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SUMMARY

Many forms of behavior require selective amplification of neuronal representations of relevant
environmental signals. Emotional learning enhances sensory responses in the sensory cortex, yet
the underlying circuits remain poorly understood. We identify a pathway between the basolateral
amygdala (BLA), an emotional learning center in the mouse brain, and the inhibitory reticular
nucleus of the thalamus (TRN). Optogenetic activation of BLA suppressed spontaneous, but not
tone-evoked, activity in the auditory cortex (AC), amplifying tone-evoked responses. Viral tracing
identified BLA projections terminating at TRN. Optogenetic activation of amygdala-TRN
projections further amplified tone-evoked responses in the auditory thalamus and cortex. The
results are explained by a computational model of the thalamocortical circuitry, in which activation
of TRN by BLA primes thalamocortical neurons to relay relevant sensory input. This circuit
mechanism shines a neural spotlight on behaviorally relevant signals and provides a potential
target for the treatment of neuropsychological disorders.
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Projection from the amygdala to
the thalamic reticular amplifies cortical sound responses
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Aizenberg et al. show that the projection from the emotional center of the brain, the basolateral
amygdala, to the auditory thalamic control area, the thalamic reticular nucleus, gates sensory
processing in the cortex.

INTRODUCTION

In our everyday experiences, we encounter the same sensory stimuli under different
behavioral and emotional contexts, which can modify their behavioral relevance. If a
stimulus is repeatedly encountered in an emotionally salient context, sensory resources are
reallocated to preferentially encode that stimulus (Ohman et al., 2001; Phelps et al., 2006).
This is particularly important for dangerous, fear-evoking stimuli. Behaviorally, the link
between emotional learning, such as fear conditioning, and changes in sensory processing
has been established in humans and other mammals. Recently, we found that differential fear
conditioning can lead to an impairment or an improvement in sensory discrimination,
depending on the generalization of learning, and that the auditory cortex is required for
expression of these perceptual changes (Aizenberg et al., 2015). Similar effects were found
following fear conditioning in humans (Li et al., 2008; Resnik and Paz, 2015; Resnik et al.,
2011). Many neuropsychological disorders, including schizophrenia (Ferrarelli and Tononi,
2011; Young and Wimmer, 2017) and anxiety disorders (Ohman et al., 2001; Phillips et al.,
2003), are characterized by inappropriate emotional weighting of sensory stimuli.
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Untangling the mechanisms that govern emotion-driven control of sensory perception is
important not only for basic understanding of sensory processing in everyday environments,
but also for identifying potential treatment targets characterized by abnormal emotional
responses to benign sensory stimuli.

The basolateral amygdala (BLA) is a critically important hub for the formation and
expression of fear memories associated with sensory stimuli (for review, see LeDoux, 2000).
Aversive stimuli drive strong responses in the BLA (Ghosh and Chattarji, 2015; Quirk et al.,
1997; Resnik and Paz, 2015) (although they can be heterogeneous; Grewe et al., 2017), and
fear conditioning evokes plastic changes in neuronal responses to conditioned sounds in the
sensory cortex (Grosso et al., 2015; Kumar et al., 2012; Sacco and Sacchetti, 2010;
Weinberger, 2004). The BLA has been proposed to drive plasticity in the auditory cortex
(AC) for signals associated with fear (Li et al., 2008; Padmala and Pessoa, 2008). While
changes in the AC following fear conditioning have been extensively documented (for
review, see Weinberger, 2004), it is not clear whether and how the BLA modulates cortical
responses to sensory stimuli (Chavez et al., 2009; Letzkus et al., 2011).

The lateral amygdala (LA) sends direct projections to the AC, as evidenced by imaging of
LA axons in the AC (Yang et al., 2016). However, recent studies in the primate brain
revealed an additional pathway from the BLA to the primary inhibitory nucleus in the
thalamus, the thalamic reticular nucleus (TRN) (Zikopoulos and Barbas, 2012). This finding
raises the possibility that the TRN facilitates the gating of signals in the sensory cortex from
the BLA. The TRN is a layer of inhibitory gamma-aminobutyric acid (GABA)ergic neurons
located between the neocortex and thalamus that does not send direct projections to the
neocortex but provides inhibition for the sensory thalamocortical relay cells (Steriade et al.,
1985). At the same time, the TRN receives excitatory collaterals from the cortex and
thalamus (Pinault, 2004). These projections position the TRN as a gate-keeper, controlling
sensory information flowing from the thalamus to the cortex and potentially suppressing
irrelevant stimuli, offering an opportunity to reweigh sensory responses based on their
behavioral saliency (Ahrens et al., 2015; Halassa et al., 2014; Wimmer et al., 2015).

Here, we first tested the effects of activation of the BLA on tone-evoked responses in the
AC. We found that activating the BLA suppressed spontaneous activity in the AC, leading to
an increase in tone-evoked response amplitude. By examining the connectivity between the
BLA and the thalamus using viral anterograde and retrograde viral-tracing techniques in the
mouse, we identified direct projections from the BLA to the TRN. We found that activating
this connection selectively suppressed spontaneous activity in the auditory thalamus, similar
to the effects of activating the BLA on the AC. Through a computational model of
thalamocortical circuitry, we found that activating the BLA inputs to the TRN could account
for the reduction in spontaneous thalamic activity, and this reduction acted to prime the
thalamocortical relay response to sensory input. Together, these findings suggest that the
amygdala-TRN pathway amplifies responses to sensory input by suppressing spontaneous
activity of relay neurons, a process that could underlie fear-driven changes in auditory and
other forms of sensory discrimination.
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Photo-Activation of the BLA Amplifies Tone-Evoked Responses in the AC

We first tested the effect of optogenetic activation of the BLA on spontaneous and tone-
evoked activity in the AC. To manipulate the level of activity of excitatory neurons in the
amygdala, we expressed channelrhodopsin (ChR2) using targeted viral delivery to the BLA
of mice expressing Cre recombinase in neurons under the CamKlla promoter (CamKlla.-
Cre mice, Figure 1A for data; for all figures here and below, see https://doi.org/10.6084/
m9.figshare.8226329). Injection of a modified adeno-associated virus (AAV), which carried
the antisense code for ChR2 under the FLEX cassette, resulted in efficient and specific
expression of ChR2 (flex-ChR2) in excitatory neurons in the BLA of CamKlla-Cre mice
(Figure 1B).

We measured spontaneous and tone-evoked activity of neurons in the AC, targeting the
primary AC (Al), by recording from awake, head-fixed mice during the acoustic
presentation of a random tone sequence consisting of 50-ms tone pips at 50 frequencies,
ranging from 1 to 80 kHz (70 dB SPL). The BLA was activated by shining a blue laser light
(473 nm, 3.5 mW/mm? intensity at the fiber tip) through implanted optic cannulas. Photo-
activation of the BLA significantly reduced the overall spontaneous firing rate (FRpase;
computed during the baseline period, 0-50 ms prior to tone onset; N = 190, p = 8.15e-7, df =
189, tstat = 5.10) in the AC (Figures 1C, 1D, and 1G). While the peak tone-evoked firing
rate in the AC (FR¢one; computed 0-50 ms after tone onset) was not significantly affected by
the BLA activation (Figures 1C, 1D, and 1H; n.s.), the amplitude of responses to tones,
compared with the spontaneous firing rate, increased (Figures 1D and 11; N =190, p =
2.12e-10, tstat = 6.72). Activation of the BLA did not significantly affect the tuning
bandwidth of neurons in the AC, quantified by the sparseness of the tuning curve (Figures
1E, 1F, and 1J; n.s.). Thus, by reducing the spontaneous firing rate, but not increasing the
tone-evoked response, activation of the BLA amplified the tone-evoked responses in the AC.

The BLA Sends Projections to the TRN

Suppression of the spontaneous firing in cortical neurons during BLA activation is most
likely due to an inhibitory synapse. Recent studies identified direct projections from the
BLA to the TRN, an inhibitory nucleus in the thalamus (Zikopoulos and Barbas, 2012). The
TRN in turn projects to the medial geniculate body (MGB); therefore, activation of the BLA
could drive the suppression of spontaneous activity in the AC by activating inhibitory TRN
to MGB projections. We observed that the AAV injected in the BLA resulted in the labeling
of projections in the TRN (Figure 1A). To confirm the existence of the BLA-TRN pathway,
we injected retro adeno-associated virus (rAAV)-encoding GFP in the TRN, as well as a
retrograde CAV2-Cre vector in the TRN of Al14 reporter mice, in which tdTomato is
conditionally expressed in the cells transfected with Cre recombinase. We identified the
retrograde labeling of neurons in the basolateral and central nuclei of the amygdala (Figures
2A and S1), confirming the existence of a direct pathway from the BLA to the TRN.
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Photo-Activation of the BLA-TRN Pathway Increases the Amplitude of Tone-Evoked
Responses in the AC

To test whether the BLA-TRN pathway underlies the amplification of tone-evoked responses
caused by the BLA activation (Figure 1), we injected either a vector expressing hChR2
under the CAG promoter in the BLA of wild-type (WT) mice or a flex-ChR2 vector into the
BLA of CamKlla-Cre mice. We then shined a blue laser light onto the TRN through the
implanted cannulas, while recording the neural responses in the AC using multichannel
silicon probes (Figure 2B). This allowed us to test the effect of selective activation of
neurons that project from the BLA to the TRN on neuronal activity in the AC. Activation of
BLA terminals in the TRN led to a significant suppression of spontaneous neuronal activity
in the AC (Figures 2C, 2D, and 2G; N = 216, p = 0.0067, df = 215, tstat = 2.74), whereas the
absolute tone-evoked firing rate was significantly increased (Figures 2D and 2H; N = 216, p
=0.0048, df = 215, tstat = 2.85). Hence, the average amplitude of responses to the tones
increased significantly (Figures 2D and 21; N = 216, p = 5.0e-8, df = 215, tstat = 5.65). The
sparseness of the tuning curves increased as a result of TRN activation (Figures 2E, 2F, and
2J; N =216, p = 2.73e-10, df = 215, tstat = 6.62).

These effects persisted when we also blocked the activity of BLA neurons by the focal
application of the tetrodotoxin (TTX) (Figures S2A-S2F; with TTX: N = 75, decrease in
spontaneous activity, p = 3.03e-11, df = 74, tstat = 7.8; increase in response amplitude, p =
0.0061, df = 74, tstat = 2.82; Figures S2G and S2H; without TTX: N = 74, decrease in
spontaneous activity, p = 1.49e 10, df = 73, tstat = 7.45; increase in response amplitude, p =
7.01e-6, df = 73, tstat = 4.84). This control ensured that our stimulation of the BLA-TRN
terminals did not lead to the activation of another pathway originating from the cell bodies in
the BLA (Jhang et al., 2018; Lerner et al., 2016; Znamenskiy and Zador, 2013). Combined,
these results demonstrate that selective activation of the BLA-TRN projections evokes
similar effects to those observed with general BLA activation on activity in the AC.

Photo-Activation of the BLA-TRN Pathway Increases the Amplitude of Tone-Evoked
Responses in the Auditory Thalamus

There is extensive evidence that the TRN inhibits sensory processing in the sensory
thalamus (Ahrens et al., 2015; Shosaku, 1986). Therefore, we hypothesized that the effect of
the BLA-TRN pathway on the AC activity is the result of inhibition that the auditory
thalamus receives from the TRN (Figure 3A, left). We tested whether the activation of the
BLA-TRN terminals drives similar effects to those observed in the AC in the auditory
thalamus (medial geniculate body [MGB]). We tested this hypothesis by optogenetically
activating the BLA-TRN pathway as described above, while simultaneously recording from
the MGB (Figures 3A and 3B). Similar to the previous results, the photo-activation of
amygdalar terminals in the TRN led to a significant suppresion of the spontaneous firing rate
of neurons in the MGB (Figures 3C and 3F; N = 126, p = 8.97e-10, df = 125, tstat = 6.63).
In contrast, the mean tone-evoked activity was not affected by photo-stimulation (Figures 3C
and 3G; n.s.), resulting in an increased amplitude of tone-evoked responses (Figure 3H; p =
9.6e—7, df = 125, tstat = 5.16). Similar to the AC recordings, photo-activation of the BLA-
TRN pathway increased the sparseness of the tuning curve (Figures 3D, 3E, and 3I; p =
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8.65e-5, df = 125, tstat = 4.06). Combined, our findings are consistent with the hypothesis
that the BLA-TRN pathway acts on the AC through the MGB.

To verify that the effect of light on the activity in the auditory thalamus and cortex is specific
to the action of the ChR2, we injected a control group of mice with a viral vector that
encoded only fluorescent protein. In the control mice, shining blue light on the BLA
projections in the TRN did not cause any significant changes in the firing rates of neurons,
either in the AC (Figure S3) or the MGB (Figure S4).

A Bursting Model of the TRN and MGB Produces Enhancement in Tone-Evoked Responses
in the TRN and Al due to BLA-TRN Activation

Can the enhanced responsiveness to tones be compatible with the decreased spontaneous
activity upon the BLA-TRN activation? These dual effects may be explained by the
feedback connectivity between the bursting neurons in the TRN and MGB. We constructed a
three-cell model of MGB, TRN, and AC neurons (Figure 4). As all thalamic neurons exhibit
bursts of spikes resulting from T currents (Gribkova et al., 2018; Huguenard, 1996; Willis et
al., 2015), we used a bursting neuron model for our TRN and MGB neurons (Haas and
Landisman, 2012; Traub et al., 2005a). Our simulation code is available at https://
github.com/jhaaslab/trn_aud. Spontaneous spiking was elicited by Poisson-distributed inputs
to the MGB and AC neurons. We delivered a 100-ms-long pulse of input to the TRN neuron
to represent the optogenetic activation of BLA terminals in the TRN, and a shorter 10-ms
input to the MGB to represent the tone input. The BLA activation initiated a burst in the
TRN neurons, with regular tonic firing following the burst for increased strengths of BLA
activation (Figure 4B, first column). For weak BLA input, the initial burst in the TRN was
late and elicited fewer spikes, providing only a weak inhibition of the spontaneous firing in
the MGB and of the MGB response when the tone arrived (second row in Figures 4B and
4C). For moderate values of BLA activation, a quicker and stronger burst in the TRN
delivered a stronger and earlier inhibition in the MGB and AC (third row in Figures 4B and
4C). This inhibition terminated the spontaneous firing in the MGB, and the timing of the
TRN burst resulted in a stronger rebound from inhibition in the MGB neuron. Together,
these effects allowed the MGB and AC to produce an amplified response when the tone
arrived. Overactivation of the BLA (bottom row in Figures 4B and 4C) led to overactivation
of the TRN and, correspondingly, stronger and more persistent inhibition of the MGB and
AC. These effects of strength and timing of the TRN bursts on firing rates in the MGB and
AC are summarized in Figure 4D. Consistent with the experimental results, the suppression
of spontaneous MGB spiking allowed for an increased ability to respond to the auditory
input and relay it to the AC. Together, these results provide a link between the suppression
of spontaneous activity and the amplified AC response by demonstrating that a moderate
activation by the BLA of the TRN, such as those used in our experiments, increases the
readiness of the MGB neurons to respond. As a result, the peak-to-peak firing rates in the
MGB and AC increased during the BLA activation (Figure 4E).
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DISCUSSION

The BLA is an important brain area for auditory fear conditioning (for review, see LeDoux,
2000), where conditioned and unconditioned stimuli converge (Romanski et al., 1993;
Romanski and LeDoux, 1992). Lesions of the BLA (Campeau and Davis, 1995; Goosens
and Maren, 2001), or of either the lemniscal or nonlemniscal auditory inputs to the BLA,
impair the acquisition, expression, and discrimination of conditioned fear responses
(Antunes and Moita, 2010; Boatman and Kim, 2006), whereas paired activation of the BLA
with an auditory cue is sufficient to induce a conditioned fear response (Johansen et al.,
2010). Recent studies found that sensory fear conditioning can modulate sensory
discrimination acuity (Li et al., 2008; Resnik et al., 2011), and we demonstrated that in the
auditory system, this modulation requires the AC (Aizenberg and Geffen, 2013). Therefore,
in the present study, we examined whether and how activating the BLA affects tone-evoked
responses in the AC. We first found that activating the BLA increases the tone-evoked
response amplitude in the AC by suppressing spontaneous activity, but not affecting tone-
evoked responses. We identified a mechanism by which this suppression can occur—uvia the
projections from the BLA to the inhibitory nucleus of the thalamus, the TRN. Consistent
with established anatomy, we did not find significant direct projections from the TRN to the
AC. Therefore, we hypothesized that the TRN controls responses in the AC via the MGB of
the auditory thalamus (Kimura et al., 2007). Indeed, specifically activating the BLA-TRN
projection neurons drove an increase in the tone-evoked response amplitude in both the
MGB and the AC. The effects were stronger in the MGB than the AC, further suggesting
that the MGB serves as a relay for cortico-collicular control. These effects could be
accounted for by a three-cell model of the TRN-MGB-AC connections (Figures 3A and 4),
with the critical effect provided by the difference in timing and magnitude of the inhibition
that the TRN delivered to the MGB, consistent with previous thalamocortical models
(Gribkova et al., 2018; Haas and Landisman, 2012; Pham and Haas, 2018; Willis et al.,
2015). Our study thus establishes an important pathway connecting the emotional and
sensory processing centers that potentially drives changes in auditory perception as a result
of emotional learning.

The TRN is a thin sheet of GABAergic neurons surrounding the dorsal thalamus, which
exhibits sectorial anatomical organization, such that each sector of the TRN is specific to a
sensory modality (Guillery et al., 1998; Jones, 1975). Although the TRN does not send
direct projections to the sensory cortical areas, it can control the flow of auditory and other
sensory information to the cortex by inhibiting or disinhibiting thalamic projection neurons
(Kimura et al., 2007, 2012; Pinault and Deschénes, 1998; Villa, 1990). The unique
anatomical and functional organization of the TRN gave rise to the “attentional searchlight”
hypothesis (Crick, 1984), which proposed that the TRN drives attention toward salient
stimuli by inhibiting sensory responses to irrelevant information. Our results imply that the
BLA is one of the controls of that searchlight, control that is exerted by inhibiting
spontaneous activity in the relay cells. Our parameters also suggest that fear-driven BLA
activation that is too weak, or conversely, overwhelming, fails to control the spotlight. We
suggest that this simple mechanism may apply to multiple arising senses as they pass
through the thalamocortical circuit.
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Communication across the TRN (Landisman et al., 2002) or by convergence and divergence
of TRN-thalamic connections offers the possibility for the activation of one specific sense,
or sensory modality, to affect the thalamic relay of another sense (Brown et al., 2019; Willis
et al., 2015). Recently, the TRN was experimentally shown to selectively amplify the
processing of task-relevant stimuli and attention-guided behaviors. Either genetic (knockout
or knockdown of the ErbB4 receptor in TRN neurons) or optogenetic perturbation of
neuronal activity in the TRN diminished attentional switching between conflicting sensory
cues in a two-alternative-choice task (Ahrens et al., 2015; Wimmer et al., 2015). Similarly,
optogenetic activation of the TRN during the window of elevated attention to a visual cue
interfered with the performance in a visual-detection task (Halassa et al., 2014). Our present
results showing that TRN activity is modulated by its inputs from the BLA suggest that
emotional responses generated in the amygdala may also modulate sensory interactions
within and through the TRN, particularly during fear learning.

Auditory fear conditioning drives plastic changes to tone-evoked responses in the auditory
thalamus (Lennartz and Weinberger, 1992) and AC (Weinberger, 2004; Weinberger et al.,
1993). Multineuronal recording in the AC demonstrated that tone-evoked responses to the
conditioned stimulus are increased following fear conditioning (Bakin and Weinberger,
1990), with individual neurons exhibiting heterogeneous but sustained changes in their
tuning properties (Weinberger et al., 1993). Auditory fear conditioning promotes the
formation of dendritic spines in the AC (Moczulska et al., 2013), pointing to plastic changes
in neuronal connectivity. Direct amygdala-cortical projections are thought to underlie the
facilitation of responses to emotionally salient stimuli (Amaral and Price, 1984; Yang et al.,
2016; Yukie, 2002), as fear conditioning leads to an increase in the post-synaptic spines and
pre-synaptic boutons specific to BLA-AC neuronal pairs (Yang et al., 2016). Here, we
demonstrate a parallel processing pathway to the cortex from the BLA via the TRN and
MGB (Figure 3A). This pathway may potentially play a regulatory role during the
acquisition and recall of auditory fear memories. These two pathways may complement each
other in enhancing responses to the conditioned stimulus by strengthening the amygdala-
cortical connectivity. In future studies, it will be important to account for the interactions
between these pathways in interpreting the effects of fear conditioning and learning on
sensory responses in the cortex.

We previously found that generalized auditory fear learning led to an impairment in
frequency discrimination acuity, whereas specialized learning led to an improvement in
acuity (Aizenberg and Geffen, 2013). Similar bi-directional changes in auditory
discrimination were achieved by manipulating the activity of inhibitory interneurons in the
cortex (Aizenberg et al., 2015). The existence of parallel pathways for controlling tone-
evoked responses after activation of the BLA may be useful for enabling bi-directional
changes in sensory processing. In particular, top-down control of inhibition early in sensory
processing is useful in gating incoming sensory information. The connection that we
identified here may be a manifestation of a more general principle of control of behavioral
performance via inhibitory-excitatory interactions (Wood et al., 2017).
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STARXMETHODS
LEAD CONTACT AND MATERIAL AVAILABILITY

Further information and requests for resources and reagents should be directed to and will be
fulfilled by the Lead Contact, Maria Geffen (mgeffen@pennmedicine.upenn.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

All experiments were performed in adult female (n = 5) or male (n = 14) mice (supplier:
Jackson Laboratories) between 7-15 weeks of age weighing between 17-27 g. Strains:
CamKlla-Cre: B6.Cg-Tg(CamKIlla-Cre)T29-1Stl/J; wild-type mice: C57BL/6J), Al14:
Rosa-CAG-LSL-tdTomato-WPRE::deltaNeo housed at 28°C on a 12 h light — dark cycle
with water and food provided ad /ibitum, with fewer than five animals per cage. In
CamKlla-Cre mice, Cre was expressed in excitatory neurons. All animal work was
conducted according to the guidelines of University of Pennsylvania IACUC and the
AALAC Guide on Animal Research. Anesthesia by isoflurane and euthanasia by carbon
dioxide were used. All means were taken to minimize the pain or discomfort of the animals
during and following the experiments.

METHOD DETAILS

Surgery and Virus Injection—At least 10 days prior to the start of experiments, mice
were anesthetized with isoflurane to a surgical plane. The head was secured in a stereotactic
holder. For recordings targeting AC, the mouse was subjected to a small craniotomy (2 x 2
mm) over left AC under aseptic conditions (coordinates relative to Bregma: —2.6 mm
anterior, 4.2 mm lateral, +1 mm ventral). For recordings targeting MGB, the mouse was
subjected to a small craniotomy (0.5 x 0.5 mm) over left MGB (coordinates relative to
Bregma: —3.2 mm anterior, 2.0 mm lateral). For optogenetic activation of BLA neurons, a
small craniotomy (0.5 x 0.5 mm) was performed bilaterally over amygdala (coordinates
relative to Bregma: 1.5 mm posterior, £ 3.0 mm lateral). Fiber-optic cannulas (Thorlabs,
@200 pm Core, 0.39 NA) were implanted bilaterally over the craniotomy at depth of 4.4 mm
from Bregma. For optogenetic activation of BLA projections to TRN, a small craniotomy
(0.5 x 0.5 mm) was performed bilaterally over TRN (coordinates relative to Bregma: -1.1
mm anterior, £ 2.0 mm lateral). Fiber-optic cannulas were implanted bilaterally at depth of
2.7 mm from Bregma. Viral constructs were injected using a syringe pump (Pump 11 Elite,
Harvard Apparatus) either in BLA (200-400 nl, 4.6 mm depth from Bregma) or in TRN
(200 nl, 3.4 mm depth from Bregma). Craniotomies were covered with a removable silicon
plug. A small headpost was secured to the skull with dental cement (C&B Metabond) and
acrylic (Lang Dental).

For postoperative analgesia, Buprenex (0.1 mg/kg) was injected intraperitonially and
lidocaine was applied topically to the surgical site. An antibiotic (0.3% Gentamicin sulfate)
was applied daily (for 4 days) to the surgical site during recovery. Virus spread was
confirmed postmortem by visualization of fluorescent protein expression in fixed brain
slices, and its co-localization with excitatory neurons, following immuno-histochemical
processing with the anti-CAMKIla antibody.
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Viral Vectors—Modified AAV vectors were obtained from Penn VectorCore. Modified
AAV encoding ChR2 under FLEX promoter (Addgene: 18917-AAV9 AAV9-FLEX-ChR2-
tdTomato) was used for activation of excitatory neurons in CamKlla-Cre mice. hChR2 was
used for activation of neurons in WT mice (Addgene: 100054-AAV5 AAV5-CAG-
hChR2(H134R)-mCherry-WPRE-SV40). Modified AAV vectors encoding only tdTomato
under a FLEX cassette were used as a control for the specific action of ChR2 on the
neuronal populations. Cav2-cre virus (Viral Vector Production Unit) was used for retrograde
tracing of BLA-TRN projections in Al24 mice that express tdTomato under FLEX cassette.

Histology—-Brains were extracted following perfusion of 0.01 M phosphate buffer pH 7.4
(PBS) and 4% paraformaldehyde (PFA), postfixed in PFA overnight and cryoprotected in
30% sucrose. Free-floating coronal sections (40 um) were cut using a cryostat (Leica
CM1860). Sections were washed in PBS containing 0.1% Triton X-100 (PBST; 3 washes, 5
min), incubated at room temperature in blocking solution (10% normal goat serum and 0.2%
bovine serum albumin in PBST; 1h), and then incubated in primary antibody diluted in
carrier solution (1% normal goat serum and 0.2% bovine serum albumin in PBST) overnight
at 4°C. Anti-CAMKIla antibody was used to stain excitatory neurons (abcam5683 rabbit
polyclonal, 1:500, abcam). The following day sections were washed in PBST (3 washes, 5
min), incubated for 2 hours at room temperature with secondary antibodies (Alexa 488 goat
anti-rabbit 1gG; 1:750), and then washed in PBST (4 washes, 10 min). Sections were
mounted using fluoromount-G (Southern Biotech) and confocal or fluorescent images were
acquired (Leica SP5 or Olympus BX43)

Photostimulation of Neuronal Activity—Neurons were stimulated by application of
five 25 ms-long light pulses (25 ms inter-pulse interval) of blue laser light (473 nm,
BL473T3-150, used for ChR2 stimulation), delivered through implanted cannulas. Timing
of the light pulse was controlled with microsecond precision via a custom control shutter
system, synchronized to the acoustic stimulus delivery. Prior to the start of the experiment,
the intensity of the blue laser was adjusted to 3.5 mW/mm? as measured at the tip of the
optic fiber.

Electrophysiological Recordings—All recordings were carried out as previously
described (Aizenberg et al., 2015) inside a double-walled acoustic isolation booth (Industrial
Acoustics). Mice were placed in the recording chamber, and their headpost was secured to a
custom base, immobilizing the head. Activity of neurons was recorded either via a 32-
channel silicon multi-channel probe (Neuronexus), or custom-made Microdrive housing
multiple tetrodes lowered into the targeted area via a stereotactic instrument following a
durotomy. Electro-physiological data were filtered between 600 and 6000 Hz (spike
responses), digitized at 32kHz and stored for offline analysis (Neuralynx). Spikes belonging
to single neurons were sorted using commercial software (Plexon).

Acoustic Stimulus—Stimulus was delivered via a magnetic speaker (Tucker-Davis
Technologies), calibrated with a Bruel and Kjaer microphone at the point of the subject’s
ear, at frequencies between 1 and 80 kHz to + 3 dB. To measure the frequency tuning curves,
we presented a train of 50 pure tones of frequencies spaced logarithmically between 1 and
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80 kHz, at 70 dB, each tone repeated twice in pseudo-random sequence, counter-balanced
for laser presentation. The full stimulus was repeated 5 times. Each tone was 50 ms long,
with inter-stimulus interval (IS1) of 450 ms. Laser stimulation occurred during every other
tone, with an onset 100 ms prior to tone onset. Laser stimulation on each trial consisted of
five 25 ms-long pulses with 25 ms-long inter-pulse intervals.

QUANTIFICATION AND STATISTICAL ANALYSIS

Neuronal Response Analysis—The spontaneous firing rate (FRpase) Was computed
from the average firing rate 50 ms before tone onset for light-On and light-Off trials. The
tone-evoked firing rate (FRtone) Was computed as the average firing rate from 0 to 50ms after
tone onset. To examine frequency selectivity of neurons, sparseness of frequency tuning was
computed as:

. 2
(X Z ' FR;/n)

2

Sparseness =1 — —
YiZ1FRi/n

where FR; is tone-evoked response to tone at frequency i, and n is number of frequencies
used.

The amplitude of neuronal response to tones was defined as the difference between mean
spontaneous (0-50 ms before tone onset) and tone-evoked (0-50 ms after tone onset) firing
rate and, for each neuron. Only responses to tones within 0.5 octaves of best frequency (the
frequency which resulted in maximum firing rate) of each neuron were included.

Statistical Analysis—Data were analyzed using two-tailed paired t tests in MATLAB
(Mathworks) following the Shapiro-Wilk test for normality. For all tests, the significance
was assayed at p < 0.05. We compared the firing rates of neurons, computed as described
above, on trials with and without laser stimulation, before (spontaneous, —50-0 ms) and after
(tone-evoked, 0-50 ms) tone onset; as well as sparseness. The sample size (N = number of
neurons), and statistical test results, such as p, dstatand dfare reported in results for all
measurements. Confidence intervals (standard error) are displayed in figures where
appropriate.

Modeling—We used single-compartment Hodgkin-Huxley neuron models to create a 3-cell
network consisting of a thalamic reticular nucleus (TRN) neuron, a thalamocortical neuron
representing the MGB and a regular spiking neuron representing primary auditory cortex
(AC; Figure 4A). Starting from the mechanistic models of Traub et al. (20053, b) and Haas
and Landisman (2012), we tuned cells with the following characteristics (gx are maximal

conductances with units of [mS=cn?] and E, are reversal potentials in [77V]). We used the
NEURON implementation in ModelDB (Traub et al., 2003, 2005b), accession humbers
20756, 45539. Our simulation code is available at https://github.com/jhaaslab/trn_aud.
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8L 8Naf &Kdr 8KA 8K2 &CaT 8AR E. E, Ewa Eca Emr

TRN 01 605 60 5 0.5 0.75 0.025 -100 -75 50 125 -40
TC 0.04 100 3375 6 2 0.75 025 -9 -70 50 125 -35
RS 0.04 200 170 20 0.5 0.1 0.1 -95 -70 50 125 -35

Chemical synapses included fast inhibitory GABAA (Egagar = —80 mV) and excitatory
AMPA (Eapspar =0 mV) synapses, both with NEURON implementation of AMPA point
process synapses, in which the postsynaptic potentials consist of both rise time and fall
times, with the former being 0.999 of the latter (¢ ModelDB accession number 45539). In

our simulated network, MGB sent a feedforward excitatory AMPA synapse to TRN with

AC RN = 2.0ms and 24§ paRcY = 0.025 uS. The TRN neuron sent feedback inhibition

via a GABA synapse to the MGB neuron, with both fast and slow fall times (3.3ms and
10ms respectively [Traub et al., 2005a]) each contributing equally to the GABAA
conductance geRN Ak’ € = 0.050 uS. Finally, MGB also sent an AMPA synapse to AC with

SRS = 2.0ms and 245,48 = 0.20 uS. We set the synaptic delay to be 2:0 msand the

event detection threshold to be 25 mV/

We simulated the network in NEURON for 600 /ms, with af= 0:005ms, V=-60mVand
saved sampled data for visualization (Figure 4B) with sampling rate of 0:1/ms. To simulate
spontaneous activity in MGB, we added AMPA synapses with Poisson inputs, where

choisson — 1.0 ms and ghs390, = 0.50 uS, to MGB at 50 Hz, to AC at 20 Hz and to TRN at 1
Hz. We used holding current to MGB at 1nA and to AC at 0.5nA.

We ran one simulation without any Poisson inputs (Figure 4B1) and 50 simulations for each
condition with random Poisson inputs (Figures 4B2, 4B3, and 4C). In all simulations, we
delivered a DC input of 10nA to MGB representing the tone inputs. We delivered a 100-ms
input to TRN to represent BLA activation, at three strengths (0 nA, 0.5 nA, 0.8 nA, and 1.8
nA).

To quantify the results of simulations, we calculated the histograms of spike times, binned at
1 ms, then smoothed with a Hanning window of size 31. We normalized each rate to the
maximum rate in the control condition preceding input to TRN. To calculate peak activity,
we obtained the raw peak activity in the windows of tone input to MGB input for MGB and
AC, then normalized those values to the control conditions. Peak-peak amplitude was taken
as the difference between the raw peak activity during the tone and the mean activity during
the 50 ms before the tone, also normalized to the control condition.

DATA AND CODE AVAILABILITY

The MATLAB .fig files with metadata are available at figshare: https://doi.org/10.6084/
m9.figshare.8226329. The code for the model is available at github: https://github.com/
jhaaslab/trn_aud.
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Highlights
Basolateral amygdala projects to the TRN gating signals to the cortex

BLA-TRN activation amplifies sound responses in the auditory thalamus and
cortex

A model for the BLA-TRN-AC connectivity explains the results

This pathway is a potential target for treatment of emotional and sensory
disorders
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Figure 1. Photo-Activation of the BLA Increases Tone-Evoked Responses in the AC
(A) Left panel: CamK-cre mice were injected bilaterally with AAV-FLEX-ChR2-tdTomato

into the BLA. Animals were implanted with optical fibers bilaterally targeting the BLA.
Putative excitatory neurons in the BLA were activated by blue light (473 nm) while neuronal
activity in the AC was recorded using either a multi-tetrode micro-drive or a multichannel
silicon probe. Right panel: (Top) Micrograph showing expression of the injected virus in the
BLA and its projections to the thalamus. (Bottom) Micrograph showing little labeling in the
AC. Scale bar, 0.5 mm. AC, primary auditory cortex; BLA, basolateral amygdala; CeA,
central nucleus of amygdala; TRN, thalamic reticular nucleus.
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(B) Immunohistochemistry demonstrating the co-expression of ChR2-tdTomato in putative
excitatory neurons in the BLA of a CamKlla-Cre mouse. Red: tdTomato. Green: antibody
for CamKlla.. Scale bar, 100 pm.

(C) Responses of a representative AC neuron to optogenetic stimulation of the BLA. Light
was presented 100 ms prior to tone onset and continued for 100 ms after tone offset (0.1 to
0.15 s [blue rectangle]). Tone was presented from 0 to 0.05 s (gray rectangle). Top: raster
plot of spike times. Bottom: corresponding peristimulus time histogram (PSTH) of the
neuronal response in light-on (blue) and light-off (black) conditions.

(D) PSTH of the AC neurons in response to a tone (gray rectangle) during light-on (blue
line) and light-off (black line) trials. Time of photo-activation of the BLA is outlined by a
blue rectangle. Plot shows data from all recorded AC neurons (N = 190 single units) from
seven mice. Mean + SEM.

(E and F) Frequency response function of the neuron from (B) (E) and mean frequency
response function (F) in the absence of photostimulation (off trials) and during
photostimulation of BLA (on trials).

(G-J) Optogenetic activation of BLA suppressed spontaneous firing rate (FRpase, G, paired t
test, t1g9 = 5.10, p = 8.15e-7), but not tone-evoked activity of neurons recorded from AC
(FRtone, H, paired t test, n.s.). Therefore, the amplitude of tone-evoked response was
increased (I, paired t test, tygg = 6.72, p = 2.12e-10). Activation of BLA did not affect
sparseness of tuning of neurons in AC (J, paired t test, n.s.). Left panel: scatter plot of firing
rate (G—I) or sparseness (J) on light-on plotted versus light-off trials. Each circle represents a
single unit (red) or multi-unit (black). Right panel: mean £ SEM of measures from the left
panel. ***p < 0.001 (paired t test).
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Figure 2. Photo-Activation of Projections from the BLA to the TRN Increases the Amplitude of
Tone-Evoked Responses in the AC

(A) Left panel: retrograde tracing of the BLA projections to the TRN. Al14 mice were
injected with CAV2-cre in the TRN. Right panel: (Top) micrograph showing the expression
at the viral injection site in the TRN. Scale bar, 0.5 mm. (Bottom) Retrograde expression of
tdTomato in neurons in the BLA and CeA. Scale bar, 0.1 mm.

(B) Anterograde tracing of the BLA projections to the TRN. Left panel: mice were injected
bilaterally with the virus expressing ChR2 into the BLA. Animals were implanted with
optical fibers bilaterally targeting the TRN. BLA-TRN projections were activated by blue
light (473 nm) on the TRN while neuronal activity in the AC was recorded using a
multichannel silicon probe. Right panel: (Top) micrograph showing projections in the TRN.
(Bottom) Fluorescent trace from recording silicon probe. Scale bar, 0.5 mm.

(C) Responses of a representative AC neuron to the optogenetic stimulation of the TRN.
Light was presented 100 ms prior to tone onset and continued for 100 ms after tone offset
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(-0.1to 0.15 s [blue rectangle]). Tone was presented from 0 to 0.05 s (gray rectangle). Top:
raster plot of spike times. Bottom: corresponding PSTH of the neuronal response in light-on
(blue) and light-off (black) conditions.

(D) Mean PSTH of the AC neurons in response to a tone (gray rectangle) in light-on (blue
line) and light-off (black line) trials. Time of photo-activation of the TRN is outlined by a
blue rectangle. Plot shows data from all recorded AC neurons (N = 216) from five mice.
Mean + SEM.

(E and F) Frequency response function of a representative neuron (E) and mean frequency
response function (F) in the absence of photostimulation (off trials) and during
photostimulation of the TRN (on trials).

(G-J) Optogenetic activation of the BLA-TRN projections suppressed the spontaneous firing
rate (G) (FRpase, paired t test, to15 = 2.74, p = 0.0067), but increased the tone-evoked activity
of neurons recorded from the AC (H) (FRone, paired t test, to15 = 2.85, p = 0.0048).
Amplitude of the tone-evoked response was increased (1) (paired t test, ty;5 = 5.65, p = 5.0e—
8). Activation of the BLA-TRN projections did not affect the sparseness of the tuning of
neurons in the AC (J) (paired t test, ty15 = 6.62, p = 2.73e-10). Left panel: scatterplot of
firing rate (G-1) or sparseness (J) on light-on plotted versus light-off trials. Each circle
represents a single unit. Right panel: mean + SEM of measurements from the left panel.
***n < 0.001 (paired t test).
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Figure 3. Photo-Activation of Projections from the BLA to the TRN Increases the Amplitude of
the Tone-Evoked Responses in the MGB

(A) Left: diagram showing the proposed circuit underlying the effects of the amygdala-TRN
pathway on auditory processing. Photo-activation of BLA-TRN projections (“+” synapses
onto the TRN) leads to the inhibition of spontaneous activity and the amplification of the
amplitude of tone-evoked activity of the MGB neurons as result of inhibition from the TRN
(“=" synapses onto the MGB). This, in turn, amplifies auditory responses in the AC (“+”
synapses onto AC). Right: (Left panel) mice were injected bilaterally with a virus expressing
ChR2 into the BLA. Animals were implanted with optical fibers bilaterally targeting the
TRN. BLA-TRN projections were activated by a blue light (473 nm) while neuronal activity
in the MGB was recorded using a multichannel silicon probe. (Right panel) Micrograph
showing fluorescent trace from the recording silicon probe. Scale bar, 0.5 mm.

(B) Responses of a representative MGB neuron to optogenetic stimulation of the TRN. Light
was presented 100 ms prior to tone onset and continued 100 ms after tone offset (0.1 to
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0.15 s [blue rectangle]). Tone was presented from 0 to 0.05 s (gray rectangle). Top: raster
plot of spike times. Bottom: corresponding PSTH of neuronal response in light-on (blue)
and light-off (black) conditions.

(C) PSTH of the MGB neurons in response to a tone (gray rectangle) during light-on (blue
line) and light-off (black line) trials. Time of photo-activation of the TRN is outlined by a
blue rectangle. Plot shows data from all recorded MGB neurons (N = 126) from five mice.
Mean + SEM.

(D) Frequency response function of the neuron from (B) in the absence of photostimulation
(off trials) and during photostimulation of the TRN (on trials).

(E) Mean frequency response functions of neurons from (C) in the absence of
photostimulation (off trials) and during photostimulation of the TRN (on trials).

(F-1) Optogenetic activation of the BLA-TRN projections suppressed the spontaneous firing
rate (F) (FRpase, paired t test, t1o5 = 5.1, p = 8.97e-10), but did not significantly change the
tone-evoked activity of neurons recorded from the MGB (G) (FRygne, paired t test, n.s.). The
amplitude of the tone-evoked response was increased (H) (paired t test, t1o5 = 5.16, p = 9.6e—
7). Activation of the BLA-TRN projections increased the sparseness of the tuning of neurons
in the MGB (1) (paired t test, t1o5 = 4.06, p = 8.65e-5). Left panel: scatterplot of firing rate
(F—H) or sparseness (1) on light-on plotted versus light-off trials. Each circle represents a
single unit. Right panel: mean + SEM of measures from the left panel. ***p < 0.001 (paired
t test).
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Figure 4. Possible Mechanism for BLA Enhancement of Tone-Evoked MGB and AC Responses
(A) Simulated network, including TRN, MGB, and AC cells (see Method Details). A 100-

ms input to the TRN represented the optogenetic activation of the BLA. The tone was a 10-
ms pulse to the MGB during the light stimulus.

(B) Simulations of the network for no spontaneous inputs (left column) and for two
simulations with spontaneous input to the MGB and AC (middle and right columns), in the
absence of BLA activation (top row) and with increasing strengths of BLA activation (lower
rows).

(C) Spike rasters for 25 repeated simulations in (B).

(D) Spiking rates in the TRN, MGB, and AC neurons, shown for control conditions (black)
and for the three strengths of BLA activation of the TRN (shades of blue), each normalized
to zero-input values.
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(E) Maximum firing rates in the MGB and AC during the tone (top), and peak-to-peak
amplitudes of the tone response (bottom) shown for the varied strengths of BLA activation.
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REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-CaMKII alpha Rabbit polyclonal (phospho ~ Abcam Cat#: ab5683; RRID: AB_305050
T286) antibody

Alexa 488 goat anti-rabbit 19G Abcam Cat#: ab150077; RRID: AB_2630356

Deposited Data

Metadata for figures

Data for Model (Figure 4)

This paper (Figures 1, 2, and 3)
This paper (Figure 4)

https://doi.org/10.6084/m9.figshare.8226329
https://github.com/jhaaslab/trn_aud

Experimental Models: Organisms/Strains

CamKlla-Cre
Al14 reporter mice:

Wild type

Jackson Laboratories
Jackson Laboratories

Jackson Laboratories

B6.Cg-Tg(CamKlla-Cre)T29-1Stl/J
Rosa-CAG-LSL-tdTomato-WPRE::deltaNeo
C57BL/6J; RRID: IMSR_JAX:000664

Recombinant DNA

AAV9-FLEX-ChR2- tdTomato vector

AAV5-CAG-hChR2(H134R)-mCherry-WPRE-
SV40 vector

Cav2-cre vector

Penn VectorCore

Penn VectorCore

Penn VectorCore

Addgene: 18917-AAV9; RRID: Addgene_18917
Addgene: 100054-AAV5; RRID: Addgene_100054

Viral Vector Production Unit

Software and Algorithms
MATLAB Mathworks Mathworks.com; RRID: SCR_001622
ImageJ NIH https://imagej.nih.gov/ij/; RRID: SCR_003070

NEURON implementation in ModelDB

Traub et al., 2003, 2005; accession
numbers 20756, 45539

accession numbers 20756, 45539
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