatic changes in GluA1 expression
in Cav1.2 NesCre mice.

Discussion
The discrepancy between the clear-cut electrophysiological and
biochemical data on neural LTCCs (Dolmetsch et al., 2001,
Moosmang et al., 2005, Oliveria et al., 2007, West et al., 2001,
Morgan and Teyler, 1999, Weisskopf et al., 1999) and the incon-
sistent behavioral experiments (Deyo et al., 1989, Bauer et al.,
2002, Cain et al., 2002, Moosmang et al., 2005, McKinney et al.,
2008) may be explained by the fact that loss of the potentially

Figure 5. A switch of the mechanism of Hebbian LTP to calcium-permeable AMPA receptors
homeostatically compensates for the loss of CACNA1C in Cav1.2 NesCre mice. a, Time course of
normalized EPSP slope over 30 min after Hebbian LTP induction in Cav1.2 NesCre (red) and
philanthotoxin-treated Cav1.2 NesCre (10 �M, blue) LA slices. Inset: Traces from individual exper-
iments before and 30 min after induction are shown. Scale bars: Vertical, 5 mV; horizontal 50
ms. b, The specific blocker of cp-AMPARs PhTX-433 (10 �M) abolished (blue) the induction of
Hebbian LTP at thalamic inputs in Cav1.2 NesCre slices (red) but had no effect on control (Ctr)
(black, gray) LA slices. *p � 0.05 relative to Cav1.2 NesCre (KO, knockout) slices; #, no significant
difference to baseline. c, Loss of Cav1.2 drives GluA1 into synapses. Averaged examples of
evoked AMPA receptor-mediated synaptic responses recorded at �70 mV and �40 mV from
control LA pyramidal neurons (black) and Cav1.2 NesCre cells (red). d, Average rectification index
values (I�70 mV/I�40 mV) for control and Cav1.2 NesCre neurons. (*p � 0.05, t test). e, Left:
RepresentativeWesternblotsofGluA1andGluA2incontrolandCav1.2 NesCre amygdalapunches(top).
ERK1/2 was used as a loading control. Right: Quantitative analysis of Western blot signal intensities
(normalized to controls) shows that GluA1 levels were increased in Cav1.2 NesCre mice (*p � 0.001,
t test), while GluA2 levels were unchanged. Sample sizes are indicated inside the bars.
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important calcium influx pathway via Cav1.2, as shown here, can
also lead to homeostatic changes in synaptic plasticity.

Therefore, we used a careful combination of genetic and phar-
macological analyses of Cav1.2 function, taking into account pu-
tative metaplastic changes induced by genetic loss of Cav1.2.

The following evidence, presented in the next five paragraphs,
demonstrates for the first time that both Hebbian plasticity in the
thalamo-amygdala pathway and auditory fear memory acquisi-
tion are dependent on the Cav1.2 LTCC subtype.

First, intracerebral injections of the DHP isradipine lead to a
dose-dependent impairment of auditory fear learning in mice
(Fig. 3a).

Second, isradipine blocked LTP in thalamo-amygdala syn-
apses of pyramidal neurons in the LA (Fig. 1d, 4b,c). Fear memory
acquisition and LTP are therefore dependent on a member of the
DHP-sensitive LTCC family, Cav1.x.

Third, Cav1.2 NesCre pyramidal neurons of the LA lacking
Cav1.2 did not show any DHP-sensitive Ca 2� currents (Fig. 2f).
The finding that LTP of Cav1.2 NesCre pyramidal neurons is DHP
insensitive (Fig. 4b,c) confirms that Cav1.3 has no role for LTP in
the LA. Thus, Cav1.3 can be ruled out as possible factor in signal
transduction in the LA (in addition, Cav1.3 coding mRNA is only
weakly detectable in the LA (Fig. 1a).

Fourth, the lack of DHP effect on synaptic plasticity after loss
of Cav1.2 also argues against unspecific modulation of Hebbian
plasticity by DHPs.

Fifth, due to homeostatic changes, however, Cav1.2 NesCre py-
ramidal neurons express a novel form of LTP, which has become
vulnerable to cp-AMPAR-specific block by PhTX.

Since Ca 2� signaling is a highly sensitive probe of changes in
neural activity, it has long been hypothesized to play an impor-
tant role in homeostatic plasticity (Davis and Bezprozvanny,
2001). However, it is not clear what the source of Ca 2� relevant to
homeostatic signaling in a neuron in a specific pathway is and
whether Ca 2�-dependent homeostatic mechanisms share signal
transduction pathways with Hebbian plasticity phenomena.

Recent seminal data document a role for postsynaptic LTCCs
(Cav1.2 and/or Cav1.3) for homeostatic adaptation to neural inac-
tivity, indicating that altered Ca2� entry through these channels is
important for the mechanism of homeostatic metaplasticity (i.e.,
homeostatic changes of the rules governing induction of synaptic
plasticity) in cultured hippocampal neurons through insertion of
new cp-AMPARs into the postsynapse (Thiagarajan et al., 2005,
2007).

We show that genetic loss of Cav1.2 causes a homeostatic increase
in rectification of AMPAR-carried synaptic currents (Fig. 5c) and
GluA1 protein expression (Fig. 5e), thus profoundly changing the
quality of transmission by rendering AMPARs at the glutamatergic
thalamo-amygdala synapses Ca2�-permeable. This switch to cp-
AMPARs will introduce a voltage-dependent polyamine block
(Plant et al., 2006) and provide an alternative source of ligand-gated
Ca2� signaling for LTP induction (Fig. 5a,b).

The great majority of AMPARs in principal neurons contain
GluA2 (Greger et al., 2002), which renders AMPARs imperme-
able to Ca 2� (Jonas et al., 1994), and NMDARs and voltage-gated
Ca 2� channels are thus the major pathways for synaptically
evoked Ca 2� entry (Rodrigues et al., 2004). That cp-AMPARs
are, in principle, able to mediate Hebbian synaptic plasticity at
principal neurons is illustrated by the fact that, in animals with
altered GluA2 Q/R editing or knockout, a major fraction of LTP is
NMDAR independent (Jia et al., 1996; Feldmeyer et al., 1999).

In addition, at various neural pathways (especially at inter-
neurons with a low baseline GluA2 content), activation of cp-

AMPARs has been shown to lead to Hebbian plasticity under
physiological conditions. For example, LTP and LTD at synapses
on hippocampal interneurons (Laezza et al., 1999) have been
shown to depend on this mechanism.

cp-AMPARs may also play a role in conventional NMDAR-
dependent hippocampal LTP. Following induction of LTP, cp-
AMPARs were transiently incorporated at the CA1 synapse in
hippocampal slice preparations (Plant et al., 2006). However, this
hypothesis is disputed (Adesnik and Nicoll, 2007).

The major finding of our study in this context is that a classical
glutamatergic, NMDAR-dependent, excitatory synapse of a prin-
cipal neuron (in the thalamo-amygdala pathway) (Rodrigues et
al., 2004), at which cp-AMPARs have no function for Hebbian
plasticity under baseline conditions (see lack of effect of PhTX on
LTP in controls) (Fig. 5a,b), can be converted into a synapse that
depends on cp-AMPARs by homeostatic signaling caused by loss
of Ca 2�-entry through Cav1.2 channels in vivo.
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