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Abstract
Converging lines of evidence suggest that synaptic plasticity at auditory inputs to the lateral
amygdala (LA) is critical for the formation and storage of auditory fear memories. Auditory
information reaches the LA from both thalamic and cortical areas, raising the question whether
they make distinct contributions to fear memory storage. Here we address this by comparing the
induction of long-term potentation (LTP) at the two inputs in vivo in anesthetized rats. We first
show, using field potential measurements, that different patterns and frequencies of high-
frequency stimulation (HFS) consistently elicit stronger LTP at cortical inputs compared to
thalamic inputs. Field potential responses elicited during HFS of thalamic inputs were also smaller
compared to responses during HFS of cortical inputs, suggesting less effective postsynaptic
depolarization. Pronounced differences in the short-term plasticity profiles of the two inputs were
also observed: whereas cortical inputs displayed paired-pulse facilitation, thalamic inputs
displayed paired-pulse depression. These differences in short-term and long-term plasticity were
not due to stronger inhibition at thalamic inputs: although removal of inhibition enhanced
responses to HFS, it did not enhance thalamic LTP and left paired-pulse depression unaffected.
These results highlight the divergent nature of short-term and long-term plasticity at thalamic and
cortical sensory inputs to the LA, pointing to their different roles in the fear learning system.
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INTRODUCTION
During fear conditioning, an initially neutral conditioned stimulus, typically a tone, acquires
the ability to elicit fear responses after being paired with an aversive unconditioned
stimulus, such as a mild footshock. Fear conditioning has emerged as a powerful tool for
unraveling the neural mechanisms of learning and memory and may aid in the understanding
and treatment of emotional disorders. A large body of evidence implicates the amygdala as a
critical component of the circuitry underlying this form of learning (LeDoux, 2000). In
particular, converging lines of evidence from pharmacological, electrophysiological and
behavioral studies suggest that synaptic plasticity at auditory inputs to the lateral nucleus of
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the amygdala (LA) plays a critical role in the formation and storage of auditory fear
memories (Maren & Quirk, 2004; Rodrigues et al., 2004; Sigurdsson et al., 2007).

Long-term potentiation (LTP) is a persistent form of synaptic plasticity that is widely
studied as a cellular mechanism for learning and memory (Bliss & Collingridge, 1993;
Martin et al., 2000). LTP can be induced at sensory inputs to the LA both in vitro and in
vivo (Weisskopf et al., 1999; Tsvetkov et al., 2002; Doyere et al., 2003; Humeau et al.,
2005). Fear conditioning is also accompanied by LTP-like changes in synaptic transmission
at auditory inputs to the LA (McKernan & Shinnick-Gallagher, 1997; Rogan et al., 1997)
and occludes artificially induced LTP (Tsvetkov et al., 2002; Schroeder & Shinnick-
Gallagher, 2005). Furthermore, pharmacological manipulations which block LTP in the
amygdala also impair the acquisition and consolidation of conditioned fear (reviewed in
Rodrigues et al., 2004). Collectively, these findings support the view that LTP-like changes
in synaptic strength at sensory inputs to the LA underlie the formation and storage of fear
memories (Sigurdsson et al., 2007).

The LA receives auditory information from both thalamic (Turner & Herkenham, 1991;
Bordi & LeDoux, 1994; Doron & Ledoux, 2000; Linke et al., 2000) and cortical (Mascagni
et al., 1993; Romanski & LeDoux, 1993; Shi & Cassell, 1997; McDonald, 1998) areas.
Although fear conditioning can be mediated via either the thalamic or cortical inputs
(Romanski & LeDoux, 1992), there is also evidence to suggest that they play distinct roles
in the storage of fear memories (Campeau & Davis, 1995; Armony et al., 1997; Boatman &
Kim, 2006). The nature of their individual contributions, however, remains poorly
understood. Comparing synaptic plasticity at the two inputs can help shed light on this
question. In the present study we therefore examined LTP induction as well as short-term
plasticity at these inputs in vivo by directly stimulating the thalamic and cortical areas
providing auditory input to the LA. We found that LTP was greater in magnitude at cortical
compared to thalamic inputs across a range of induction protocols. Cortical inputs also
displayed larger responses during high-frequency stimulation (HFS) as well as paired-pulse
facilitation, whereas paired-pulse depression was observed at thalamic inputs. These results
reveal highly divergent long-term and short-term plasticity at the thalamic and cortical
inputs to the LA, pointing to their different roles in the fear learning system.

MATERIALS AND METHODS
Subjects and surgery

Experiments were performed using adult male Sprague-Dawley rats (360–430g) and were
approved by NYU’s University Animal Welfare Committee. Rats were anesthetized with
Urethane (1.6–2.0 mg/kg, i.p.) and placed in a stereotaxic frame. The skull was exposed and
three small craniotomies were made on the left side of the skull to allow the placement of a
recording electrode in the lateral amygdala (LA; 3.0 mm posterior to bregma, 5.3–5.7 mm
lateral to midline, 6.0–6.5 mm below dura) and stimulating electrodes in 1) the medial
division of the medial geniculate and posterior intralaminar nuclei of the thalamus (MGm/
PIN; 5.0 mm posterior to bregma, 3.0 mm lateral to midline, 6.0 mm below dura) and 2)
auditory association area TE3 (5.8 mm posterior to bregma, 6.5–6.8 mm lateral to midline,
4.0 mm below dura). The final positions of electrodes were adjusted to maximize the
responses to stimulation of either input.

Stimulation and Recording of Neural Responses
Neural activity was recorded in the LA using either a glass pipette filled with 0.9% NaCl
(impedance = 0.8–1.0 MΩ) for recording field potentials or tungsten microelectrodes (6–7
MΩ; FHC, Bowdoinham, ME) for simultaneously recording single-unit responses.
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Stimulating electrodes were concentric bipolar electrodes with a 1 mm base-tip (anode-
cathode) separation (SNEX-100, Rhodes Medical Instruments).

For field potential recordings, the electrode signal was amplified (X1000), filtered (0.1 - 500
Hz) and digitized at 10 kHz using a CED Micro 1401 interface and Spike 2 software
(Cambridge Electronic Design, Cambridge, UK). Input-output curves were derived by
delivering single-pulse stimuli of increasing intensity (100–800 μA, 100 μs, in 100 μA
steps) to the MGm/PIN and TE3. The test stimulus intensities were then chosen so that
stimulation of either input evoked responses of comparable magnitude in the LA and which
were also 40–60% of the maximum response amplitude for each input.

In experiments involving single-unit recordings, the electrode signal was amplified X1000–
10000, filtered (0.3–10 kHz) and digitized at 25 kHz. The electrode was placed just above
the LA and then advanced in 10 μm steps until action potentials (Signal-to-noise ratio > 3)
could be reliably discerned in response to stimulation of either input. Only neurons which
responded at a latency of <15 ms were investigated. Test stimulation intensity was set so
that a single spike was elicited on half of the trials. Parameters of the action potential
waveforms were analyzed off-line to ensure single unit isolation and to determine whether
spikes elicited by thalamic and cortical stimulation could be attributed to the same neuron.

Paired-pulse stimulation
Paired-pulse stimulation was used to examine the presynaptic properties of the thalamic and
cortical inputs to the LA (Zucker & Regehr, 2002). Paired stimuli were delivered to the
MGm/PIN and TE3 in an interleaved fashion, with each region stimulated every 20s. Inter-
stimulus intervals of 25, 50, 100, 200, 600 and 1000ms were tested in an ascending order,
and each interval was tested three times. However, because paired-pulse responses at the
shortest ISI were highly variable between batches of animals and were also strongly
influenced by the ongoing response to the first stimulus, this ISI was excluded from the final
analysis. The exclusion of this ISI did not, however, change the main results. For field
potentials the paired-pulse ratio (PPR) was calculated by expressing the amplitude of the
response to the second stimulus in a pair as the percentage of the response to the first
stimulus. The stimulus intensity was set so that the first stimulus evoked a response that was
40–60% of the maximum. For single-unit responses, the PPR was the probability of evoking
a spike following the second stimulus, expressed as the percentage of the probability of
evoking a spike following the first stimulus in a pair. Stimulation intensity was set so that
the probability of evoking a spike following the first stimulus was 50%. Because this
methodology places an upper limit on the amount of facilitation that can be observed in
single-unit responses (at most 200%) but not on depression, facilitation may have been
underestimated for some of the neurons studied.

Long-Term Plasticity
Long-term plasticity at thalamic and cortical inputs was examined by inducing long-term
potentiation (LTP). First, a baseline was established by delivering test stimuli to MGm/PIN
and TE3 in an interleaved fashion once per minute for 20 mins. LTP was then induced in
one pathway using five tetanic trains (100 stimuli at 25, 100 or 200Hz) delivered at a 3
minute inter-train interval. Following LTP induction, test stimulation resumed for an
additional 60 minutes. For analysis of LTP, the response amplitudes were expressed as a
percentage of the average response amplitude during the baseline period prior to LTP
induction. We also included in the analysis the results from a separate unpublished study in
which LTP was induced using theta-burst stimulation (TBS), consisting of 3 series of 10
trains (100Hz, 100ms duration, 200ms inter-train interval), delivered once a minute (Doyere
et al., 2003). In this experiment, animals received an intraperitoneal injection of 1 ml saline
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vehicle 1 hour prior to the experiment which our unpublished observations suggest does not
have any discernible effect on LTP.

Pharmacological manipulations
In a subset of experiments, the effects of inhibition on synaptic transmission and plasticity
were tested using the GABAA receptor antagonist picrotoxin and the GABAB receptor
antagonists CPG35348 (Sigma, St. Louis, MO). The drugs were added to the saline solution
of the recording pipette, yielding a final concentration of 5 mM for picrotoxin and 40 mM
for CPG35348. The drugs were allowed to diffuse passively into the extracellular space and
their effects were assessed by comparing evoked responses to those recorded in control
animals with only saline in the pipette.

Histology
At the end of experiments where glass pipettes were used for recording, a solution
containing 4% Pontamine Skye Blue was injected into the pipette and then ejected
iontophoretically (20 μA, 5 mins). In experiments using tungsten microelectrodes, a small
lesion (80 μA, 3s) was made at several dorsoventral locations to help reconstruct the
electrode track. Animals were then decapitated and the brains removed and stored in a
buffered formalin solution containing 30% sucrose. Brains were sectioned at 50 μm and
examined under light microscopy to verify placement of recording and stimulating
electrodes.

RESULTS
Electrode placements and basic response properties

Placements of stimulating and recording electrodes are shown in Figure 1. In the thalamus,
the electrodes targeted primarily the medial PIN and the dorsally adjacent MGm. In the
cortex, area TE3 was primarily stimulated, although in some animals the electrode tips
extended into the ventrally adjacent perirhinal cortex, which is also a potential source of
auditory inputs to the LA (McDonald, 1998; Lindquist et al., 2004). Recording sites were
exclusively located in the dorsal portion of the LA.

Stimulation of either the MGm/PIN or TE3 (from now on referred to as the thalamic and
cortical inputs, respectively), elicited a field potential response in the LA consisting of an
early negative response and a later positive response (Figure 2A, upper traces). The trough
of the negative response typically coincided with evoked unit activity (see bottom traces in
Figure 2A), and we also found that it is enhanced by blocking GABAA receptors (see Figure
6 below). This suggests that the negative response reflects the net excitatory synaptic input
onto LA neurons,(Mitzdorf, 1985; Leung, 1990). The latency of the negative response is
consistent with a monosynaptic origin, as suggested by antidromic response latencies in
thalamus and cortex following electrical stimulation of LA (T. Sigurdsson, unpublished
observations). The amplitude of the negative response increased with increasing stimulus
intensities (Figure 2B), and the input-output curves did not differ between the thalamic and
cortical inputs. In subsequent experiments, the amplitude of the negative response was
chosen for analysis and stimulation intensities were set so that evoked response amplitudes
were 40–60% of the maximum.

Asymmetric induction of long-term potentiation at thalamic and cortical inputs to the
lateral amygdala

In a previous study using freely moving rats we demonstrated that LTP at cortical inputs is
greater in magnitude compared to thalamic inputs following theta burst stimulation (Doyere
et al., 2003). The first goal of the present study was therefore to examine whether this
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asymmetry in LTP was specific to particular induction protocols. To test this, we first
induced LTP using a standard protocol consisting of five trains of high-frequency
stimulation (HFS; 100Hz × 1s, 3 minute inter-train interval; Huang & Kandel, 1998). In
each experiment, one input received HFS whereas the other served as a control pathway for
possible heterosynaptic effects. As shown in Figures 3A, this protocol induced modest but
significant LTP at the thalamic inputs, measured 55–60 minutes after induction (112 ± 1.3%,
p<0.01), whereas the same protocol induced much larger LTP at cortical inputs (167 ± 20%,
p<0.05). We next examined the frequency-dependence of this difference in separate groups
of animals by delivering HFS trains at different frequencies (25 and 200 Hz) while keeping
the number of stimuli constant (100 stimuli/train in all experiments). The results of these
experiments are summarized in Figure 3B. At all frequencies LTP appeared larger at cortical
compared to thalamic inputs. This was confirmed by a two-way ANOVA (input by
frequency) which revealed a main effect of input (F1,18=14.14, p<0.01), without a
significant interaction (F2,18=0.89, p=0.43). No heterosynaptic effects of HFS were observed
at either input at any frequency (p>0.05, data not shown). In an additional group of animals,
we induced LTP with the theta burst protocol used in our previous study (Doyere et al.,
2003), which has been suggested to mimic naturally occurring patterns of activity in the
brain (Otto et al. 1991). Consistent with our previous results, this induced significantly
larger LTP at cortical compared to thalamic inputs (Figure 3C; 133± 6.1% vs. 110 ± 3.1%,
p<0.05). Taken together, these results suggest that LTP is more robust at cortical compared
to thalamic inputs to the LA following HFS, and this difference does not appear to depend
on a particular stimulation frequency or induction protocol.

Responses to high-frequency stimulation are larger at cortical inputs
We next set out to investigate possible mechanisms underlying the differences in LTP
between the two inputs. Because postsynaptic depolarization is a critical determinant of LTP
magnitude (Gustafsson et al., 1987; Bliss & Collingridge, 1993), it is possible that HFS of
thalamic inputs is less effective at depolarizing LA neurons than HFS of cortical inputs. To
examine this possibility, we analyzed the field potential responses during HFS. As shown in
Figure 4A, HFS elicited a sustained negative field potential in the LA, which may reflect the
summation of excitatory postsynaptic potentials in LA neurons (Wigstrom & Gustafsson,
1984; Grover & Teyler, 1990). To analyze these responses further, the raw voltage traces
were digitally filtered to remove stimulus artifacts (Figure 4A) and averaged across animals.
Figure 4B shows the group averaged field potential response during HFS at 100 Hz. At both
inputs, HFS caused a sustained negative field potential response which was considerably
larger at cortical inputs. We further quantified these responses by computing the mean field
potential during HFS and compared this value between inputs and across frequencies. As
can be seen from Figure 4C, increasing the HFS frequency increased the responses during
the trains and these were larger at cortical compared to thalamic inputs. We confirmed this
with a two-way ANOVA (input by frequency), which revealed a main effect of input
(F1,18=60.26, p<0.01), and frequency (F2,18=21.97, p<0.01) as well as a significant
interaction (F2,18=10.20, p<0.01). Subsequent post-hoc tests (Bonferroni’s test) revealed a
difference between the two inputs at 100Hz and 200 Hz (p<0.01), but not at 25 Hz (p>0.05).

One possible explanation for these findings is that individual cortical stimuli were more
effective at driving LA cells than thalamic stimuli, thus producing larger overall HFS
responses. However, this is unlikely since single test pulses delivered to either input prior to
HFS (at 0.017 Hz) evoked field potential responses of the same magnitude in the LA (Figure
4D; thalamic: 0.56 ± 0.04 mV; cortical: 0.64 ± 0.05 mV; p>0.05). These results therefore
suggest that the thalamic and cortical inputs differ specifically in their responsiveness to
HFS, and this in turn may explain their differential susceptibility to LTP induction.
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Thalamic and cortical inputs display different short-term plasticity profiles
During high-frequency stimulation, synapses can undergo short-term changes in their
efficacy that powerfully modulate how they convert presynaptic activity into postsynaptic
responses (Abbott & Regehr, 2004). For example, when two presynaptic stimuli are
delivered in close succession, the amplitude of the response to the second stimulus is often
larger (facilitation) or smaller (depression) than the response to the first, depending on a
number of factors including the type of synapse being studied (Zucker & Regehr, 2002). We
therefore examined whether the different responses to HFS at the thalamic and cortical
inputs were associated with differences in short-term plasticity at the two inputs. To this
end, we delivered interleaved pairs of test stimuli to the auditory thalamus or cortex and
examined paired-pulse responses at inter-stimulus intervals (ISIs) between 50 and 1000 ms.
We quantified the paired-pulse response by expressing the response to the second stimulus
as a % of the response to the first. Figure 5A,B shows the average paired-pulse response of
the two inputs as a function of ISI. At thalamic inputs paired-pulse depression was observed
at all ISIs (p<0.01 vs. the 1st response at all ISIs, Bonferroni’s t-test). In contrast, paired-
pulse stimulation of the cortical inputs revealed facilitation at ISIs between 50 and 200 ms
(p<0.01, Bonferroni’s t-test). This difference between the inputs was confirmed with a two-
way ANOVA (input by ISI), which revealed a main effect of input (F4,55=5.31, p<0.01) and
significant differences at 50 to 500 ms ISIs (Bonferroni t-test, p<0.001).

Because field potentials reflect the summed activity of a large number of neurons, one
possible explanation for these results is that the different paired-pulse ratios reflect
differences in the neuronal populations that are targeted by the thalamic and cortical inputs
rather than differences in the inputs per se. To address this, we recorded paired-pulse
responses of well-isolated single neurons responding to stimulation of both thalamic and
cortical inputs. A total of 25 neurons were recorded, of which 8 responded exclusively to
thalamic stimulation, 8 exclusively to cortical stimulation and 9 were responsive to
stimulation of both structures. In the absence of stimulation, the majority of neurons (22/25)
were either silent or had very low levels of spontaneous activity (<1 Hz), suggesting that we
primarily sampled projection neurons (Likhtik et al., 2006). Evoked responses typically
consisted of a single spike at a short latency (<10 ms) and stimulus intensities were set so
that the first pulse in a pair elicited a response on average 50% of the time.

The results of these experiments confirmed those previously obtained using field potential
measurements. For the subset of neurons responding to both thalamic and cortical
stimulation (n=9), we quantified the paired-pulse response by expressing the probability of
eliciting a spike following the second stimulus as a percentage of the probability of eliciting
a spike following the first stimulus (Figure 5C, D). This revealed clear differences in the
paired-pulse responses of the two inputs, confirmed by a main effect of input in a two-way
ANOVA (F1,40=24.39, p<0.01). Analysis of all cells (n=17 for each input) confirmed this
effect (p<0.01, data not shown) and revealed consistent paired-pulse depression in response
to thalamic stimulation at every ISI between 50 and 1000 ms (Bonferroni t-tests; p<0.01). In
contrast, paired-pulse responses to cortical stimulation were more heterogeneous and on
average neither facilitation nor depression was observed at any ISI (Bonferroni t-tests;
p>0.05). The lack of facilitation at cortical inputs differs from the results we obtained by
measuring field potential responses for reasons that are not clear. Nevertheless, both the
single-unit and field potential results are in qualitative agreement with each other in
revealing marked asymmetries in the paired-pulse response profiles of the thalamic and
cortical inputs.
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Weaker LTP at thalamic inputs is not attributable to stronger inhibition
Inhibitory transmission can powerfully constrain excitatory responses (Pouille and Scanziani
2001) and changes in the balance between excitatory and inhibitory transmission can
contribute to short-term plasticity of the kind described in the previous section (Nathan &
Lambert, 1991; Li et al., 1996; Marder & Buonomano, 2003). Inhibitory transmission can
also modulate responses to HFS (Wigstrom and Gustafsson 1984) and impair, or even
prevent, the induction of LTP (Wigstrom & Gustafsson, 1983b; a; Bissiere et al., 2003). We
therefore examined whether the strong paired-pulse depression, weaker HFS responses and
smaller LTP at thalamic inputs was due to stronger inhibition at these inputs compared to the
cortical inputs. According to this hypothesis, pharmacological blockade of inhibitory
transmission should facilitate LTP at thalamic inputs, making it more comparable in
magnitude to LTP at cortical inputs.

To test this, we repeated the above experiments with picrotoxin, an antagonist of GABAA
receptors, in the recording pipette solution and allowed the drug to diffuse passively into the
extracellular space (see Materials and Methods). Responses recorded with picrotoxin in the
pipette were considerably larger than those recorded with saline alone, both in terms of
amplitude and response duration (Figure 6A,B). We therefore quantified the effect of
picrotoxin by calculating the area of the negative component of the field potential response
(see inset in Figure 6C) at different stimulation intensities and compared the input-output
relationship to that recorded with only saline in the pipette. As Figure 6C,D shows,
picrotoxin greatly enhanced the evoked responses at both thalamic and cortical inputs.
Comparing the mean response area (by averaging across stimulation intensities) revealed
significant effects of picrotoxin at both thalamic (saline: 29 ± 2.3 mV; picrotoxin: 137 ±
12.5 mV; p<0.05; Bonferroni’s t-test) and cortical inputs (saline: 37 ± 4.9 mV; picrotoxin:
188 ± 30.4 mV; p<0.05). To compare the magnitude of this effect between the two inputs,
we normalized the mean responses recorded with picrotoxin (averaged across stimulation
intensities) by expressing them as a percentage of the mean responses recorded with saline.
This revealed comparable levels of enhancement for the two inputs (thalamic: 455 ± 41.4 %;
cortical: 483 ± 78.4%; p>0.05). These results suggest that under normal circumstances
inhibitory transmission constrains the amplitude and duration of excitatory responses, and
that it does so to a comparable extent at the thalamic and cortical inputs.

We next examined whether inhibitory transmission contributes to the different short-term
plasticity profiles of the thalamic and cortical inputs by examining responses to paired-pulse
stimulation in the presence of picrotoxin. As shown in Figure 7A, C, paired-pulse responses
at the thalamic inputs were unaffected by picrotoxin, which was confirmed with a two-way
ANOVA (drug by ISI) that failed to show a significant effect of drug (F1,88=1.61, p>0.05).
Although there was a significant drug by ISI interaction (F4,88=2.73, p>0.05), post-hoc tests
failed to reveal a drug effect at any of the ISIs (Bonferroni’s t-test; p>0.05). At cortical
inputs, in contrast, paired-pulse facilitation was abolished by picrotoxin (Figure 7B,D), as
revealed by a main effect of drug (F1,88=19.88, p<0.01), a significant drug by ISI interaction
(F4,88=10.82, p<0.01) and significant drug effects at ISIs between 50 and 200 ms
(Bonferroni’s t-test; p<0.05). These results suggest that under normal circumstances
facilitation at cortical inputs may result in part from disinhibition (Nathan & Lambert, 1991;
see discussion; Li et al., 1996; Marder & Buonomano, 2003). Importantly, however, the
differences in the paired-pulse response profiles of the two inputs remained significant even
in the presence of picrotoxin. A two-way ANOVA (input by ISI) on paired-pulse responses
in the presence of picrotoxin revealed a main effect of input (F1,88=10.00, p<0.01), as well
as an input by ISI interaction (F4,88=2.59, p<0.05) and a significant difference at the 50 ms
ISI (Bonferroni’s t-test, p<.05). We also examined the contribution of GABAB receptors to
paired-pulse responses by including the GABAB antagonist CPG35348 in the recording
pipette in a seperate group of animals (n=3). No effects of the drug were discernible at either
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input (data not shown). Thus, differences in inhibitory transmission cannot account entirely
for the divergent short-term plasticity profiles of the thalamic and cortical inputs to the LA.

Finally, we examined whether blockade of inhibition would enhance responses to HFS and
facilitate LTP at thalamic inputs, thus making it more comparable to the LTP observed at
cortical inputs. As can be seen in Figure 8A, picrotoxin enhanced responses to 100 Hz HFS
at thalamic inputs. This was confirmed with a two-way ANOVA (drug by time) which
revealed a main effect of drug (F1,2786=13.26, p<0.05). However, despite the enhanced HFS
responses, LTP at thalamic inputs was not facilitated in the presence of picrotoxin (Figure
8C; saline: 112 ± 1.3%; picrotoxin: 106 ± 2.4%; p>0.05). In contrast to thalamic inputs,
picrotoxin did not enhance responses to HFS of cortical inputs (Figure 8B), as shown by a
lack of a drug effect in a drug by time ANOVA (F1,2388=0.59, p<0.05) and the magnitude of
LTP at cortical inputs was not significantly different from that observed with saline (Figure
8D; p>0.05). Importantly, however, in the presence of picrotoxin LTP remained
significantly larger at cortical compared to thalamic inputs (p<0.05). Similar results were
obtained in the presence of CPG 35348 (thalamic LTP: 115 ± 10.5%; cortical LTP: 151±
12.1%; data not shown). These results therefore argue against the hypothesis that differences
in inhibitory transmission are responsible for the differences in LTP magnitude between the
thalamic and cortical inputs to the LA in vivo.

DISCUSSION
Asymmetric LTP induction at thalamic and cortical inputs to the LA in vivo

Although considerable evidence suggests that long-term plasticity at auditory inputs to the
LA underlies the formation and storage of auditory fear memories (Sigurdsson et al., 2007)
one outstanding question is whether the thalamic and cortical auditory inputs to the LA play
different roles in this process. This motivated us to ask, in the present study, how and why
the induction of LTP differs at the two inputs. We previously showed that LTP is more
readily induced at cortical compared to thalamic inputs to the LA following theta-burst
stimulation in freely behaving rats (Doyere et al., 2003). Here we have extended these
findings in the anesthetized rat by showing that this difference is observed across a range of
induction protocols and frequencies.

While these results do not necessarily imply that thalamic inputs are less capable of synaptic
change than cortical inputs, they at least suggest that plasticity at these two inputs may be
sensitive to different patterns of pre- and postsynaptic activity. Supporting this
interpretation, in vitro studies have shown that some stimulation protocols induce LTP only
at cortical inputs (Humeau et al., 2003; Shin et al., 2006; Huang & Kandel, 2007) whereas
others favor LTP at thalamic inputs (Humeau et al., 2005). Interestingly, another in vivo
study targeting the perirhinal cortical inputs to LA (Yaniv et al., 2000) found them less
susceptible to LTP induction than thalamic inputs, suggesting that LTP may differ even
within the cortical regions that provide auditory inputs to the LA. Although the functional
significance of these differences is unclear, they may enable plasticity at these two inputs to
the LA to encode different aspects of emotional memories.

Differences in HFS responses and short-term plasticity profiles at thalamic and cortical
inputs

To begin to understand why LTP is differentially induced at thalamic and cortical inputs, we
examined how they respond during high-frequency stimulation (HFS). We found that HFS
of either input caused a sustained negative field potential response, which may reflect the
summation of excitatory postsynaptic potentials (Wigstrom & Gustafsson, 1984; Grover &
Teyler, 1990). However, HFS of cortical inputs evoked considerably larger responses in the
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LA than did HFS of thalamic inputs. This suggests that cortical inputs were more effective
at depolarizing LA neurons, which could help explain the relatively more robust LTP at
these inputs. Importantly, the larger responses elicited by HFS of cortical inputs were not
due to individual cortical stimuli being more effective per se, since the responses to
individual test pulses did not differ between the two inputs. This suggests that the two inputs
display different dynamics during repeated stimulation that make them differentially
responsive to HFS.

To examine this more closely, we compared the short-term plasticity profiles of the two
inputs using paired-pulse stimulation (Zucker & Regehr, 2002; Abbott & Regehr, 2004).
This revealed dramatic differences between the two inputs. In response to cortical
stimulation, field potential responses displayed paired-pulse facilitation whereas paired-
pulse depression was observed in response to thalamic stimulation. Differences in paired-
pulse responses were also evident in responses of single neurons that were responsive to
both thalamic and cortical stimulation, unambiguously demonstrating the differences
between the two inputs. Although ours is the first study to systematically compare paired-
pulse responses at the thalamic and cortical inputs in vivo, our results are in general
agreement with previous studies that have examined the two inputs individually
(Rosenkranz & Grace, 2001; Zinebi et al., 2001; Zinebi et al., 2002; Sokal et al., 2005).

Differences in inhibitory transmission do not account for asymmetries in LTP induction at
the thalamic and cortical inputs

The differences in short-term plasticity, HFS responses and LTP magnitude between the two
inputs could reflect stronger feedforward inhibition at thalamic inputs (Li et al., 1996; Shin
et al., 2006). To examine this possibility, we repeated our experiments with picrotoxin, an
antagonist of GABAA receptors, applied locally at the recording site. Picrotoxin increased
the amplitude and duration of evoked field potential responses, suggesting that inhibition
constrains excitatory responses in the LA under normal circumstances. However, the
magnitude of this effect was comparable for both inputs, arguing against the hypothesis that
inhibition is stronger at thalamic inputs. Furthermore, picrotoxin did not affect paired-pulse
depression at thalamic inputs, suggesting that inhibitory transmission does not underlie this
phenomenon. Interestingly, however, picrotoxin reduced paired-pulse facilitation at cortical
inputs, suggesting that facilitation may be partly mediated by disinhibition (Nathan &
Lambert, 1991; Marder & Buonomano, 2003), for example through paired-pulse depression
at inhibitory inputs (Szinyei et al., 2000). Finally, we examined the effects of picrotoxin on
HFS responses and LTP magnitude. Although picrotoxin enhanced responses to HFS at
thalamic inputs it surprisingly did not increase the magnitude of LTP, which remained much
smaller than at cortical inputs. This suggests that under normal circumstances the magnitude
of LTP at thalamic inputs is not simply due to their relatively weak HFS responses. The
GABAB receptor antagonist CPG35348,, did also not have any discernible effect on paired-
pulse responses, responses to HFS or LTP magnitude at either input. These results lead us to
conclude that differences in inhibitory transmission do not account for the asymmetries in
LTP or short-term plasticity at the thalamic and cortical inputs in vivo.

In contrast to our findings, in vitro studies have found that removal of inhibition facilitates
LTP at thalamic inputs to the LA (Bissiere et al., 2003) and eliminates differences in LTP
between thalamic and cortical inputs (Shin et al., 2006; but see Humeau et al. 2005). Several
possibilities may account for the discrepancy between these findings and ours. First, the in
vitro studies used stimulation protocols which induced LTP only when inhibitory
transmission was blocked whereas our stimulation protocols induced LTP with inhibition
present. It is therefore possible that picrotoxin might have enhanced LTP in our experiments
had we used stimulation protocols that were subthreshold for LTP induction under normal
conditions. Another possibility is that the induction protocols used in vitro, in which
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presynaptic stimulation was paired with postsynaptic action potentials, may be more
sensitive to inhibition than the HFS protocols we used. Finally, it is important to note that in
our study the two auditory inputs were studied by directly stimulating their sources in the
thalamus and cortex, whereas in vitro they are typically activated by stimulating the internal
and external capsules. Although the two capsules carry fibers from auditory thalamus and
cortex, they also have fibers from other thalamic and cortical areas. This might lead to some
differences between results obtained in vivo and in vitro.

The mechanisms underlying the asymmetries in LTP between the thalamic and cortical
inputs to the LA in vivo remain unclear, although our findings argue against differences in
inhibition being responsible. One possibility is that the large asymmetries in LTP between
the two inputs are causally related to the pronounced differences in their short-term
plasticity profiles. Indeed, for many synapses the type of short-term plasticity that they
display is correlated with their susceptibility to LTP induction. Specifically, facilitating
synapses have been found to be capable of greater LTP than depressing synapses
(Bolshakov & Siegelbaum, 1995; Son & Carpenter, 1996; Kleschevnikov et al., 1997;
Volgushev et al., 1997; Commins et al., 1998; Akopian et al., 2000; Hardingham et al.,
2007), which is consistent with the differences we observed between the thalamic and
cortical inputs. This may be due to lower presynaptic release probability at facilitating
synapses, which therefore have greater scope for LTP via presynaptic changes. Indeed,
artificially increasing or decreasing release probability has been shown to impair or facilitate
LTP induction, respectively, in the hippocampus (Bolshakov and Siegelbaum 1995; Schulz
et al. 1997). Whether these or other mechanisms account for the asymmetries in LTP at
thalamic and cortical inputs to the LA remains to be determined.

Functional consequences
The pronounced asymmetries in short-term and long-term plasticity at the thalamic and
cortical inputs to the LA are likely to reflect their different contributions to fear learning.
The greater susceptibility of cortical inputs to LTP induction may suggest a more prominent
role in long-term storage of fear memories, as has been suggested by lesion studies
(Campeau & Davis, 1995; Boatman & Kim, 2006). Alternatively, as suggested above, LTP
at the two inputs may be sensitive to different patterns of pre- and postsynaptic activity, and
therefore store different aspects of fear memories. The differences in short-term plasticity
are also likely to affect the manner in which sensory information is transmitted to the LA
(Abbott & Regehr, 2004). It has been suggested that thalamic inputs carry a fast but crude
auditory representation to the LA whereas cortical inputs relay information more slowly but
with greater detail (Armony et al., 1997). Cortical inputs, which respond more effectively
during sustained presynaptic stimulation, may be more suitable for transmitting complex
auditory stimuli whose properties unfold over time, such as animal vocalizations (Lindquist
et al., 2004). In contrast, the strongly depressing thalamic inputs may act primarily to signal
the onset or novelty of a stimulus. Indeed, habituation is a prominent feature of the auditory
responses of LA neurons (Bordi & LeDoux, 1992; Herry et al., 2007), possibly mediated
via-pulse depression. at thalamic inputs. Further elucidating the functional roles of synaptic
plasticity at the thalamic and cortical inputs to the LA will be important in future studies.
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Figure 1. Electrode placements
A, Placements of stimulating electrodes in auditory association cortex (TE3) and auditory
thalamus (MGm/PIN). Filled circles represent the electrode tips and the bars represent the
distance between the tip and base of the bipolar stimulating electrode (1 mm) and thus the
area of stimulation along the dorsoventral axis. B, Recording electrode placements in the
LA. Because of overlap, not all individual recording sites are visible.
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Figure 2. Response characteristics of thalamic and cortical inputs in vivo
A, Representative examples of neural responses recorded in the LA following stimulation of
the thalamic or cortical pathway, respectively, in the same animal. Upper traces show field
potential responses, whereas lower traces show the response of a single neuron recorded
from the same electrode which was responsive to stimulation of both pathways (10 sweeps).
Scale bar 0.5 mV (field potentials), 1.0 mV (single-unit), 5ms. Triangles indicate stimulus
artifacts. Note the temporal correspondence between field potential and single-unit
responses. B, Mean (± SEM) amplitude of field potentials as a function of stimulus intensity
applied to the two pathways (n=16). Amplitude is defined by figure in inset.
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Figure 3. Long-term potentiation at thalamic and cortical inputs
A, LTP induced by 3 series of 100 Hz trains at the thalamic (n=5) and cortical (n=5) inputs.
Values represent mean (± SEM) amplitudes expressed as % of baseline values. Traces on the
right show representative responses before and after LTP induction. Scale bar: 1 mV, 5 ms.
B, LTP as a function of HFS frequency. Values represent LTP (mean ± SEM), measured 1
hr after induction following 25Hz (n=4 and 3), 100 Hz (n=5 and 5) and 200 Hz (n=4 and 3)
stimulation (n values represent thalamic and cortical inputs, respectively). C, LTP following
theta-burst stimulation (n=5 per input).
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Figure 4. Responses during high-frequency stimulation of thalamic and cortical inputs
A, Initial segment of a response recorded in the LA during HFS at 100 Hz. Traces were
filtered digitally as shown to remove stimulus artifacts prior to further analysis. Scale bar: 1
mV, 50 ms. B, Mean (± SEM) responses during 100 Hz HFS. Values represent the field
potential relative to the pre-HFS baseline. C, Field potential (mean ± SEM) during HFS as a
function of frequency (n values as in Figure 3). Values represent the mean field potential
during HFS. D, Mean (± SEM) test stimulus responses prior to HFS (n=15 and 13 for
thalamic and cortical inputs, respectively).
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Figure 5. Divergent paired-pulse response profiles at thalamic and cortical inputs
A, Representative field potential responses during paired-pulse stimulation with a 50 ms
inter-stimulus interval (ISI). Scale bar: 0.25 mV, 10 ms. B, Mean (± SEM) amplitudes of the
responses to the second pulse in a pair (expressed as % of the response to the first pulse) in
all animals tested (n=17). C, Representative example of a single unit responding to both
thalamic and cortical paired-pulse stimulation at 50 ms ISI. Scale bar: 200 μV, 10 ms. D,
Mean (± SEM) probability of eliciting a spike with the second stimulus in a pair (expressed
as % of the probability associated with the first stimulus) for all neurons tested (n=9).
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Figure 6. Effect of GABAA blockade on evoked responses in the LA
A,B, Representative responses recorded in the LA in response to stimulation of thalamic and
cortical inputs, respectively, at increasing intensities with either picrotoxin or saline in the
recording pipette. Scale bar: 1 mV, 20 ms. C,D, Mean (± SEM) response area (see inset) as a
function of stimulus intensity with either picrotoxin or saline in the recording pipette (n=12
and 16 animals for recordings with picrotoxin and saline, respectively).
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Figure 7. Effect of GABAA blockade on paired-pulse responses
A,B, examples of paired-pulse responses (50ms ISI) at thalamic and cortical inputs,
respectively, recorded in the presence of saline or picrotoxin. Scale bar: 0.5 mV, 50 ms.
C,D, Mean (± SEM) paired-pulse responses at the two inputs in the presence of either saline
(n=16) or picrotoxin (n=12).
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Figure 8. Effect of GABAA blockade on LTP induction in the LA
Responses to 100 Hz HFS (A,B) and LTP (C,D) at thalamic and cortical inputs,
respectively, with either saline (n=5 per input) or picrotoxin (n=9–11 per input) in the
recording pipette. Values represent mean ± SEM.
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