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ABSTRACT 

ROLE OF INHIBITORY NEURON TYPES OF THE TRN IN AUDITORY PROCESSING 

Solymar Rol·n Mart²nez 

Maria N. Geffen 

 

Sensory perception requires a set of complex feedforward and feedback processes between the 

periphery, subcortical pathways, and the sensory cortices. For most sensory systems synapses 

within the thalamic sensory nuclei play a key role in fine-tuning sensory information. The 

thalamic reticular nucleus (TRN), a thin sheet of GABAergic neurons encapsulating the thalamus, 

is the primary source of inhibition to the thalamic nuclei. Through its inhibitory projections to 

thalamic relay cells, it filters relevant sensory information between the thalamus and cortices. 

Two dominant subclasses of inhibitory neurons are found in the TRN: parvalbumin (PV) and 

somatostatin (SST) neurons, neuron types that play differential roles in auditory processing. 

Although the TRN is necessary for the transfer of important acoustic information to higher-order 

structures, little is known of the function of the TRN and its inhibitory neuronal subtypes in the 

auditory pathway. In chapter 2 we tested how arising auditory information is relayed from the 

basolateral amygdala (BLA) to the auditory cortex; two functionally important areas for fear 

related behaviors. We found that activation of direct projections from the BLA to the TRN 

decreases spontaneous activity but amplifies auditory responses to pure tones in the auditory 

cortex and thalamus. This suggests that the BLA-TRN circuit is crucial for relaying behaviorally 

relevant signals to auditory cortex. To further understand the TRNs contributions to auditory 

processing, in chapter 3 we explored the circuit mechanisms between the TRN and the auditory 

thalamus, the medial geniculate body (MGB). Via anatomical tracing we found that PV neurons 

of the TRN project to the ventral MGB, which relays sensory information to primary auditory 

areas, and that SST cells of the TRN project to dorsal and medial MGB, which relay information 
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to secondary auditory association areas. Furthermore, through optogenetic inhibition of PV and 

SST neurons of the TRN we find that responses to pure tones in excitatory relay cells of the MGB 

are both facilitated and suppressed. Together, these results establish a nuanced yet crucial role of 

the TRN in auditory processing. 
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CHAPTER 1: 

INTRODUCTION 

 

 Our ability to enjoy our everyday interactions and encounters in an acoustically rich world 

depends on the perception of the sounds that surround us. From the sound of a dog barking in a 

dog park signaling a joyful outing, to the siren of a fire truck signaling an emergency, the 

perception of the sounds going on around us is essential for providing cues on how we should 

react at any moment. Sound reaches our peripheral auditory system via sound waves produced in 

our environment. These waves reach our ears and cause the small bones housed within them to 

vibrate, converting the air waves into mechanical signals; these signals are then converted to 

electrical signals by mechanoreceptors in the hair cells of the inner ear. The electrical signals 

ascend from the hair cells through the auditory nerve to the cochlear nucleus, then to the superior 

olivary nucleus in the brainstem, reaching the lateral lemniscus and inferior colliculus (IC) in the 

midbrain. The IC then sends ascending projections to the medial geniculate body (MGB) in the 

thalamus, which relays encoded auditory information to the auditory cortex (AC). Auditory 

information goes through multiple steps of processing, with the most direct route including at 

least 6 synapses, prior to being encoded by the higher-association areas like AC (Figure 1.1- 

Butler & Lomber, 2013).  

 The AC is a hub for encoding complex and behaviorally relevant signals; however, 

information reaching the AC must go through a series of fine-tuning steps to filter out irrelevant 

information (Aizenberg et al., 2015; Aizenberg & Geffen, 2013; Wood et al., 2022). The auditory 

system mediates auditory information with a set of complex excitatory-inhibitory circuits within 

different relay centers of the pathway and connections with other association areas of the brain 
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(Blackwell & Geffen, 2017). The goal of our work is to address whether and how these excitatory-

inhibitory circuits along the auditory pathway modulate auditory information to contribute to 

filtering behaviorally relevant auditory information at the cortical and subcortical level. I asked 

the following questions: 1) Through which circuit mechanisms does auditory information get 

filtered and relayed to the AC? The AC is a critical brain region for encoding behaviorally relevant 

sounds (Aizenberg & Geffen, 2013). It receives input from various regions of the brain, including 

the basolateral amygdala (BLA), canonically known to be the ñfear centerò of the brain, where the 

formation or expression of fear memories is associated with the presented sensory stimuli (Janak 

& Tye, 2015). The BLA sends direct projections to the AC, and AC exhibits plastic changes in sound 

encoding that is selective to fear-related sounds (Yang et al., 2016). However, how these two 

Figure 1.1. The ascending auditory pathway. (Adapted from: Butler & Lomber, 2013) 
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critical association areas exchange auditory information provides an example for how areas of the 

auditory pathway transform sound representation for behaviorally relevant stimuli. Through 

anatomical and physiological experiments, we identify a novel thalamic excitatory-inhibitory 

circuit that mediates auditory information between the AC and the BLA.  2) What is the 

anatomical distribution of specific inhibitory cell-types of the thalamic nuclei within the 

auditory pathway? The thalamic nuclei are the relay centers for sensory information processed 

in downstream subcortical regions to surrounding sensory cortices (Guillery & Sherman, 2002; 

Murray Sherman, 2016). The MGB is the primary auditory relay center to the AC, it is primarily 

excitatory and receives direct inhibitory inputs from the surrounding reticular nucleus of the 

thalamus (TRN), a structure rich in different sub-classes of neurons (Bartlett, 2013; Crabtree, 

1998; He, 2003). We use viral tracing and immunohistochemical techniques to establish the cell-

type specific anatomical inputs of the TRN to the MGB. 3) How does cell-type specific inhibitory 

thalamic circuit mechanisms affect processing of auditory information? The auditory pathway 

is comprised of complex circuit mechanisms, which depend on interactions between excitatory 

cells in relay nuclei such as the MGB and inhibitory cells in feedforward and feedback source areas 

such as the IC and the TRN. Using optogenetics and in-vivo electrophysiological recordings of 

awake mice, we show a novel role of inhibitory cell-types of the TRN on auditory information 

processing in the thalamus. 

 Learning how excitatory-inhibitory circuits of the thalamus work together to process and 

filter auditory information is essential for understanding how higher-order cortical regions 

encode behaviorally relevant auditory information. Therefore, it is important to review the role of 

the auditory thalamus in behaviors such as fear expression, the anatomical and physiological 

contributions of inhibitory cell types within the auditory pathway and contributions of the TRN 

in sensory modalities. 
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Role of the thalamus in regulation of auditory related behaviors. 

 Neuronal and behavioral responses to sensory stimuli in everyday acoustic environments 

are shaped not only by the stimulus itself, but also by the experience during which the sensory 

stimulus occurs. Associating an emotional response with a sensory cue redirects the nervous 

system to enhance sensory responses (Phelps et al., 2006). Some neuropsychiatric diseases, 

including schizophrenia and post-traumatic stress disorder are characterized by abnormal 

emotional responses associated with abnormalities in processing of sensory stimuli (Ohman et 

al., 2001; M. L. Phillips et al., 2003). Several studies have identified changes in sensory processing 

following fear conditioning in rodents and humans (Aizenberg & Geffen, 2013; W. Li et al., 2008). 

The BLA plays a critical role in fear behaviors; it exhibits robust responses following aversive cues 

and is involved in the formation of fear memories in the presence of sensory stimuli (Ghosh & 

Chattarji, 2015; Grewe et al., 2017; Par® & Quirk, 2017; Quirk et al., 1997). Lesions to the amygdala 

in humans and rodents led to a decrease in fear responses to aversive stimuli (Adolphs et al., 1994; 

A. K. Anderson & Phelps, 2001; LeDoux et al., 1990). Fear behaviors are typically studied through 

an association learning paradigm of classical fear conditioning. During conditioning, a 

conditioned stimulus (CS) is paired with an aversive stimulus (US); those commonly used are a 

tone and a foot-shock, respectively. Conditioning causes a CS-evoked increase in firing rates of 

neurons in the BLA to tones that are associated to the foot-shock, suggesting that these neurons 

are involved in forming and extinguishing the fear response to the tone (Quirk et al., 1995, 1997). 

Indeed, neurons in BLA tend to maintain an excitatory response to a tone paired with the aversive 

stimuli (Collins & Par®, 2000; Maren, 2000; Quirk et al., 1995, 1997). This finding demonstrates 

potentiation of sensory inputs in BLA neurons, following an increase in long-term potentiation, 

a form of synaptic plasticity, following CS and US pairings (Clem & Huganir, 2010; McKernan & 

Shinnick-Gallagher, 1997; Rogan et al., 1997). Sensory inputs are important for fear learning; 

optogenetically activating BLA neurons with inputs from auditory areas in the presence of a tone 
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(CS) increased conditioned freezing, serving as a US (Johansen et al., 2010; Nabavi et al., 2014). 

The process of fear learning therefore requires sensory input, specifically inputs converging in the 

auditory pathway. 

 Stimulus convergence in AC is required for learning to associate fear with complex tones, 

and this process relies on an interneuron-mediated disinhibition within AC (Letzkus et al., 2011). 

Our lab has shown that following differential auditory fear conditioning (DAFC), a variation of 

classical fear conditioning in which a foot shock is presented at the end of one tone (CS+) but not 

with another tone (CS-), mice could specialize or generalize learning (Aizenberg & Geffen, 2013). 

In specialized learning, mice have a significant fear response to CS+ but not to CS-, while in 

generalized learning mice significantly freeze to both CS+ and CS-. This distinction between 

specialized and generalized learning was independent of AC; inactivation of AC with muscimol, a 

GABAA agonist, led to no changes in fear learning. Optogenetic suppression of inhibitory 

parvalbumin (PV) interneurons in AC increased generalization of fear responses, whereas 

activation of PV neurons had no effect on specialized learning (Aizenberg et al., 2015). 

Inactivation of AC is crucial for frequency discrimination, however, was not necessary for fear 

learning. However, these results provide evidence that interneuron mediation in AC is required 

for proper stimulus convergence and fear expression. 

 There is evidence of a functional connection between AC and BLA, such that AC drives 

BLA activity in fear memory retrieval and expression (Aizenberg & Geffen, 2013; Cambiaghi et al., 

2016; Ghosh & Chattarji, 2015; Grewe et al., 2017; Yang et al., 2016). Initial studies determined 

that interactions between the BLA and AC could be involved in transmission of stimulus 

information during fear conditioning through several pathways. One proposed pathway is 

through a direct projection between the MGB and the BLA (Turner & Herkenham, 1991). An 

alternative pathway is a multi-synaptic feedback pathway between the thalamus, AC and the BLA 

(Mascagni et al., 1993; Romanski & Ledoux, 1993). Indeed, neuroanatomical studies in non-
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human primates found direct projections from the BLA to TRN, a structure entirely composed of 

GABAergic neurons in the thalamus (Zikopoulos & Barbas, 2012). This result suggests that the 

latter of the proposed pathways serve as a functional connection between AC and BLA. 

 Several studies show that the TRN facilitates or suppresses sensory stimuli before reaching 

the sensory cortices, highlighting its role as an important structure for processing sensory cues 

(Ahrens et al., 2015; Halassa et al., 2014, p. 20; Nakajima et al., 2019; Schmitt et al., 2017; 

Wimmer et al., 2015). The TRN experiences cortex-mediated changes that are subject to relevant 

sensory inputs; TRN networks therefor work together to respond appropriately to sensory inputs 

as a way of sensory gain (Wimmer et al., 2015). Studies of attention, using sensory selection in a 

two-alternative forced choice task (2AFC), have demonstrated that a thalamocortical circuit 

amplifies cortical connectivity to sustain attentional control (Schmitt et al., 2017). Studies on the 

effects of TRN inhibition during these tasks show optimization in sensory selection providing 

further evidence of TRN gain of sensory information (Halassa et al., 2014). Disruption of a 

receptor tyrosine kinase essential for inhibitory synapses, ERB4, in somatostatin-expressing TRN 

neurons led to an increase in sensory discrimination between auditory stimuli and a decrease in 

the ability to switch between two conflicting cues (Ahrens et al., 2015). These results further 

provide evidence of the role of TRN in enhancing sensory information in a modality dependent 

way. Overall, these findings suggest that TRN might gate auditory fear cues from the BLA to the 

auditory pathway to drive plastic changes in cortical responses to aversive sounds. 

 In chapter 2 we explore the role of the BLA-TRN projection in auditory processing of pure 

tones. Using anatomical tracing, optogenetics and in-vivo electrophysiology we focus on 

understanding how activation of the BLA-TRN projection affects tone-evoked activity in the relay 

cells of the MGB and pyramidal neurons of the AC. To further understand how these structures 

functionally interact with each other, we will continue to discuss the anatomical and functional 

contributions of TRN and its relation to the auditory pathway. 



 т 

Anatomical characterization of the TRN. 

 The thalamic nuclei are made up of glutamatergic thalamocortical relay cells and 

GABAergic interneurons. These relay centers receive bottom-up and top-down sensory 

information from subcortical and cortical regions, respectively (Figure 1.2-Antunes & 

Malmierca, 2021). Encapsulating the thalamic nuclei is the TRN, a thin sheet of GABAergic cells, 

that provides most of the inhibition to thalamocortical relay cells (Houser et al., 1980; Oertel et 

al., 1983). The TRN receives feedback projections from L5 and L6 corticothalamic neurons as well 

as axon collaterals from thalamocortical cells (Carroll et al., 2022; Crabtree, 2018; Gentet & 

Ulrich, 2003, 2004; Guo et al., 2017; Lam & Sherman, 2005, 2005, 2011, 2011). Canonically, the 

TRN has been anatomically subdivided by its function in individual sensory modalities; the 

caudo-dorsal TRN is referred to as the visual TRN (visTRN), the ventro-central TRN as the 

somatosensory TRN (ssTRN), the rostral TRN as the motor TRN, and the caudo-ventral TRN as 

the auditory sector of the TRN (audTRN) (Pinault, 2004). However, recent studies show the TRN 

is a multimodal structure, responding to different sensory stimuli across all sectors of the TRN 

(Kimura, 2014).  

 Whereas canonical anatomical studies have documented a homogenous expression of 

GABAergic markers throughout the neurons of the TRN (Houser et al., 1980; Pinault & 

Desch°nes, 1998), more recent studies show a more complex molecular makeup of the neurons 

within the TRN. The TRN is primarily composed of calbindin (CB), parvalbumin (PV) and 

somatostatin (SST) expressing neurons (Clemente-Perez et al., 2017; Martinez-Garcia et al., 

2020). In the ssTRN, cells are distinctly organized within zones of the TRN; PV cells are found 

throughout the entirety of the TRN, SST cells are primarily clustered in edge zones and CB cells 

are clustered in the central zones (Martinez-Garcia et al., 2020). Interestingly, TRN cells can co-

express each of these molecular markers, though the proportion of co-expression remains unclear. 
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In one study, the proportion of SST and CB cells in the ssTRN co-expressing with PV is at 1:1 

(Martinez-Garcia et al., 2020), whereas another study shows that the proportions of co-

expression between SST and PV are location dependent and at much lower values (~0.2:1- 0.3:1) 

(Clemente-Perez, et al., 2017). These diverging results can be due to technical differences in the 

way experiments were conducted, but nonetheless show the anatomical complexity of the TRN 

and patterns of protein expression in different cell classes. Moreover, it raises important questions 

like what are the functional implications of TRN cells that co-express PV and SST? More recently, 

a single-cell transcriptomic analysis shows that this described distinct expression of cell-types 

within the TRN can be a result of an expression of negatively correlated transcriptomic genetic 

profiles (Y. Li et al., 2020). This study identifies expression of two marker genes Spp1+ (secreted 

phosphoprotein 1) and Ecel1+ (endothelin converting enzyme like 1). Consistent with the previous 

anatomical studies described, Spp1+ and Ecel1+ showed similar edge and core zone expression 

patterns; with Ecel1+ cells located in the edge zones and Spp1+ cells located in the core zones. The 

Figure 1.2.Auditory corticothalamic circuitry (Adapted from: Antunes & Malmierca, 2021) 
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findings described here indicate a complex anatomical distribution of cell types that coexist within 

the TRN. 

 These distinct expression profiles of cells within the TRN extend to how they project to 

their anatomical targets and who they collect information from. First-order thalamic nuclei (FO) 

are those who directly drive information to primary sensory areas, whereas to higher-order (HO) 

thalamic nuclei are defined as those who receive input from cortical regions and drive information 

to secondary association areas (Bickford, 2016; Sherman & Guillery, 1998). The MGB is 

anatomically subdivided into three main nuclei: the ventral division (vMGB), the medial division 

(mMGB), and the dorsal division (dMGB). The vMGB makes up part of the lemniscal auditory 

pathway (FO-MGB), which directly modulates primary auditory areas such as primary auditory 

cortex (A1), meanwhile the dMGB and mMGB make up part of the non-lemniscal auditory 

pathway which modulates secondary auditory areas such as the secondary auditory cortex (A2) 

and other auditory association areas (HO-MGB) (L. A. Anderson & Linden, 2011; Kimura et al., 

2003; Lee, 2015; Oliver & Huerta, 1992; Winer, 1992, 2005). The projections of cells within the 

audTRN target and envelop the MGB in its entirety and the TRN receives direct input from AC 

and from collaterals of relay cells of the MGB (Bartlett, 2013; Guillery & Sherman, 2002; Hirsch 

et al., 2015; Kimura et al., 2005; Pinault, 2004; Pinault & Desch°nes, 1998). Furthermore, PV 

neurons of the ssTRN project primarily to FO somatosensory thalamic nuclei and SST neurons of 

the ssTRN primarily project to HO somatosensory thalamic nuclei (Clemente-Perez, et al., 2017). 

Spp1+ and Ecel1+ cells follow these projection distinctions as well, with Spp1+ neurons projecting 

to FO thalamic nuclei and Ecel1+ neurons primarily projecting to HO nuclei (Y. Li et al., 2020). 

As described above, different types of cells of the TRN project to either FO-MGB or HO-MGB, 

however, it remains unknown whether and how the projections of PV and SST cell types of the 

TRN project to the MGB and if they follow the projection patterns to FO and HO auditory 

thalamus.  
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 In chapter 3 we explore whether and how PV and SST neurons of the audTRN project to 

the MGB. Using anatomical tracing and immunohistochemistry techniques we focus on 

understanding how these two regions anatomically organize. These distinct anatomical projection 

patterns of cells in the TRN to the surrounding thalamic nuclei provide an informational 

framework to begin to understand whether and how the TRN functionally modulates sensory 

information. We therefore will continue to explore the physiological functions and behavioral 

relevance of TRN cells within sensory modalities. 

Functional role of inhibitory neurons of the thalamus and sensory processing. 

 There is little evidence for local GABAergic neurons in the auditory thalamus of rodents, 

which has been found to be entirely glutamatergic (Ito et al., 2011). The TRN is therefore 

considered to be the primary source of inhibition to the MGB. The TRN receives excitatory 

information from collateral projections from the MGB and from corticothalamic inputs from AC 

and it also sends inhibitory projections back to MGB, these processes serve as feedback 

mechanisms to modify sensory information within the MGB (Guo et al., 2017; Shosaku & 

Sumitomo, 1983). The TRN is known as the ñgatekeeperò structure of the thalamus (Crick, 2006; 

Makinson & Huguenard, 2015). It contributes to sensory information filtering and supports 

optimal behavioral performance in sensory attentional tasks (Nakajima et al., 2019; Wimmer et 

al., 2015). It has been functionally tied to roles in attention, upkeep of sleep spindles, 

sensorimotor behaviors like whisking, and sensory information filtering (Clemente-Perez, et al., 

2017; Halassa et al., 2014; Iavarone et al., 2023; J. Liu et al., 2023; P.-F. Liu et al., 2022; Schmitt 

et al., 2017; Visocky et al., 2022; Wimmer et al., 2015). The TRN is crucial for tasks requiring 

attention and for filtering relevant sensory information. In studies in which animals were tasked 

with appropriately responding to a stimulus in the presence of a conflicting cue, suppression of 

the TRN impaired the ability of mice to correctly identify the stimulus they had to pay attention 

to (Nakajima et al., 2019; Wimmer et al., 2015). The TRN experiences functional changes based 
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off top-down information from the cortex, making it one possible way in which the TRN networks 

select appropriate inputs as a way of sensory information gain.  

 Stimulation of the TRN modulates tone-evoked responses of the MGB; in the anesthetized 

rat preparation, responses to auditory stimuli in MGB were suppressed when TRN neurons were 

activated by an electrical pulse in presence of varying auditory stimuli (Shosaku & Sumitomo, 

1983). Furthermore, inactivation of the TRN also results in increases of ñsignal to noise ratioò 

(SNR) in MGB neurons (Nakajima et al., 2019). Neurons of the TRN that project differentially to 

subdivisions of the MGB also exhibit distinct bursting properties in presence of white noise 

(Kimura & Imbe, 2015). TRN cells that directly project to FO -vMGB, show an increased number 

of spikes and shorter interspike-intervals than those that project to the HO -dMGB. TRN neurons 

differentially modulate thalamic relay nuclei based on their intrinsic bursting properties, with 

cells that burst at higher levels causing stronger levels of inhibition on thalamic relay cells  (Kim 

et al., 1997). Cell-type specific neurons of the ssTRN show similar distinct intrinsic properties. 

PV and SST neurons of the ssTRN show differential bursting properties; PV neurons in the 

ssTRN burst at higher levels compared to the SST neurons, and also have higher intra-burst 

frequencies (Clemente-Perez, et al., 2017). Furthermore, central -zone cells of the TRN receiving 

inputs from the FO somatosensory thalamus have more varied intrinsic bursting properties than 

edge zone cells receiving input from HO somatosensory thalamus (Martinez -Garcia et al., 2020). 

These central-zone cells are more likely to fire rebound-bursts following hyperpolarization, 

whereas edge-zone cells failed to fire any rebound bursts (Martinez -Garcia et al., 2020). 

Similarly, among the genetically distinct Spp1+ and Ecel1+ cells, Spp1+ cells that project to FO 

thalamusïas previously describedïhad a higher tendency of firing rebound bursts while Ecel1+ 

cells were less likely to do so (Y. Li et al., 2020). 

 These findings suggest that distinct cell populations within the TRN mediate thalamic 

nuclei in an information-dependent manner, with central zone cells mediating primary sensory 
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information and edge cells propagating more complex associated auditory information. Within 

the auditory system, specifically AC, inhibitory interneuron types also show differential 

functions. Excitatory-inhibitory interactions between inhibitory interneurons and excitatory 

pyramidal cortical neurons shape sound responses. The two major types of inhibitory 

interneurons in the AC are PV and SST neurons, which anatomically synapse onto different areas 

of the pyramidal cells. PV interneurons synapse onto the cell body of pyramidal cells and SST 

neurons synapse onto the distal dendrites (Blackwell & Geffen, 2017; Rudy et al., 2011). 

Manipulation of these population of cells lead to differential effects on sound responses in AC. 

Activating PV or SST interneurons in AC led to a decrease in frequency selectivity and an overall 

increase in tone responsiveness of cortical excitatory neurons (Aizenberg et al., 2015; Hamilton 

et al., 2013; E. A. Phillips & Hasenstaub, 2016; Seybold et al., 2015). Furthermore, PV and SST 

neurons demonstrate differential effects on frequency tuning. Activating PV interneurons had 

subtractive and divisive effects in frequency tuning of AC cells but inactivation of PV 

interneurons led to an additive and multiplicative effect on frequency tuning after adaptation; 

however, inactivation or activation of SST interneurons led to a multiplicative effect on frequency 

tuning (Aizenberg et al., 2015; E. A. Phillips & Hasenstaub, 2016; E. A. K. Phillips et al., 2017; 

Seybold et al., 2015). Beyond affecting frequency tuning, PV and SST interneurons also play a 

critical role in modulating a phenomenon that occurs in the auditory pathway called stimulus-

specific adaptation (SSA). SSA is a phenomenon in which neurons are responding less to a tone 

that is presented more frequently (standard tone) than when a tone is presented rarely (deviant 

tone) (Farley et al., 2010; Fishman & Steinschneider, 2012; Natan et al., 2015; Taaseh et al., 2011; 

Ulanovsky et al., 2003). SST interneurons, but not PV interneurons contribute to SSA generation 

in the AC (Natan et al., 2015, 2017). Inactivation of SST interneurons increased responses to 

standard tones but not to the deviant tones, whereas inactivation of PV neurons led to a general 

decrease of responses to both the standard and the deviant tone (Natan et al., 2015). 
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Furthermore, SST suppression in the cortex leads to an increase in frequency tuning to a specific 

stimulus following adaptation, whereas PV suppression increased frequency tuning across all 

stimulus repetitions (Natan et al., 2017). SSA and deviance detection take place in AC, IC, and 

the vMGB (L. A. Anderson et al., 2009; Antunes et al., 2010; Antunes & Malmierca, 2011; 

Polterovich et al., 2018). Limited evidence shows that neurons in the non-lemniscal MGB and 

the TRN encode deviance detection (Grimm & Escera, 2012), an enhanced response to a deviant 

tone, or a tone not presented frequently (Grimm & Escera, 2012; Ulanovsky et al., 2003). 

Inactivation of the TRN leads to enhanced neuronal responses to deviant tones in the MGB (Yu 

et al., 2009). Together these results show that PV and SST neurons are key players in auditory 

processing along the auditory pathway. They also show that PV and SST neurons have 

differential functions within the AC and TRN and that their functions are likely dependent on 

their input-output circuit mechanisms. 

 Suppression of the TRN leads to the inability to properly perform attention tasks, has 

effects on sensory related behaviors, and affects critical auditory processes like deviance 

detection.  This leads to the hypothesis that PV and SST neurons of the TRN play a crucial role 

in auditory processing at the level of the thalamus. In chapter 3 we continue to explore whether 

and how suppression of PV and SST neurons of the TRN affect tone-evoked activity and 

frequency tuning of excitatory thalamic relay cells of the MGB. We use a combination of 

optogenetics, in vivo electrophysiology to record neuronal response of MGB cells to further 

understand the role of the TRN in shaping auditory information. 
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CHAPTER 2: 

PROJECTION FROM THE AMYGDALA TO THE THALAMIC 

RETICULAR NUCLEUS AMPLIFIES CORTICAL SOUND 

RESPONSES. 

 

This chapter is in press as: Aizenberg M, Rol·n-Mart²nez S, Pham T, Rao W, Haas JS, Geffen MN. 

Projection from the Amygdala to the Thalamic Reticular Nucleus Amplifies Cortical Sound 

Responses. Cell Rep. (2019);28(3):605-615.e4. doi:10.1016/j.celrep.2019.06.050. My 

contributions as second author to this published work includes conducting anatomical tracing 

studies, electrophysiological experiments, data analysis and writing of the manuscript. 

 

ABSTRACT 

 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 novel pathway 

between the basolateral amygdala (BLA), an emotional learning center in the mouse brain, and 

the inhibitory 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 thalamo-cortical neurons to relay relevant sensory input. 

This novel circuit mechanism shines a neural spotlight on behaviorally relevant signals and 

provides a potential target for treatment of neuropsychological disorders.  
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2.1 INTRODUCTION 

 In our everyday experience, 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 (¥hman 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 (Blackwell & 

Geffen, 2017). Similar effects were found following fear conditioning in humans (Li et al., 2008; 

Resnik and Paz, 2015; Resnik et al., 2011). Many neuropsychological disorders are characterized 

by inappropriate emotional weighting of sensory stimuli, including schizophrenia (Ferrarelli and 

Tononi, 2011; Young and Wimmer, 2017) and anxiety disorders (¥hman et al., 2001; Phillips et 

al., 2003). 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 baso-lateral 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). 

BLA has been proposed to drive plasticity in the auditory cortex for signals associated with fear 
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(Li et al., 2008; Padmala and Pessoa, 2008). While changes in the auditory cortex following fear 

conditioning have been extensively documented (for review see (Weinberger, 2004)), it is not 

clear whether and how BLA modulates cortical responses to sensory stimuli (Chavez et al., 2009; 

Letzkus et al., 2011). 

 Lateral amygdala (LA)  sends direct projections to the AC, as evidenced by imaging of LA 

axons in 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 

TRN facilitates gating of signals in the sensory cortex from the BLA. TRN is a layer of inhibitory 

GABAergic neurons located between neocortex and thalamus, which 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, TRN receives excitatory collaterals from cortex and 

thalamus (Pinault, 2004). These projections position TRN as a gatekeeper, controlling sensory 

information flowing from thalamus to 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 BLA on tone-evoked responses in AC. We 

found that activating BLA suppressed spontaneous activity in AC, leading to an increase in tone-

evoked response amplitude. By examining the connectivity between BLA and the thalamus using 

viral anterograde and retrograde viral tracing techniques in the mouse, we identified direct 

projections from BLA to TRN. We found that activating this connection selectively suppressed 

spontaneous activity in the auditory thalamus, similar to the effects of activating BLA on AC. 

Through a computational model of thalamocortical circuitry, we found that activating BLA inputs 

to 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 
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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. 

 

2.2 RESULTS 

Photo-activation of BLA amplifies tone-evoked responses in the AC. 

 We first tested the effect of optogenetic activation of BLA on spontaneous and tone-evoked 

activity in AC. To manipulate the level of activity of excitatory neurons in the amygdala, we 

expressed Channelrhodopsin (ChR2) using targeted viral delivery to BLA of mice expressing Cre 

recombinase in neurons under the CamKIIŬ promoter (CamKIIŬ-Cre mice, Figure 2.1A ï for 

data, for all figures here and below, see 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 BLA of CamKIIŬ-Cre mice (Figure 2.1B).  

 We measured spontaneous and tone-evoked activity of neurons in the auditory cortex 

(AC), targeting the primary auditory cortex (A1), by recording from awake, head-fixed mice during 

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). BLA was activated by shining blue laser light (473 nm, 3.5 

mW/mm2 intensity at the fiber tip) through implanted optic cannulas. Photo-activation of BLA 

significantly reduced overall spontaneous firing rate (FRbase, computed during the baseline period, 

0ï50 ms prior to tone onset, N = 190, p = 8.15e-7, df = 189, tstat = 5.10) in AC (Figures 2.1C, 

2.1D and 2.1G). While peak tone-evoked firing rate in the AC (FRtone, computed 0ï50 ms after 

tone onset) was not significantly affected by BLA activation (Figures 2.1C, 2.1D and 2.1H, 

n.s.), the amplitude of responses to tones compared with spontaneous firing rate increased 

(Figures 2.1D and 1I, N = 190, p = 2.12e-10, tstat= 6.72). Activation of BLA did not significantly 
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affect the tuning bandwidth of neurons in AC, quantified by sparseness of tuning curve (Figures 

2.1E, 2.1F and 2.1J, n.s.). Thus, by reducing the spontaneous firing rate, but not increasing the 

tone-evoked response, activation of BLA amplified tone-evoked responses in the auditory cortex.  
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Figure 2.1. Photo-activation of BLA increases tone-evoked responses in the AC. 

A. Left panel. CamK-cre mice were injected bilaterally with AAV-FLEX-ChR2-tdTomato into 

BLA. Animals were implanted with optical fibers bilaterally targeting BLA. Putative excitatory 
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neurons in BLA were activated by blue light (473 nm) while neuronal activity in AC was recorded 

using either a multi-tetrode micro-drive or multichannel silicon probe. Right panel. Top. 

Micrograph showing expression of injected virus in BLA and its projections to thalamus. Bottom. 

Micrograph showing little labelling in AC. Scale bar = 0.5 mm. AC: primary auditory cortex; BLA: 

basolateral amygdala; CeA: central nucleus of amygdala; TRN: thalamic reticular nucleus. B. 

Immunohistochemistry demonstrating co-expression of ChR2-tdTomato in putative excitatory 

neurons in the BLA of a CamKIIŬ-Cre mouse. Red: tdTomato. Green: antibody for CamKIIŬ. Scale 

bar  = 100 microns. C. Responses of a representative AC neuron to optogenetic stimulation of 

BLA. Light was presented from 0 to 0.25 s (blue rectangle). Tone was presented from 0.1 to 0.15 

s (grey rectangle). Top: Raster plot of spike times. Bottom. Corresponding peristimulus time 

histogram (PSTH) of neuronal response in light-On (blue) and light-Off (black) conditions. D. 

PSTH of the AC neurons in response to a tone (grey rectangle) during light-On (blue line) and 

light-Off (black line) trials. Time of photo-activation of BLA is outlined by a blue rectangle. Plot 

shows data from all recorded AC neurons (N=190 single units) from 7 mice. Mean Ñ SEM.  E-F 

(E) Frequency response function of the neuron from (B) 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 (FRbase, G, paired ttest, 

t189=5.10, p=8.15e-7), but not tone-evoked activity of neurons recorded from AC (FRtone, H, 

paired ttest, n.s.). Therefore, the amplitude of tone-evoked response was increased (I, paired ttest, 

t189=6.72, p=2.12e-10). Activation of BLA did not affect sparseness of tuning of neurons in AC (J, 

paired ttest, 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 Ñ SEM of measures from the left panel. ***: p < 0.001 (paired t-test). 
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BLA sends projections to TRN. 

 Suppression of 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 MGB, and therefore activation of BLA could drive suppression of spontaneous 

activity in AC by activating inhibitory TRN to MGB projections. We observed that AAV injected 

in the BLA resulted in labeling of projections in the TRN (Figure 2.1A). To confirm the existence 

of BLA-TRN pathway, we injected rAAV encoding GFP in the TRN as well as retrograde CAV2-

Cre vector in the TRN of AI14 reporter mice, in which tdTomato is conditionally expressed in the 

cells transfected with Cre recombinase. We identified retrograde labeling of neurons in the 

basolateral and central nuclei of amygdala (Figure 2.2A, S1), confirming the existence of a direct 

pathway from the BLA to the TRN. 

 

Photo-activation of BLA-TRN pathway increases amplitude of tone-evoked 

responses in the AC. 

 To test whether BLA-TRN pathway underlies the amplification of tone-evoked responses 

caused by BLA activation (Figure 2.1), we injected either a vector expressing hChR2 under CAG 

promoter in the BLA of WT mice, or flex-ChR2 vector into the BLA of CamKIIŬ-Cre mice. We then 

shined blue laser light onto the TRN through implanted cannulas, while recording neural 

responses in AC using multichannel silicon probes (Figure 2.2B). This allowed us to test the 

effect of selective activation of neurons that project from BLA to TRN on neuronal activity in AC. 

Activation of BLA terminals in TRN led to a significant suppression of spontaneous neuronal 

activity in AC (Figure 2.2C, 2.2D and 2.2G, N = 216, p = 0.0067, df = 215, tstat = 2.74), whereas 

absolute tone-evoked firing rate was significantly increased (Figure 2.2D and 2.2H, N = 216, p 

= 0.0048, df = 215, tstat = 2.85). Hence, average amplitude of responses to tones increased 
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significantly (Figure 2.2D and 2.2I, N = 216, p = 5.0e-8, df = 215, tstat = 5.65). Sparseness of 

tuning curves increased as result of TRN activation (Figure 2.2E, 2.2F and 2.2J, N = 216, p = 

2.73E-10, df = 215, tstat = 6.62).  

 These effects persisted when we also blocked activity of BLA neurons by focal application 

of TTX (Supplemental figure S2 A-F, with TTX: N = 75, decrease in spontaneous activity, p = 

3.03e-11, df = 74, tstat = 7.8; increase in response amplitude, p = .0061, df = 74, tstat = 2.82; 

Supplemental figure S2 G, H; 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 BLA-TRN terminals did not lead to 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 

BLA-TRN projections evokes similar effects to those observed with general BLA activation on 

activity in the AC. 
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A. Left Panel. Retrograde tracing of the BLA projections to TRN. AI14 mice were injected with 

CAV2-cre in TRN. Right panel. Top: Micrograph showing expression at the viral injection site in 

TRN. Scale bar = 0.5mm. Bottom: Retrograde expression of tdTomato in neurons in BLA and 

Figure 2.2. Photo-activation of projections from BLA to TRN increases amplitude of 

tone-evoked responses in AC. 
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CeA. Scale bar = 0.1mm. B. Anterograde tracing of the BLA projections to TRN. Left panel. Mice 

were injected bilaterally with the virus expressing ChR2 into BLA. Animals were implanted with 

optical fibers bilaterally targeting TRN. BLA-TRN projections were activated by blue light (473 

nm) on the TRN while neuronal activity in AC was recorded using a multichannel silicon probe. 

Right panel. Top: Micrograph showing projections in TRN. Bottom: Fluorescent trace from 

recording silicon probe. Scale bar = 0.5 mm. C. Responses of a representative AC neuron to 

optogenetic stimulation of TRN. Light was presented from 0 to 0.25 s (blue rectangle). Tone was 

presented from 0.1 to 0.15 s (grey rectangle). Top: Raster plot of spike times. Bottom. 

Corresponding PSTH of neuronal response in light-On (blue) and light-Off (black) conditions. D. 

Mean PSTH of the AC neurons in response to a tone (grey rectangle) on light-On (blue line) and 

light-Off (black line) trials. Time of photo-activation of TRN is outlined by a blue rectangle. Plot 

shows data from all recorded AC neurons (N=216) from 5 mice. Mean Ñ SEM. E. Frequency 

response function of a representative neuron in the absence of photostimulation (Off trials) and 

during photostimulation of TRN (On trials). E-F. Frequency response function of a representative 

neuron (E) and mean response function (F) in the absence of photostimulation (Off trials) and 

during photostimulation of TRN (On trials). G-J. Optogenetic activation of BLA-TRN projections 

suppressed spontaneous firing rate (FRbase, G, paired ttest, t215=2.74, p=0.0067), but increased 

tone-evoked activity of neurons recorded from AC (H, FRtone, paired ttest, t215=2.85, p=0.0048). 

Amplitude of tone-evoked response was increased (I, paired ttest, t215=5.65, p=5.0e-8). Activation 

of BLA-TRN projections increased sparseness of tuning of neurons in AC (J, paired ttest, 

t215=6.62, p=2.73e-10). 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. Right panel: Mean Ñ SEM of 

measures from the left panel. ***: p <0.001 (paired t test). 
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Photo-activation of BLA-TRN pathway increases amplitude of tone-evoked 

responses in the auditory thalamus. 

 There is extensive evidence that TRN inhibits sensory processing in the sensory thalamus 

(Ahrens et al., 2015; Shosaku, 1986). Therefore, we hypothesized that effect of BLA-TRN pathway 

on the AC activity is the result of inhibition that auditory thalamus receives from TRN (Figure 

2.3A left). We tested whether activation of BLA-TRN terminals drives similar effects to those 

observed in AC in the auditory thalamus (Medial Geniculate Body, MGB). We tested this 

hypothesis by optogenetically activating BLA-TRN pathway as described above, while 

simultaneously recording from MGB (Figure 2.3A and 2.3B). Similarly to previous results, 

photo-activation of amygdalar terminals in TRN led to significant suppression of spontaneous 

firing rate of neurons in MGB (Figure 2.3C and 2.3F, N = 126, p = 8.97e-10, df = 125, tstat = 

6.63). In contrast, mean tone-evoked activity was not affected by photo-stimulation (Figure 2.3C 

and 2.3G, n.s.), resulting in increased amplitude of tone-evoked responses (Figure 2.3H, p = 

9.6e-7, df = 125, tstat = 5.16). Similarly to AC recordings, photo-activation of BLA-TRN pathway 

increased the sparseness of tuning curve (Figure 2.3D, 2.3E and 2.3I, p = 8.65 e-5, df = 125, 

tstat = 4.06). Combined, our findings are consistent with the hypothesis that BLA-TRN pathway 

acts on the AC through MGB. 

  To verify that effect of light on the activity in auditory thalamus and cortex is specific to 

action of ChR2, we injected control group of mice with viral vector that encoded only fluorescent 

protein. In control mice, shining blue light on BLA projections in TRN did not cause any 

significant change in the firing rates of neuron either in AC (Supplemental Figure S3) or in MGB 

(Supplemental Figure S4).  
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A. Left: Diagram showing proposed circuit underlying the effects of the amygdala-TRN pathway 

Figure 2.3. Photo-activation of projections from BLA to TRN increases amplitude of 

tone-evoked responses in the MGB. 
























































































































