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SUMMARY

The transient receptor potential channel 5 (TRPC5) is
predominantly expressed in the brain where it can
form heterotetrameric complexes with TRPC1 and
TRPC4 channel subunits. These excitatory, nonse-
lective cationic channels are regulated by G protein,
phospholipase C-coupled receptors. Here, we show
that TRPC5�/� mice exhibit diminished innate fear
levels in response to innately aversive stimuli. More-
over, mutant mice exhibited significant reductions in
responses mediated by synaptic activation of Group
I metabotropic glutamate and cholecystokinin 2
receptors in neurons of the amygdala. Synaptic
strength at afferent inputs to the amygdala was
diminished in P10-P13 null mice. In contrast, base-
line synaptic transmission, membrane excitability,
and spike timing-dependent long-term potentiation
at cortical and thalamic inputs to the amygdala
were largely normal in older null mice. These experi-
ments provide genetic evidence that TRPC5, acti-
vated via G protein-coupled neuronal receptors,
has an essential function in innate fear.

INTRODUCTION

Fear encompasses both innate and learned emotional

responses that are part of basic survival mechanisms. Acquired

(learned) fear triggers characteristic behaviors of escape and

avoidance in response to a specific, previously experienced

stimulus, such as pain or the threat of pain. In contrast, innate

fear is genetically encoded and does not require response

learning (e.g., fearful response to smell of predators). Both

learned and innate fear responses are controlled by the amyg-

dala complex comprised of several subcortical nuclei in the
temporal lobe of the brain (Pitkanen et al., 1997; Fanselow and

LeDoux, 1999; LeDoux, 2000; Davis and Whalen, 2001; Fanse-

low and Poulos, 2005).

Our understanding of learned fear is largely based on studies

of Pavlovian fear conditioning, in which an initially neutral condi-

tioned stimulus (CS) of any sensory modality (e.g., sound) is

paired with an innately aversive unconditioned stimulus (US;

e.g., an electric foot shock; LeDoux, 2000). Plastic changes in

the CS pathways contribute to learning of the CS-US association

(Maren and Quirk, 2004). The lateral nucleus of the amygdala (LA)

is the input for sensory stimuli from the visual, auditory, somato-

sensory, olfactory, and taste systems, providing the CS compo-

nent during fear conditioning. Inputs from the auditory thalamus

and association areas of the auditory cortex (AuD, Au1, and

AuV), recruited during auditory fear conditioning, enter the LA

and terminate largely in its dorsal subnucleus (LeDoux, 2000).

The CS stimuli converge in the LA with the painful US arising

from somatosensory cortical and thalamic areas. This conver-

gence potentiates synaptic responses in auditory inputs to the

LA, retaining memory of the CS-US pairing via mechanisms of

long-term potentiation (LTP; Rogan et al., 1997; McKernan and

Shinnick-Gallagher, 1997; Tsvetkov et al., 2002). The central

nucleus of the amygdala (CeA) is the output region of fear condi-

tioning circuitry, which communicates with brainstem areas

controlling specific fear-related behaviors and/or physiological

responses (e.g., freezing in mice) (Maren and Quirk, 2004). The

neural substrates of innate fear appear to be more diffuse and

are not completely known. It is clear, however, that despite

a certain degree of the overlap, structural specificity exists for

both innate and learned fear responses (Shumyatsky et al.,

2005). The processes within the amygdala also contribute to

emotional arousal during a learning event, enhancing its reten-

tion (McGaugh, 2000). Anxiety disorders may reflect dysregula-

tion of these fear systems (Milad et al., 2006).

Most sensory inputs to principal neuronal dendrites and inhib-

itory GABAergic interneurons in the LA are mediated by excit-

atory NMDA and AMPA receptors (LeDoux, 2000; Tsvetkov
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et al., 2004; Shin et al., 2006). Axons from these LA neurons

project to other nuclei of the amygdala (LeDoux, 2000), as well

as to local circuit interneurons. Neurotransmitters and neuromo-

dulators, such as norepinephrine, dopamine, serotonin, acetyl-

choline, gastrin-releasing peptide, vesicular zinc, and cholecys-

tokinin may modulate the relative state of amygdalar activity

(LeDoux, 2000; Shumyatsky et al., 2002; Bissiere et al., 2003;

Kodirov et al., 2006; Meis et al., 2007).

The Transient Receptor Potential (TRP) channels, TRPC4 and

TRPC5, are homologous proteins distributed in several areas of

the brain, particularly the hippocampus and amygdala. In con-

strast to common perception, TRP channels are not exclusive

to sensory nerve endings, but are also present in epithelia as

well as axons, cell bodies, and dendrites of neurons. TRPC

proteins control growth cone movement in both mammalian

and amphibian model systems (Bezzerides et al., 2004; Greka

et al., 2003; Shim et al., 2005; Wang and Poo, 2005), but their

function in synapses is not well understood. Most importantly,

tetrameric TRPC and TRPV subunits form excitatory, nonselec-

tive, weakly voltage-gated ion channels that are greatly potenti-

Figure 1. TRPC5 Distribution in Mouse Brain

(A and B) In situ hybridization of TRPC5-mRNA in the amyg-

dala, hippocampus, somatosensory cortex, and auditory

cortex. Abbreviations are as follows: LA, lateral nucleus of

the amygdala; BLA, basolateral nucleus of the amygdala; CE

central nucleus of the amygdala; S1, primary somatosensory

cortex; S2, secondary somatosensory cortex; AuD, secondary

auditory cortex, dorsal; Au1, primary auditory cortex; AuV,

secondary auditory cortex, ventral; Ect, ectorhinal cortex;

PRh, perirhinal cortex. The scale bar represents 1 mm.

(C) TRPC5 (left) and CaMKIIa (middle, a marker of pyramidal

neurons) colocalize in the lateral nucleus of the amygdala.

The scale bar represents 25 mm.

(D) TRPC5 (left, in situ hybridization) and anti-CaMKIIa

(middle) colocalize in the majority of pyramidal cells of the

auditory cortex. Arrows indicate cells expressing both

TRPC5 and CaMKIIa. The scale bar represents 50 mm.

ated by phospholipase C linked receptors (Clap-

ham, 2003; Clapham, 2007; Ramsey et al., 2006;

Strübing et al., 2001).

In order to understand TRPC50s function in brain,

we generated mice in which the TRPC5 gene had

been ablated. TRPC5�/�mice demonstrated behav-

iors consistent with lesser innate fear than their WT

counterparts. These behavioral effects appear to

result from the loss of CCK2- or metabotropic gluta-

mate-receptor activation/potentiation of excitatory

Ca2+-permeant TRPC5 channels.

RESULTS

TRPC5 Expression in the Mouse Brain
Consistent with previous immunocytochemical

localization of TRPC5 protein (Strübing et al., 2001),

TRPC5-mRNA is abundant in the amygdala (lateral,

basolateral, and central nuclei) and hippocampus.

High levels of TRPC5-mRNA were detected in the

CA1,CA2,and CA3 regions of the hippocampus and dentate gyrus

(Figure 1A), areas that regulate fear-related behaviors through

projections to the amygdala (Seidenbecher et al., 2003). Regions

of the auditory cortex (AuD, Au1, and AuV) that process condi-

tioned stimulus information bound for the LA during auditory fear

conditioning (Maren and Quirk, 2004), the somatosensory cortex

(S1 and S2areas)and the parietal insular cortex, regions that trans-

mit somatosensory unconditioned stimulus (US) information to the

LA, also contain TRPC5 mRNA (Figure 1A). Finally, TRPC5 is

present in the perirhinal cortex (PRh), an area involved in process-

ing CS and somatosensory US information (Lanuza et al., 2004;

LeDoux, 2000; Shi and Davis, 1999; Shumyatsky et al., 2005).

Interestingly, TRPC5 mRNA was not observed in the auditory

thalamus, another auditory CS area (Figure 1B).

TRPC5 was present in pyramidal neurons in both the LA and

the auditory cortex, where it colocalized with the neuron-specific

marker CaMKIIa (Figure 1C and Figure S1 available with this

article online). Combined in situ hybridization of TRPC5-mRNA

and immunohistochemical labeling of CaMKIIa shows that pyra-

midal neurons in the auditory cortex express TRPC5 (Figure 1D).
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TRPC5 was not expressed in glial cells or interneurons of the LA

or auditory cortex (Figures S2A–S2F). These results indicate that

the TRPC5 expression was limited to principal cells.

Generation of TRPC5�/� Mice
The TRPC5 gene was ablated in mice through homologous

recombination (Liu et al., 2003) using a targeting construct to

delete the exon 5 genomic region encoding amino acids

412–459 within the putative 4th transmembrane domain (Fig-

ure S3A). In addition to removing coding information, this manip-

ulation introduced both a frame shift and stop codon after the

deleted segment. Successful targeting was verified by Southern

blotting (data not shown); the deletion of the exon 5 region was

catalyzed by Cre-recombinase and was confirmed by PCR.

RT–PCR analysis of transcripts from whole brain of WT and

mutant mice confirmed the absence of exon 5 (Figures S3B

and S3C). TRPC5 protein in brain microsomes of TRPC5�/�

Figure 2. Mice Lacking TRPC5 Display an

Anxiolytic-Like Phenotype

(A) The acoustic startle response to auditory stimuli

at 95, 100 and 105 dB in control (n = 10; white) and

null (n = 9; red) mice. ANOVA, F(1,17) = 2.9, p = 0.1.

(B) Activity levels in control and null mice sampled

immediately preceding the onset of the startle

stimuli for the experiments shown in (A).

(C) Locomotor activity of TRPC5�/� and WT mice

were indistinguishable (8 mice per group; p = 0.7).

(D) Conditioned ‘‘freezing’’ following single-trial

fear conditioning in control mice (n = 10) and

TRPC5�/� mice (n = 10) at 30 min (ANOVA, p =

0.054) and 24 hr (ANOVA, F(1,18) = 0.02, p = 0.9)

posttraining.

(E) Elevated plus-maze experiments: TRPC5�/�

mice entered the open arm of the maze more

commonly (10 mice per group; open arms: t(18) =

2.75, p < 0.05; closed arms t(18) = 1.44, p = 0.17,

data not shown).

(F–H) In open field experiments, TRPC5�/� mice

spent more time in the center of the arena

[F(1,14) = 5.16, p = 0.04] (F) and (G) entered it

more frequently [F(1,14) = 5.6, p = 0.03]; % 5 min

versus > 5 min [F(1,14) = 7.0, p = 0.02]. Total path

length did not differ between groups (H), Total

path lengths; [F(1,14) = 2.7, p = 0.1]; eight mice

per group).

(I and J) Social interaction test; (I) Duration of time

spent by mice of both genotypes in each of the

the areas of the testing apparatus during the pref-

erence for social novelty phase (seven mice per

group). Mutant mice spent more time with the novel

mouse (t test, t = 2.2, p = 0.04); (J) Average differ-

ence between the number of nose contacts with

the novel and familiar mouse. Error bars indicate

SEM.

homozygous mice was not detected

by western blot in immunoprecipitation

experiments. Specific TRPC5 immunore-

activity was observed in the hippo-

campus and the dentate gyrus of control

mice, but not in matched tissues from

TRPC5�/�mice (Figures S3D and S3E). Matings between hetero-

zygous animals produced siblings with normal Mendelian distri-

butions of gender and genotype.

mRNA levels of TRPC1, 3, 4, 6, and 7 were not significantly

altered in the whole brain of TRPC5�/�mice compared to control

animals (Figures S4A–S4E). This suggests that there were no

significant compensatory changes in the expression of these

genetically and functionally related genes.

Innate Fear Responses and Conditioned Fear
in TRPC5�/� Mice
TRPC5�/� mice revealed no abnormalities in weight, sponta-

neous behavior, neurological reflexes, or sensorimotor

responses (including righting, postural reflex, ear twitch reflex,

grip strength, and whisker orientation reflex). Mutant mice dis-

played no impairment in overall spontaneous locomotor activity

(Figure 2C), indicating that basic motor functions of TRPC5�/�
Cell 137, 761–772, May 15, 2009 ª2009 Elsevier Inc. 763



mice were unaffected. Although TRPC5�/�mice tended to have

lower acoustic startle amplitudes (at 95, 100 and 105 dB), this

effect was not significant (Figure 2A). Likewise, there was no

effect of genotype on activity level, sampled immediately

preceding the onset of the startle stimulus (Figure 2B).

Since TRPC50s expression pattern was consistent with its role

in fear-related behaviors, we assayed conditioned freezing

(learned fear) using a classical single-trial fear conditioning para-

digm with a relatively strong US (2 s, 0.7mA foot shock;

Shumyatsky et al., 2002, 2005). As shown in Figure 2D, we did

not observe significant differences between control and mutant

mice in conditioned freezing at 24h post-training. Surprisingly,

knockout mice froze more commonly in response to the condi-

tioned tone at 24h post-training, following 10 tone-shock pairings,

when a much milder US was used (0.4mA, 0.5 s; Figure S5A). This

suggests that TRPC5 may participate in the mechanism of

conditioned fear memory (LeDoux, 2000) under certain training

conditions.

Does TRPC5 participate in innate fear, which, as opposed to

learned fear, does not require conditioning to potential threats?

To assess the effect of TRPC5 gene deletion on innate fear, we

analyzed TRPC5�/� mice using the elevated plus-maze, open

field, social interaction, and novelty suppressed feeding tests.

In the elevated plus-maze experiments, knockout mice had

a significantly increased number of open- (Figure 2E), but not

closed-arm entries, suggesting a reduced innate fear phenotype.

In open field studies, TRPC5�/� mice spent significantly more

time in the center of the arena than control mice (Figure 2F). In

addition, TRPC5�/� mice entered into the aversive center of

the field more frequently, confirming that TRPC5 ablation inter-

fered with innate fear-related behaviors. TRPC5�/� mice more

frequently moved to the center area than control mice during

the first 5min (p = 0.004), whereas mice of both groups entered

into the center with an identical rate at later times (p = 0.4;

Figure 2G). Both control and mutant mice movements were

similar during 1h observation periods (Figure 2H). In the social

interaction test, TRPC5�/�mice spent more time in the compart-

ment where the novel mouse was confined and exhibited

increased number of the nose-to-nose contacts with the novel

mouse compared to control mice (Figures 2I and 2J). The finding

that TRPC5�/� mice were less anxious in social interactions

provides further evidence that the ablation of TRPC5 had an

anxiolytic-like effect. The novelty suppressed feeding latency

test, however, did not reveal differences between the genotypes

(Figures S5B–S5E). This could reflect the fact that the novelty

suppressed feeding latency test, unlike all other anxiety-probing

behavioral paradigms, is not sensitive to the acute action of anxi-

olytic drugs (Gordon and Hen, 2004). Together, these results

suggest that TRPC5�/� mice exhibited less anxious behaviors

(decreased innate fear) than their WT counterparts.

Synaptic Transmission and LTP in Cortical
and Thalamic Inputs to the LA in TRPC5�/� Mice
Expression of TRPC5 mRNA in the amygdala of control mice is

highest at early stages of postnatal development and declines

with age (Figures S6A–S6D). In blinded experiments, we exam-

ined the effects of TRPC5 gene ablation on synaptic transmis-

sion in cortical inputs to the LA in slices from younger (10- to
764 Cell 137, 761–772, May 15, 2009 ª2009 Elsevier Inc.
13-day-old) mice. This pathway transmits conditioned stimulus

(CS) information to the amygdala during auditory fear condi-

tioning and is essential for learned fear (Maren and Quirk,

2004). To explore the role of TRPC5 in synaptic function in

cortical input to the LA, we stimulated fibers in the external

capsule (LeDoux, 2000; Shin et al., 2006), and recorded excit-

atory postsynaptic currents (EPSCs) in LA neurons in slices

from TRPC5�/� and littermate control mice (Figure S7). We found

that synaptic strength was significantly diminished in slices from

TRPC5�/� mice, as evidenced by a rightward shift in input-

output curves relative to control slices (Figures S7A and S7B).

This decrease in synaptic strength was associated with an

increase in the magnitude of paired-pulse facilitation (PPF)

recorded at 50ms interstimulus intervals (Figures S7C and

S7D; p = 0.002). Since PPF varies inversely with the basal prob-

ability of release (Pr) (Zucker and Regehr, 2002), the decrease in

synaptic strength was in part due to a lower Pr. Possible changes

in presynaptic excitability in TRPC5�/� mice could also

contribute to the observed decreases in synaptic efficacy. There

was no difference, however, between experimental groups in the

frequency of miniature EPSCs (mEPSCs) (Figures S7E–S7G).

Thus, the presence of TRPC5 does not appear to affect Ca2+-

independent glutamate release. Mean mEPSC amplitude in

slices from control and TRPC5�/� mice was not significantly

different; Figures S7F and S7G), suggesting that the sensitivity

of postsynaptic AMPA receptors was not affected by TRPC5

gene ablation.

We next examined LA membrane excitability and synaptic

function in slices from 4-5 week-old TRPC5�/� mice, corre-

sponding to a time when TRPC5 expression had decreased by

�2-fold compared to younger animals (Figure S6A). The number

of spikes generated by depolarizing current injections of

increasing intensity under current-clamp conditions was indistin-

guishable between control and TRPC5�/� mice (Figures 3B and

3C). Synaptic strength, as assessed by input-output curves for

AMPA receptor-mediated EPSCs, was also unchanged in mutant

mice at either cortico-amygdala synapses (Figures 3A and 3D) or

thalamo-amygdala synapses (Figures 3A and 3G). We have also

tested the effect of mutation on short-term synaptic plasticity,

comparing the magnitude of post-tetanic potentiation (PTP)

between control and TRPC5�/� mice. To prevent LTP, PTP was

induced by a 1 s train of 100Hz stimulation in the presence of

the NMDA receptor antagonist D-APV (50 mM). As shown in

Figure S8, the magnitude of PTP at thalamo-amygdala synapses

was not different between control and mutant mice.

To explore further the functional role of TRPC5 in basal

synaptic transmission in afferent inputs to the LA, we obtained

the estimates of the probability of neurotransmitter release (Pr)

and quantal amplitude in both cortical and thalamic inputs in

control and mutant mice. First, we compared the rate of the

progressive block of the isolated NMDA (N-methyl-D-aspartate)

receptor-mediated EPSC in slices by the irreversible open-

channel blocker of the NMDA receptor channel, MK-801

(40 mM). In the presence of MK-801, the rate of decline of the

NMDAR EPSC in the course of repetitive presynaptic stimulation

is determined by Pr at stimulated synapses (NMDAR channels

are blocked by MK-801 when they are opened by synaptically-

released glutamate; Figure 4; Shin et al., 2006). Second, we



Figure 3. Membrane Excitability and Synaptic Function in the LA Are Normal in 4- to 5-Week-Old TRPC5�/� Mice

(A) Position of the stimulation (Sthalamic, Scortical) and recording (R) electrodes. EC, external capsule.

(B) Responses of LA neurons to current injection (150 pA) recorded in current-clamp mode.

(C) Summary plots of the number of spikes in LA neurons evoked by current injection of increasing intensity in slices from control (open symbols) and TRPC5�/�

(filled symbols) mice, recorded as in (B). From four WT mice, n = 32 neurons, and five null mice, n = 39 neurons. ANOVA, p = 0.75.

(D) Synaptic input-output curves obtained in the cortical input to the LA. Cortico-amygdala EPSCs were recorded under voltage-clamp conditions (VH = –70 mV).

EPSC amplitude is plotted versus stimulation intensity (WT mice, n = 14 neurons; null mice, n = 10 neurons. ANOVA, p = 0.7.

(E) Action potential-EPSP pairing-induced LTP of the cortico-amygdala EPSP recorded in the LA neuron in slices. Insets show the average of 10 EPSPs recorded

before, and 35min after, the induction (arrow).

(F) Summary of LTP experiments at cortico-amygdala synapses (from seven WT mice, n = 20 neurons, and seven null mice, n = 19 neurons) t test, p = 0.8.

(G) Synaptic input-output curves obtained in the thalamic input to the LA (from four WT mice, n = 22 neurons, and five null mice, n = 24 neurons; ANOVA, p = 0.8.

(H) LTP of the thalamo-amygdala EPSP recorded in the LA neuron. Insets show the average of 10 EPSPs recorded before, and 35min after, the induction (arrow).

(I) Summary of LTP experiments at the thalamo-amygdala synapses (from five WT mice, n = 8 neurons, and five null mice, n = 10 neurons; t test, p = 0.87. Error

bars indicate SEM.
measured the amplitude of synaptic events evoked by presyn-

aptic stimulation in both cortical and thalamic projections to

the LA, when bath Sr2+ was substituted for Ca2+. Under such

conditions, presynaptic pulses evoke asynchronous single-

quantum EPSCs in the stimulated pathway, which could be

observed for several hundred ms after the stimulus. We did not

observe significant differences between control and mutant

animals in Pr or quantal amplitude, either at cortico-amygdala

(Figures 4A–4D and S9) or thalamo-amygdala synapses (Figures
4E–4H and S9). Together, these findings indicate that deletion of

TRPC5 had no detectable effect on the firing properties of LA

neurons and basal synaptic transmission in afferent inputs to

the LA in 4- to 5-week-old mice.

We also investigated the role of TRPC5 in synaptic transmis-

sion at excitatory inputs to intercalated cells (Royer et al.,

2000). Residing in a narrow strip of cellular clusters between

the BLA complex and the central nucleus of the amygdala

(CeA), they receive synaptic inputs from the lateral and basal
Cell 137, 761–772, May 15, 2009 ª2009 Elsevier Inc. 765



Figure 4. Quantal Parameters of Synaptic Transmission at Cortical

and Thalamic Inputs to the LA Are Normal in TRPC5�/� Mice

(A) Progressive block by MK-801 (40 mM) of the NMDA receptor EPSC recorded

in cortical input to the LA in the presence of CNQX (20 mM; VH = –40 mV).

MK-801 was applied to the slice in the absence of presynaptic stimulation

for >10 min and the external capsule was then stimulated at 0.1Hz to measure

the rate of MK-801 block. Inset shows the baseline NMDAR EPSC (1) and its

block at the end of presynaptic stimulation in the presence of MK-801 (2).

(B) Summary graphs of the experiments with MK-801 protocol in cortical input

(as in [A]). In each individual experiment, EPSC amplitudes were normalized

by the first EPSC (from three WT mice, n = 7 neurons and 4 TRPC5 null

mice, n = 10 neurons; ANOVA, p = 0.9).

(C) Representative traces of the asynchronous quantal EPSCs evoked by

stimulation (at arrow) of the cortical input (VH = –70 mV). In these experiments,

Sr2+ was substituted for extracellular Ca2+.

(D) Cumulative amplitude histograms of asynchronous quantal events

recorded in the cortical input to the LA (from three WT mice, n = 11 neurons

and four TRPC5 null mice, n = 17 neurons).

(E) Progressive block by MK-801 (40 mM) of the NMDA receptor EPSC re-

corded in the thalamic input to the LA at VH = –40 mV (experimental conditions
766 Cell 137, 761–772, May 15, 2009 ª2009 Elsevier Inc.
nuclei and project to the CeA. Intercalated neurons control the

level of neuronal activity in the CeA by releasing the inhibitory

neurotransmitter, GABA, onto CeA neurons, thus contributing

to fear-related behavioral responses (Pare et al., 2004). We stim-

ulated neurons in the LA and recorded EPSCs in intercalated

cells. We did not observe any differences between control and

TRPC5�/� mice in synaptic input-output curves (Figure S10A),

the magnitude of paired-pulse facilitation (Figure S10B), or in

the amplitude and frequency of spontaneous glutamatergic

EPSCs (sEPSCs; Figures S10C and S10D). Thus basal synaptic

transmission in inputs to intercalated cells was normal in

TRPC5�/� mice.

Long-term potentiation (LTP) in CS pathways may contribute

to the acquisition of fear memory in response to auditory stimu-

lation (Rogan et al., 1997; Tsvetkov et al., 2002). As shown in

Figure 1, TRPC5 is expressed in the LA and areas of the auditory

cortex implicated in fear conditioning. We examined LTP of the

excitatory postsynaptic potentials (EPSPs) in cortical and

thalamic inputs to the LA in slices from 4-5 week-old mice. The

magnitude of spike timing-dependent LTP (Bi and Rubin, 2005;

Shin et al., 2006), induced in the presence of the GABAA-

receptor antagonist picrotoxin (50 mM), was not different

between experimental groups. Cortico-amygdala EPSPs were

potentiated to 127 ± 7% in control mice and to 129 ± 5% of

the baseline amplitude in TRPC5�/� mice (Figures 3E and 3F).

In thalamic input to the LA, EPSPs were potentiated to 135 ±

19% in control mice and to 132 ± 8% in TRPC5�/�mice (Figures

3H and 3I). Thus, TRPC5 was not required for spike timing-

dependent LTP in afferent inputs to the amygdala.

Reduced Group I mGluR and CCK2 Receptor-Mediated
Currents in TRPC5�/� LA Neurons
Recent studies suggest that activation of Gq/11 protein-coupled

receptors (e.g., mGluRs and cholecystokinin2 (CCK2) receptors)

in the amygdala may lead to the opening of heteromultimeric

TRP channels containing the TRPC5 subunit (Faber et al., 2006;

Meis et al., 2007). Moreover, pharmacological block of Group I

mGluRs (mGluR1 and mGluR5 subtypes) in the amygdala dimin-

ished both innate (Perez de la Mora et al., 2006; Pietraszek et al.,

2005) and learned fear responses (Rodrigues et al., 2002). Addi-

tionally, blockade of CCK2 receptors, which are activated by

endogenously released CCK in response to anxiety (innate fear)

provoking stimuli, is associated with distinctive anxiolytic effects

(Frankland et al., 1997; Wang et al., 2005). We thus investigated

whether mGluR- and/or CCK2-mediated synaptic responses in

the LA were affected by ablation of the TRPC5 gene.

Delivery of short trains of high frequency stimulation (10 pulses

at 100 Hz) to either the cortico-amygdala or thalamo-anygdala

as in [A]). Inset shows the baseline NMDAR EPSC (1) and its block at the end of

presynaptic stimulation in the presence of MK-801 (2).

(F) Summary graphs of the experiments with MK-801 protocol in thalamic

input (from three WT mice, n = 7 neurons and four TRPC5 null mice, n = 8

neurons; ANOVA, p = 0.9).

(G) Representative traces of the asynchronous quantal EPSCs evoked in the

thalamic input at VH = –70 mV.

(H) Cumulative amplitude histograms of asynchronous quantal events re-

corded in the thalamic input to the LA (from three WT mice, n = 11 neurons

and four TRPC5 null mice, n = 16 neurons). Error bars indicate SEM.



Figure 5. Synaptic Responses Mediated by mGluRs Activation Are Diminished in TRPC5�/� Mice

(A) Cortico-amygdala synaptic responses in brain slices from a control mouse evoked by trains of high frequency stimulation before and after addition of CNQX

(AMPAR blocker; 20 mM), NMDAR blockers D-APV (50 mM) and MK-801 (10 mm) and CGP 35348 (GABABR blocker; 300 mM). Stimulation trains consisted of

10 pulses at 100 Hz delivered once every 30 s. Inset shows synaptic responses recorded in current-clamp mode before (1) and after (2) the addition of blockers

to the external solution. The dashed line indicates the point where the EPSP amplitude was measured.

(B) Experiment as in (A), from a TRPC5�/� mouse.

(C) Summary plot of the experiments shown in (A) and (B), performed in cortical and thalamic inputs to the LA. The amplitude of the residual component of the

EPSP (measured at dashed line in [A] and [B]) in the presence of blockers was significantly smaller in both pathways in slices from TRPC5�/�mice (cortical input:

from seven WT mice, n = 12 neurons, and four null mice, n = 7 neurons. thalamic input: from four WT mice, n = 8 neurons, and five null mice, n = 11 neurons).

(D and E) Short-train stimulation-induced cortico-amygdala EPSCs recorded at VH ranging from –100 mV to +40 mV in slices from control (D) and TRPC5�/�

(E) mice in the presence CNQX, D-APV, MK-801, CGP 35348 and picrotoxin (100 mM).

(F) Summary current-voltage (I/V) plots of the peak current in the cortical input (as in (D) and (E), as well as from control mice in the presence of MPEP (10 mM, filled

black symbols). From seven WT mice, n = 11 neurons, and three null mice, n = 7 neurons; from 4 WT mice in the presence of MPEP, n = 4 neurons.

(G) Short-train stimulation-induced cortico-amygdala EPSCs (VH = +40 mV) are sensitive to the mGluR5 antagonist MPEP (10 mM). The inset shows the time

course of MPEP block in slices from control mice.

(H) A specific antagonist of mGluR1, CPCCOEt (40 mM), also reduced the size of the slow EPSC.

(I) Summary plot of the effects of MPEP (10 mM, n = 4 cells from three WT mice, p < 0.01 versus baseline) and CPCCOEt (40 mM, n = 5 cells from three WT mice,

p < 0.01 versus baseline), and MPEP and CPCCOEt applied simultaneously (n = 10 neurons from seven WT mice); percent of EPSC reduction induced by antag-

onists. p = 0.34 for the effect of MPEP versus MPEP+CPCCOEt; p = 0.16 for the effect of CPCCOEt versus MPEP. Error bars indicate SEM.
fibers resulted in large, prolonged EPSPs in LA neurons (Figures

5A–5C). The size of synaptic responses was significantly

decreased by block of AMPA, NMDA, and GABA receptors.

The residual component of the EPSP, presumably mediated

by synaptic activation of mGluRs (Faber et al., 2006), was

significantly smaller in slices from TRPC5�/� mice, both in cor-

tico-amygdala (Figure 5C, p < 0.04) and in thalamo-amygdala

pathways (Figure 5C, p < 0.05). To further characterize mGluR-
mediated synaptic responses, we recorded EPSCs evoked

over –100 mV to +40mV in the presence of AMPA, NMDA,

GABAB, and GABAA receptor blockers. The current-voltage

(I-V) relation of the peak EPSC was similar in both experimental

groups. The EPSC amplitude, however, was consistently smaller

in slices from null mice at all holding potentials tested (Figures 5D

and 5E). In agreement with previous reports (Faber et al., 2006),

both mGluR1 and mGluR5 receptors were recruited by
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synaptically-released glutamate in slices from control mice. This

is evidenced by the high sensitivity of the EPSCs at a holding

potential of +40 mV to the specific mGluR5 and mGluR1 antag-

onists, MPEP and CPCCOEt, respectively (Figures 5G and 5I).

The I-V curve for mGluR-mediated synaptic currents in slices

from control mice, recorded in inputs to the LA in the presence

of the mGluR5 antagonist MPEP, was very similar to the I-V rela-

tion for same-synaptic responses recorded in slices from TRPC5

null mice (Figure 5F). This supports the notion that synaptic

activation of Group I mGluRs results in the opening of TRPC5

channels in control animals (Faber et al., 2006). The blocking

effect of simultaneously applied MPEP and CPCCOEt did not

differ from their individual effects (Figure 5I) indicating the lack

of additivity in the action of these antagonists. The residual

component of the synaptically induced mGluR-mediated

current, observed in the presence of MPEP and CPCCOEt,

was largely mediated by Group III mGluRs since it was reduced

to 10 ± 3% of the baseline amplitude in the presence of the

Group III antagonist UBP1112 (30 mM). Consistent with the role

of the mGluR-mediated synaptic responses in control of

neuronal spike firing (which could reflect incoming afferent

activity), we found that the number of extracellular spikes (Otma-

khov et al., 1993) evoked in individual LA neurons by presynaptic

pulses of increasing intensity (Figures 6A–6D) was significantly

decreased in slices from TRPC5 null mice for both cortical

(Figures 6C and 6E) and thalamic (Figures 6D and 6F) inputs.

Figure 6. Firing Output of Neurons in the LA during

Synaptic Activation Is Diminished in TRPC5�/� Mice

(A) Superimposed postsynaptic responses (all-or-none extra-

cellular spikes) evoked in a LA neuron by stimulation of the

cortical input and recorded in a cell-attached patch configura-

tion (as in Otmakhov et al., 1993). The recordings were

performed in the presence of 50 mM PTX and 2 mM CGP55845.

(B) Recordings under current clamp conditions at –70 mV from

the same neuron as in (A) after establishing a whole-cell

recording configuration.

(C) Examples of responses in the LA neuron (recorded in a cell-

attached patch configuration) to stimulation pulses of

increasing intensity, delivered to the cortical input in a slice

from a control mouse. The intensity of stimulation was

increased from the threshold stimulus required to elicit the

spike, determined in each individual experiment, with an incre-

ment of 25 mA.

(D) Identical experiment as in C) but in a slice from a TRPC5�/�

mouse.

(E and F) The number of extracellular spikes evoked in LA

neurons by presynaptic pulses of increasing intensity in

cortical ([(E)] from four WT mice, n = 17 neurons and four

TRPC5 null mice, n = 12 neurons; ANOVA, p = 0.02) and

thalamic ([(F)] from four WT mice, n = 16 neurons and four

TRPC5 null mice, n = 15 neurons; ANOVA, p = 0.02) pathways.

First points represent responses evoked by the stimuli at the

threshold +25 mA. Error bars indicate SEM.

Finally, we recorded membrane currents

induced in LA neurons by the specific agonist of

CCK2 receptors, cholecystokinin 4 (CCK4, 3 mM),

in slices from 4- to 5-week old control (Figures 7A

and 7E) and TRPC5�/� mice (Figure 7E). In control

slices, addition of CCK4 to the external solution evoked inward

currents in all LA neurons tested (Figure 7B). This current was

completely eliminated by 2-APB (100 mM), a nonselective TRP

channel blocker (Clapham, 2007; Figure 7C). Consistent with

the intracellular Ca2+ sensitivity of TRPC5-containing channel

complexes (Strübing et al., 2001), CCK4-induced currents at

–70mV were largely blocked when intracellular free [Ca2+] was

buffered to < 10 nM by inclusion of 10mM BAPTA in the pipette

(n = 15 cells, p < 0.001). Responses to CCK4 were significantly

diminished in slices from TRPC5�/� mice (Figures 7D–7F). We

found that the ability of exogenously-applied CCK to increase

spike firing in response to depolarizing current injections was

significantly diminished in slices from TRPC5 null mice (Figures

7G–7I), which would result in the decreased firing output of

neurons in the amygdala. We conclude that the deficits in fear-

related behaviors in mutant mice result, in part, from the lack

of TRPC5 activation through Group I mGluRs- and/or neuropep-

tide CCK-linked pathways.

DISCUSSION

Our results provide direct evidence that TRPC5 is involved in the

control of fear-related behaviors, both learned and innate. In

blinded behavioral studies, mice lacking TRPC5 were signifi-

cantly less anxious in response to innately aversive stimuli than

their WT littermates. In addition, TRPC5 may contribute to
768 Cell 137, 761–772, May 15, 2009 ª2009 Elsevier Inc.



conditioned (learned) fear under certain conditions. We hypoth-

esize that the changes in fear behavior were due to abrogation

of CCK2 and/or glutamate-mediated potentiation of TRPC5

currents.

TRPC5 is present in pyramidal neurons in the auditory cortex,

the S1/S2 areas of the somatosensory cortex, and the parietal

insular cortex that supply sensory input to the amygdala.

TRPC5 is also present in the hippocampus and dentate gyrus

that project to the amygdala, and in the perirhinal cortex (PRh)

that relays CS and somatosensory US information (Lanuza

et al., 2004; LeDoux, 2000; Shi and Davis, 1999; Shumyatsky

et al., 2005). Our findings show that responses to the CCK2

receptor agonist, and cortico-amygdala and thalamo-amygdala

EPSPs, mediated by Group I mGluRs, were significantly dimin-

ished in slices from TRPC5�/� mice, while basal synaptic trans-

mission in cortical and thalamic inputs to the LA and inputs from

the LA to intercalated cells (Pare et al., 2004) was unaltered.

Figure 7. Membrane Currents Induced by Activation

of CCK2 Receptors in LA Neurons Are Diminished

in TRPC5�/� Mice

(A) Membrane currents induced in LA neurons (3.5 s ramps

from –100 to +40 mV) under baseline conditions (black line),

and after CCK4 agonism of CCK2 receptors (3 mM, green

line) in a control mouse. External solution also contained

0.5 mM TTX, 200 mM CdCl2, and 50 mM picrotoxin. ([Ca2+]i
was buffered to 100 nM; see Experimental Procedures).

(B) CCK4-induced current at VH = –70mV, with voltage ramps

applied every 60 s; 66.9 ± 12.9pA, n = 9 cells from four WT

mice.

(C) 2-APB (100 mM) abrogated CC4-induced membrane

currents in LA neurons (2.5 ± 1.4pA, n = 4 cells from three

mice, significantly different from CCK4 effects without the

blocker, t test, p = 0.0079).

(D) CCK4-induced currents in slices from WT (left) and

TRPC5�/� (right) mice.

(E) Baseline-subtracted CCK4-mediated currents in LA

neurons during ramps from –100 to +40mV (from four WT

mice; n = 9 neurons, and six null mice; n = 8 neurons).

(F) Averaged amplitudes of the CCK4-induced currents at

–70 mV (from four WT mice, n = 9 neurons, and six null

mice, n = 8 neurons, p < 0.05).

(G) Spikes evoked in LA neurons by current injection (150 pA)

recorded in current-clamp mode under baseline conditions

and in the presence of 3 mM CCK4.

(H) CCK4-induced depolarization in LA neurons (from two

WT mice, n = 8 neurons, and three null mice, n = 14 neurons).

p = 0.005 for depolarization in control mice versus depolariza-

tion in TRPC5�/� mice.

(I) Summary plot of the experiments as in (G), showing the

percent increase in spike frequency in the presence of CCK4

relative to the baseline frequency (taken as 100%; n = 8

neurons from two WT mice and n = 14 neurons from three

TRPC5 null mice; t test, p = 0.004). Error bars indicate SEM.

Thus, deficits in fear-related behaviors may result

from the lack of TRPC5 activation or potentiation

by Group I mGluRs- and/or neuropeptide chole-

cystokinin-linked pathways.

The contribution of TRPC5 to synaptic function

might be greater at earlier developmental stages,

as basal synaptic transmission at cortical inputs

was found to be impaired in slices from P10-P13 TRPC5�/�

mice. Normal basal synaptic transmission in older mutant mice

could reflect the �2-fold decrease at 4–5 weeks compared to

P10 mice. Most important, responses mediated by activation

of Gq/11 protein-coupled receptors were impaired in neurons of

4- to 5-week-old TRPC5�/� mice.

Synaptic activation of Group I mGluRs or activation of CCK2

receptors in the amygdala was shown to have anxiogenic

effects (Pietraszek et al., 2005; Wang et al., 2005). As observed

in our study in TRPC5�/� mice, the inability of CCK to produce

membrane depolarization and the decreased mGluR-mediated

EPSPs could diminish the firing output of neurons in brain

circuits underlying innate fear reactions. This would result

from the decreased probability of spike firing (Meis et al.,

2007) in response to synaptic activation, thus preventing trans-

mission of specific signals, afferent or innate, to other compo-

nents of the innate fear circuitry, and provide a mechanistic
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explanation for the anxiolytic-like behavioral phenotype in

TRPC5�/� mice.

The observation that conditioned fear memory, as assessed

with the single-trial fear conditioning training paradigm, was

not affected in TRPC5�/� mice is consistent with the lack of

change in spike timing-dependent LTP in the CS pathways

(cortical and thalamic inputs to the LA). Since conditioned

freezing was enhanced in mutant mice following multiple CS-

US pairings, TRPC5 may contribute to conditioned fear under

certain training conditions. Although LTP in the CS pathways

was not affected by TRPC5 ablation, more pronounced

decreases in spiking output of neurons in the BLA complex to

their targets, such as intercalated cells, during the CS presenta-

tion following multiple CS-US pairings (as opposed to a single

pairing) could result in decreased inhibition of neurons in the

CeA, thus leading to the enhanced fear responses in conditioned

animals (Pare et al., 2004). Alternatively, repeated US presenta-

tions could paradoxically produce enhancement of innate fear in

TRPC5�/�mice, manifested as enhanced freezing in response to

the CS presentation while, in fact, fear memory was not affected.

Recent findings indicate that brain region and neural circuitry-

specific gene expression may determine different aspects of

fear-related behaviors (Shumyatsky et al., 2002, 2005). Thus,

the phosphoprotein stathmin, which is found in principal neurons

where it contributes to microtubule dynamics and is necessary

for TRPC5 transit in neurites (Greka et al., 2003), is highly ex-

pressed in areas controlling both learned and innate fear

responses. Stathmin null mice showed deficits in both innate

and conditioned fear (Shumyatsky et al., 2005). In the present

study, we found that TRPC5, possibly acting in concert with

intracellular pathways implicating stathmin, also contributes to

both conditioned freezing and innate fear. Our finding that LTP

in cortical and thalamic inputs to the LA was not affected in

TRPC5 null mice provides an interesting example in which dele-

tion of a single gene had an effect on conditioned (following

multiple CS-US pairings) and innate fear without changes in

LTP in the CS pathway. Considered together, our findings

provide further support to the view that behavioral responses

can be driven by neural circuitry-specific gene expression

(Rodrigues et al., 2004; Shumyatsky et al., 2005).

We found that only one of the two auditory CS areas, the audi-

tory cortex, contains TRPC5. Cortico-amygdala and thalamo-

amygdala projections could have different roles in both encoding

fear memory and triggering learned and innate fear responses

(Doyere et al., 2003). Thus, it has been suggested that the audi-

tory cortex might contribute to CS discrimination, processing

complex patterned tones (Armony et al., 1997). The lack of

TRPC5 expression in the auditory thalamus implies that the

TRPC5 expression pattern may determine directionality of the

information flow in brain networks underlying fear related behav-

iors. Although basal synaptic transmission in cortical input to the

LA was normal in juvenile TRPC5 null mice, cortically expressed

TRPC5 could control the efficacy of afferent inputs received by

the auditory cortex. This would determine whether the signal is

transmitted from the auditory cortex to other brain regions impli-

cated in fear behavior. Therefore, it will be important to correlate

expression patterns of TRPC5 with Gaq-linked receptors such

as mGluRs and CCK2.
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Generation of TRPC5�/� Mice

TRPC5�/� mice were generated by recombineering (Liu et al., 2003). Material

for homologous recombination was provided by the NCI-Frederick Institute

(http://recombineering.ncifcrf.gov/). Chimeric mice were generated by injec-

tion of the ES cells into C57BL/6 mouse blastocysts. The chimeric mice

were bred with 129/SvImJ mice. Tail genomic DNA contained the TRPC5

mutation in agouti offspring. The F2 heterozygous mice were backcrossed

to 129/SvImJ mice for eight generations. Heterozygotes were then crossed

to generate paired littermates for all studies.

RT-PCR Analysis

Total RNA was isolated from whole brain of control and TRPC5�/� littermates

using TRIzol (Invitrogen; see Supplemental Data). For quantitative RT-PCR, the

amygdala was dissected from 0.6 mm brain sections obtained from six 4.5

week-old and six 15-day old mice. PCR primers for mouse TRPC1, TRPC4,

TRPC5, TRPC6, TRPC7, and b-actin were added to SYBR Green 2x Mastermix

(Applied Biosystems,) to a final concentration of 300 nM. QRT-PCR was

carried out as described previously (Riccio et al., 2002).

In Situ Hybridization

Brains were isolated from 4 week-old mice and frozen in powdered dry ice.

Cryostat sections (18–20 mm) were hybridized with a digoxygenin cRNA probe

generated by in vitro transcription (Roche). After color development, slides

were incubated with mouse monoclonal antibody to CaMKII (1:200, Abcam)

followed by incubation with goat anti-mouse Alexafluor-488 fluorescent

secondary antibody (1:200, Molecular Probes) for double labeling.

Immunoprecipitation and Immunohistochemistry

Brain microsomes (4-week-old mouse) were solubilized in IP buffer; 1 mg was

IP’d with 5 mg anti-TRPC5 antibody (NeuroMab, UC Davis) and 10 mg protein A

sepharose (Amersham Pharmacia). Antibodies for western blots: 5 mg/ml anti-

TRPC5 and anti-Na+,K+-ATPase-a (NKA-a) (1:5000; Axxora); 1:10,000 dilution

of secondary goat anti-mouse IgG light chain conjugated with HRP (Jackson

ImmunoResearch) or secondary goat anti-rabbit IgG conjugated with HRP

(Pierce) for 1 hr at 22�C. 4 mm formalin-fixed, paraffin-embedded tissue

sections were immunostained (see Supplemental Experimental Procedures).

Electrophysiological Recordings

Control or TRPC5�/�mice (littermates) amygdalae were vibratome-sliced into

250–300 mm sections. Whole-cell recordings of evoked EPSCs were obtained

from pyramidal neurons in the lateral amygdala under visual guidance (DIC/

infrared optics). Slices were continuously superfused in solution containing

(in mM): 119 NaCl, 2.5 KCl, 2.5 CaCl2, 1.0 MgSO4, 1.25 NaH2PO4, 26.0

NaHCO3, 10 glucose, and 0.1 picrotoxin and equilibrated with 95% O2 and

5% CO2 (pH 7.3–7.4) at 22�C. Cells were classified as principal neurons by their

appearance and spike frequency adaptation to prolonged depolarizing current

injection (Tsvetkov et al., 2002). Patch electrodes (3–5 MU) in current-clamp

experiments contained (in mM): 120 K-gluconate, 5 NaCl, 1 MgCl2,

0.2 EGTA, 10 HEPES, 2 MgATP, and 0.1 NaGTP (adjusted to pH 7.2 with

KOH). In voltage-clamp experiments, 120 mM Cs-methane-sulfonate replaced

K-gluconate. Free [Ca2+] was buffered to �100nM in CCK4 experiments with

5mM EGTA/1.97 mM CaCl2 in the pipette solution. Synaptic responses were

evoked by stimulation of fibers in the external capsule (cortical input) or the

internal capsule (thalamic input) by a concentric stimulating electrode (Shin

et al., 2006; Tsvetkov et al., 2002). Currents were filtered at 1 kHz and digitized

at 5 kHz. EPSC amplitudes = Iavg in a 1–2 ms window at peak minus Iavg during

prestimulus baseline. LTP was induced with 80 presynaptic stimuli delivered at

2 Hz to the cortical or thalamic inputs, paired with action potentials evoked in

a postsynaptic cell with 4–8 ms delay from the onset of each EPSP (Shin

et al., 2006). Summary LTP graphs were constructed by normalizing data in

60 s epochs to the mean value of the baseline EPSP. Spontaneous mEPSCs

were analyzed using Mini Analysis (Synaptosoft Inc).

http://recombineering.ncifcrf.gov/


Behavioral Assays

All behavioral tests were conducted with counterbalanced groups (wild-type

and null mice; male adults); the experimenters were blind to genotype in all

electrophysiological and behavioral studies. All experimental procedures,

including elevated plus maze, open field, acoustic startle, social interaction

test, novelty-suppressed feeding, locomotor activity, and auditory fear condi-

tioning, were approved by the McLean Hospital’s IACUC. Details of each

behavioral test are provided in the Supplemental Experimental Procedures.

SUPPLEMENTAL DATA

Supplemental Data include Supplemental Introduction, Supplemental Experi-

mental Procedures, Supplemental References, and ten figures and can be

found with this article online at http://www.cell.com/supplemental/

S0092-8674(09)00376-6.
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