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ABSTRACT 

More than hundred million US adults suffer from some form of pain. Pain is an unpleasant sensation 

and an emotional experience that is associated with tissue damage or injury. Chronic pain leads to 

several comorbidities like anxiety, depression, cognitive impairment that overall reduces the quality 

of life. The clinical management of chronic pain is challenging. The only available line of treatment 

are opioids which are known to have abuse liability as well as drug overdose. Therefore, it becomes 

essential to find a therapeutic intervention that could mitigate the effects of chronic pain with 

minimal harmful effects. Many brain structures participate in nociception, expression, and 

regulation of pain behavior. Among them, the amygdaloid complex serves to be a vital nucleus in 

pain matrix. Firstly, the central nucleus of amygdala (CeA) is a direct recipient to inputs from 

brainstem when the pain pathway activates; secondly, it integrates both sensory discriminative as 

well as emotional-affective components of pain. The different neuronal populations with distinct 

electrophysiological properties are responsible for governing defensive and affective behaviors. 

Glutamate receptor delta 1 (GluD1) from ionotropic glutamate receptor family is well studied for 

synapse formation and maintenance by many research groups. It does so by interacting with 

presynaptic partner neurexin 1 via synaptic organizer cerebellin 1, hence forming a trans-synaptic 

triad. GluD1 is highly enriched in CeA whereas Cbln1 in parabrachial nucleus (PBN) in brain stem. 

GluD1 KO mice demonstrated increased pain sensitivity as well as exhibited deficits in associative 

memory formation; both these phenotypes use parabrachio-amygdalar pathway which activates 

upon noxious stimulus. The expression pattern as well as mice behaviors maps with the hypothesis 

that activation of this pathway leads to release of Cbln1 from PBN that synapses with GluD1 in 

CeA, hence regulating the PBN-CeA pathway in negative valence emotion.  

The first chapter mainly discusses properties and behavioral role of different neuronal population 

of CeA. Also, it will elaborate on structure, function, and regulation of GluD1 receptor. The 

hypothesis for this study is GluD1 is critical for maintaining glutamatergic PBN-CeLC synapses 
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and is involved in regulating nocifensive behaviors. In order to prove the hypothesis, there are three 

specific aims distributed into chapter 2 and 3. The first aim will determine the role of GluD1 at PB-

CeLC synapses in naïve conditions in WT and GluD1 KO models. The second aim will focus on 

alterations in GluD1-Cbln1 complex and subsequent changes at PB-CeLC synapses in persistent 

and chronic pain conditions. The last aim will involve use of protein therapeutics in both persistent 

and chronic pain model to restore GluD1-Cbln1 expression, which ultimately will rescue related 

behavioral phenotypes.  
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CHAPTER 1 

Introduction 

 

Pain perception is important for survival and understanding neurobiological mechanisms which can 

either amplify or suppress pain responses, is essential for developing improved therapeutics for 

treatment of chronic pain. From more than a decade, central nucleus of amygdala (CeA) has gained 

increased attention as a ‘nociceptive center’ in associating any context, emotion, or experience with 

responses to painful to stimulus, be it normal or pathological conditions. 

1.1. Central Amygdala Anatomy and Cell Types 
Molecular architecture of central amygdala- 
CeA, is considered as a part of the limbic system, homologous to striatum and is the primary output 

nuclei of the amygdaloid structure. It is composed of GABAergic projection neurons and 

interneurons (Augustine, 1993; Sun and Cassell, 1993; Veinante, 1998). CeA  is anatomically and 

functionally subdivided into the capsular, the lateral and the medial nuclei which are characterized 

by unidirectional connections from CeL to CeM (Cowan et al., 2017; Jolkkonen, 1998; McDonald, 

1982). These connections are inhibitory in nature, thereby controlling the output from CeA. The 

inhibitory connections from CeM are then sent to various regions like bed nucleus of the stria 

terminalis (BNST), hypothalamus, locus coeruleus, periaqueductal gray and pedunculopontine 

tegmental nucleus, which then delivers a response. (Pitklnenl & Kuopio, 1994). The CeM also 

sends long range projections to paraventricular nucleus of the thalamus as well as downstream 

brainstem nuclei periaqueductal gray.  (Penzo et al., 2014). The region of CeA closest to the BLA 

and demarcated by labeling with CGRP is termed a capsular amygdala (CeC) (Lu et al., 2014).   
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The capsular, lateral and medial nuclei of CeA containing distinct neuronal populations defined by 

different molecular markers, are responsible for significant roles in specific behaviors. Many 

research groups have segregated CeA neurons into distinct cell populations based on their 

expression of neurochemical markers, functional properties, and synaptic connectivity (Haubensak 

et al., 2010; Ciocchi et al., 2010a)(Li et al., 2013) Two neurochemically identified non-overlapping 

cell types in CeA have been identified by predominant expression of protein kinase C δ (PKCδ) 

and somatostatin (SST) (Hunt et al., 2017a). These cell types have been functionally and 

physiologically characterized by several laboratories as detailed in the following sections.   

Physiological properties of central amygdala neurons- 
PKCδ (+) neurons are present in CeC and CeL and were initially termed as late-firing (LF) neurons, 

displaying a significant delay to initiate action potential (AP) in response to depolarizing somatic 

current injections (Hunt et al., 2017a). However, Wilson et al., 2019 demonstrated through 

electrophysiological recordings from PKCδ+ neurons that these neurons manifest three different 

firing types- spontaneous (S), late-firing (LF), and regular-spiking (RS) neurons. In fear 

conditioning paradigm, these neurons have been called CeLOFF cells since they control fear 

expression to a conditioned stimulus paired to shock. This is done by regulating tonic inhibition 

across the fear conditioning circuitry. Presentation of noxious cue inhibits the CeLOFF cells, 

releasing inhibition from their downstream effectors, hence allowing fear expression. Somatostatin-

CeA 

Figure I: Anatomy of amgygdalar complex. BA: Basal amygdala; LA: lateral amygdala; CeC: 

Central capsular amygdala; CeL: Central lateral amygdala; CeM: Central medial amygdala. 

Adapted from (Cowan et al 2017) 
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positive (SST+) (Li H, Penzo MA, Taniguchi H, Kopec CD, Huang ZJ, 2013) neurons are majorly 

expressed in CeL and CeM and they functionally exhibit LF or RS firing patterns.  

Besides these two neuronal populations, several other proteins exhibit neuronal expression in CeA. 

Dopamine receptor D2 (DrD2) positive neurons have been observed in CeC and CeL (McCullough, 

Daskalakis, Gafford, 2018), corticotrophin releasing factor (CrF) in CeL (M. B. Pomrenze, E. Z. 

Millan, 2015) whereas dopamine receptor D1 (DrD1) (Fadok et al., 2018; Kim et al., 2017), 

neurotensin (Nts) and tachykinin 2 (Tac 2) are distributed between CeL and CeM.(McCullough et 

al., 2018). In the caudal CeA, reports suggest that DrD1 co-expressing CrF, tachykinin 2 (Tac2), 

SST, and Nts positive populations leads to condition-specific motivational behaviors (Fadok et al., 

2018; Yu et al., 2017). On the other hand, within the rostral CeC, the PKCδ and calcitonin receptor-

like (Calcrl) co-expressing Drd2 positive subpopulation facilitate defensive behavioral phenotype 

or inhibit motivated behaviors (Han et al.,2015; Kim et al., 2017). Hence, these evidences highlight 

topographical variations in distribution of various neuronal population, electrophysiological 

properties as well as their role in regulating different behaviors. 

1.2. Central Amygdala in Pain Mechanisms 
Primary afferents in pain pathway 
The International Association for the Study of Pain describes the term of neuropathic pain as “the 

pain initiated or caused by a primary lesion or dysfunction in the nervous system”. (Merskey H, 

1994) 

Figure II- Representative firing patterns of PKCδ neurons in central amygdala. Repetitive 

firing evoked after injecting prolonged (500 ms) 200-pA depolarizing current in PKCδ cell 

population reveals different firing patterns (adapted from Wilson et al 2019) 
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Stimulation of nociceptors generate action potential within the neuron that activate the synapses 

which then propagates to other neurons;  hence constituting a pathway that carries signals from 

periphery to central processing i.e. either the spinal cord or the brain, which eventually executes a 

response (Matto and Goltzmann, 2013). Axons involved in propagation of nociceptive information 

are either myelinated or unmyelinated. Myelin sheath around the axon increases the signal 

neurotransmission while they travel through saltatory conduction along the myelinated fiber at the 

‘node of Ranvier’ (Hall, 2010). During signal transmission, myelin sheath functions like an 

insulator to prevent signals from leaking through axon. The signals propagate much slower through 

unmyelinated fibers compared to the myelinated ones.  

As mentioned in (Hall, 2010), the primary afferent neurons, Aβ and Aδ (Group A) belong to a class 

of myelinated class of fibers whereas C-fibers (Group C) are unmyelinated. There are three groups 

of afferent fibers differentiated as diameter, myelination, and conduction speed for delivering the 

signal based on the stimulus.  

Group A fibers generally project to laminae I, III, IV and V of the dorsal horn of the spinal cord 

with some projections to lamina II. These fibers (Aβ and Aδ) being larger in diameter conduct 

signals with faster velocity. Aβ fibers show response to innocuous mechanical stimulation (i.e., 

light touch) (Hall, 2010) whereas Aδ afferents are responsible for fast onset of acute pain. Aδ 

nociceptors are further subdivided into two main classes.  

Figure III- Primary afferent fibers transmitting 

information from periphery to central processing 

(adapted from Stahl and Muntner, 4th edition) 
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• Mechanosensitive type I Aδ afferents- 

These fibers respond to both mechanical and chemical stimuli, however, they have higher 

threshold to heat stimulus  (>50°C). But, if  the heat stimulus is maintained at a particular 

temperature, these afferents become responsive or sensitive to even lower temperature. 

Also, they may undergo sensitization in case of any tissue injury (i.e., the heat or 

mechanical threshold will drop) (Dubin, 2010) 

• Thermosensitive Type II Aδ nociceptors-  

These fibers are sensitive to temperature but have a higher mechanical threshold. These 

afferents usually mediate the acute pain response to noxious heat. Upon compression of 

myelinated peripheral nerve fibers, acute ‘first’ pain response gets eliminated but not 

secondary pain. Conversely, the type I fiber will respond to pinprick and other intense 

mechanical stimuli. (Dubin, 2010) 

Group B fibers are moderately myelinated, they have smaller diameter, hence a relatively slow 

conduction velocities of 3–14 m/s compared to Group A. These fibers project to laminae I and II 

in the dorsal horn of the spinal cord (Dubin, 2010).  

Group C consists of C-fiber nociceptors which are polymodal in nature, meaning they can be 

activated by mechanical, thermal and chemical stimuli (Perl, 2007). These unmyelinated afferents 

are  heat-responsive, but mechanically insensitive, (also called as silent nociceptors) however they 

can develop mechanical sensitivity only in conditions of injury (Schmidt et al., 1995). C-fibers get 

activated from a dull and poorly localized stimulus, like a deep tissue injury. C-fibers exists either 

as peptidergic or non-peptidergic. Most C-fibers are peptidergic in nature; they are glutamatergic 

and they express neuropeptides like calcitonin gene-related peptide (CGRP), substance P (SP), 

neurokinins etc. (Dubin, A.E.; Patapoutian, 2010) 

Inputs to the central amygdala- 
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Ascending tract- The noxious information or signals 

from periphery is carried through primary afferent 

fibers to the projection neurons in the dorsal horn of 

the spinal cord. Subsequently, a group of these 

projection neurons conducts sensory information up to 

somatosensory cortex through the thalamic nuclei, 

thus providing information on the sensory-

discriminative aspect of pain. This tract is known as 

the ‘spinothalamic tract’ (Basbaum et al., 2009). On 

the other hand, other projection neurons involve  

cingulate and insular cortex via the connections in the 

brainstem nuclei parabrachial nucleus (PBN) and the 

amygdala, hence contributing to the emotional-

affective component of pain. This constitutes the 

‘spino-parabrachial amygdalar tract’ (Basbaum et al., 2009). Recently, attention is centered on 

spinal cord projections to the parabrachial region in brainstem, since the output of this region builds 

a quick connectivity with the amygdala, responsible for processing information important to the 

pain induced aversion. 

A major connection from the dorsal laminae of the spinal cord ascending to the PBN to the CeLC 

hence, constituting the spino-parabrachio-amygdalar pathway, was revealed using tools like 

anatomical tracing studies (Basbaum et al., 2009; D’Hanis, 2007; Gauriau C, 2001). Experiments 

by Bernard and colleagues through electrophysiology in the PBN neurons of anesthetized rats 

demonstrated activation of neurons in lateral PBN  in both somatic and visceral pain (Gauriau, 

2001). Most neurons in lateral PBN are Calcitonin gene relate peptide (CGRP) positive. (Campos 

et al., 2018) elaboratively demonstrated that in response to any innocuous stimuli like an itch or 

Figure IV- Pathways for pain 

processing: Two major pathways get 

activated when noxious stimulus from 

periphery reaches the spinal dorsal horn. 

i. Spinothalamic tract  

ii. Spinoparabrachio-amygdalar tract. 

(Figure adapted from Basbaum et al. 

2009)   
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noxious stimuli like heat or chemical, the CGRP positive neurons in lateral PBN gets activated and 

hence its termed as a “general alarm”. CGRP projections in the CeLC gets depleted after surgical 

lesion in PBN. CGRP enhances synaptic plasticity in the CeLC (Jeong S Han et al., 2005) 

(Shinohara K, 2017) and administration of CGRP directly into the amygdala manifests freezing 

behavior (Kocorowski LH, 2001). PACAP and CGRP are co-expressed in some PBN neurons and 

displays a role in mediating the emotional aspects of pain (Missig G, 2017). The glutamatergic 

inputs from parabrachial nucleus are CGRP-positive and interestingly CGRP positive afferents 

have been found to form basket like terminals on PKC-δ+ neurons in the CeLC (Han S et al., 2015)  

The lateral PBN is considered to be important for receiving, integrating and transmitting 

nociceptive information from the periphery (Aicher et al., 2013; Y.-C. Lu et al., 2015; Menani JV, 

1995; Missig et al., 2014; Strobel, Hunt, Sullivan, Sun, 2014). Previous studies suggested that the 

LPB is a major target of almost all noxious stimuli from the projection neurons in the spinal dorsal 

horn (Spike, Puskar, Andrew, 2003), and then relays nociceptive inputs to the CeA, hence plays an 

important role in regulation of pain‐related negative emotions (Hunt, 2001,Watabe et al., 2013, Han 

et al., 2015, Sato et al. 2015). Further studies revealed that the majority of projection neurons in 

lateral PBN of rats relaying pain signals to the CeA express CGRP‐like immunoreactivity. (Hunt, 

2001, Watabe et al., 2013, Han et al., 2015, Sato et al. 2015). All in all, the information extracted 

from all these studies demonstrate a unique connectivity from laminae of spinal dorsal horn to the 

lateral PBN to the amygdaloid complex which gets activated with a noxious stimulus.  
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Outputs of the Central amygdala- 
While the ascending tract activates, the neurons of the 

periaqueductal gray (PAG) and rostral ventral medulla 

(RVM), found in the midbrain, initiates the descending 

feedback mechanism, to further elicit an output 

response from the spinal cord (Basbaum et al., 2009). 

CeA serves as a major recipient for PBN inputs. CeA 

then relays this information to several effectors. 

Anatomical studies reveal that the CeA sends long-

range projections downstream to midbrain, 

hypothalamus, tegmental nuclei as well as brainstem. It strongly innervates VTA, PAG, PBN, PVT, 

BNST, LC, NTS, posterior hypothalamus as well as substantia nigra and dorsal motor nucleus of 

the vagus nerve in brainstem (Gonzales and Chesselet., 1990; Hopkins and Holstege., 1978; 

LeDoux, Iwata, Cicchetti, 1988; SAH et al., 2003). The projection targets of the CeA are linked to 

an array of different behaviors including fear, anxiety, feeding, reward, and gustation. 

CeM and CRF-positive projection neurons in CeLC will control the output from CeA. The 

projections from CeM reach to  limbic regions, hypothalamus, and brainstem regions including the 

periaqueductal gray (PAG) (Bourgeais et al., 2001; Jongen-Rêlo & Amaral, 1998; Pape and Pare, 

2010; Pomrenze et al., 2015; SAH et al., 2003). CeA projections to BNST and locus coeruleus 

(monoamines rich) determine amygdala driven anxiety and depression. Projections from amygdala 

to hypothalamus and brainstem region like NTS lead to autonomic responses. Projections from 

CeA to PAG regulate vocalizations and startle responses. Together, the output from CeA to 

different nuclei regulates different behaviors. 

 

Figure V: Long range outputs from 

CeA- PAG-Periaqueductal gray; DVC-

Dorsal vagal complex; LC—Local coeruleus; 

NTS- Nucleus tractus solitarius; PVT- 

Paraventricular thalamus; VTA- Ventral 

tegmental area 
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1.3. Pain related neuroplasticity changes in amygdalar neurocircuitry- 
In neuropathic pain in rats, enhanced neurotransmission at the PB-CeA synapses associated 

significantly with increased allodynia like pain behavior. Similar observation was also made in the 

arthritis pain model (Neugebauer V, 2006). The importance of this association is that it represents 

a change in view from the conventional concept where amygdala is responsible for endogenous 

pain control, as a mechanism of stress or environmentally induced analgesia, on the contrary, a 

study by Ikeda et al. (2006)(Ikeda R, Takahashi Y, Inoue K, 2006) supports a pain-potentiation at 

PB-CeA synapses in long lasting neuropathic pain. In case of pain being a primary concern and 

needs attention in case of inflammatory or neuropathic pain states, it is possible that amygdala 

assumes a pain facilitation. However, in “fight or flight” situations, the amygdala may suppress 

attention to pain considering it a distracting factor to assure survival.  

Concept of Lateralization- 

 

It is known that CeA serves as an important neural substrate for modulation of pain perception. 

Carrasquillo and Gereau (Carrasquillo and Gereau, 2007) first identified the activation of 

extracellular signal-regulated kinase (ERK) in CeA as an underlying mechanism for behavioral 

sensitization. Blockade of ERK in CeA was able to rescue hypersensitivity in formalin induced 

inflammation. Later on, they (Carrasquillo and Gereau , 2008) demonstrated the predominant role 

of right amygdala in governing pain perception. They exhibited this by blocking ERK activation 

hemisphere specific and its effect on hypersensitivity. They performed stereotaxic administration 

of ERK inhibitor acutely in left and right CeA. Blockage in right CeA attenuated inflammation 

induced hypersensitivity but not in left CeA. Further studies by Neugebauer and colleagues (G. Ji, 

2009) then exhibited increased extracellular activity and evoked responses in right CeA neurons in 

arthritis model, which was reduced by introducing PKA inhibitor specifically through right CeA 

neurons. Moreover, predominant role mGlur5 in right CeA is attributed to pain like behavior 

(Kolber et al., 2010). A recent report by Kato and colleagues (Miyazawa et al., 2018) identified 
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functional differences in both hemispheres, in formalin induced inflammation model. Irrespective 

of side of injection for formalin (either right or left paw), the PB-CeA synaptic potentiation was 

predominantly observed in electrophysiological recordings from CeLC neurons. Also, cFos 

(marker for neuronal activation) levels were also heightened in CeC and CeL neurons. These results 

suggest that pain processing is functionally lateralized through right hemisphere. 

Mechanisms underlying CeA synaptic plasticity in pain conditions  

Different receptors expressed in CeA modulate diverse neuronal function.  

Group I mGlur’s- mGluR1 and mGluR5 exhibit expression within the pain circuitry ( Ryo et al., 

1993; Romano et al. 1995) and are important contributing factors of nociception (Ansah et al., 

2009; Bhave et al. 2005; Hu et al., 2007; Karim et al., 2018; Varney et al., 2002). mGluR5 activation 

leads to phosphorylation of ERK1/2 via MAPK (mitogen-activated protein kinase) pathway (Karim 

F., 2018). Pharmacological activation using mGlur agonist (R,S)-3,5-dihydroxyphenylglycine 

(DHPG) in CeA of mice with no pain induction is enough to induce peripheral hypersensitivity. 

This effect can be abrogated via mGlur5 blocker or through genetic disruption of mGluR5, 

validating that mGluR5 is essential in CeA-mediated pain modulation (Kolber. et al., 2010). 

Opioid receptors expression observed in the CeA (Mansour et al., 1994) determine importance of 

opioid neuropeptides in the CeA (Poulin, Castonguay-Lebel, Laforest, 2008; Marchant, Densmore, 

2007). Dynorphin, corresponding to kappa opioid, is expressed mainly by CRF expressing 

projection neurons in the CeM (Marchant, Densmore, 2007) whereas Enkephalin (Enk), that bind 

to δ-opioid receptors, is synthesized and limited to a subset of interneurons in the CeL and CeC 

(Poulin, Castonguay-Lebel, Laforest, 2008). Stimulation of dynorphin (Kappa opioid) neurons in 

CeA was able to drive aversive behaviors (McCall, Walicki, Norris, Copits, 2018). Almost 40% of 

Enk positive neurons overlap with PKC-δ expressing CeA neurons (Haubensak et al., 2010). Along 

with changes in neurotransmission and receptor expression, chronic pain also leads to 

downregulation of opioid receptors (Narita et al., 2006). A study by Paretkar et al, 2019 (Paretkar 
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T., 2019) demonstrate that analgesic effects can be achieved by both acute and chronic activation 

of Enk neurons in CeA, using chemogenetics. Chemogenetic activation led to increased cFos levels 

in Enk-PKCδ coexpressing neurons. Analgesic effect can be due to unintended activation of 

ventrolateral PAG, which opposes the effects of chronic pain on behaviors like anxiety. µ-opioid 

receptor does not show expression in CeA however, its expression in PAG regulates the CeA-PAG 

descending pathway. Activation of µ-opioid receptor in PAG mediates anti-nociceptive effect, 

suggesting that modulation of nociceptive signals by CeA is ultimately filtered by µ-opioid receptor 

activity in PAG (Avegno 2018). 

Effect of neuropeptides- Intra-CeA administration of neuropeptides (Ahn et al., 2001; Cui , 

Lundeberg , 2004; Han , 2009; Jin, Liu , Liu , 2010; Kalivas, Gau, Nemeroff, 1982; Xu , Lundeberg, 

Wang, Li , 2003), or noradrenergic or cholinergic agonists (Ahn, Kim, 1999; Leite-Panissi et al., 

2004; Ortiz, 2007; Prado, 1994) is able to produce antinociceptive effects. Additionally, it was 

shown that amygdala plays a role in the analgesic action of morphine and cannabinoids since this 

effect was strongly diminished by lesion or the pharmacological inactivation of the CeA measured 

by the tail-flick test (Manning, Martin, 2003; Manning, 1995). The analgesic properties of 

morphine was diminished, when the gene encoding brain-derived neurotrophic factor (BDNF) was 

deleted from parabrachio-amygdalar neurons, suggesting its role in opiate analgesia (Sarhan et al., 

2013). Finally, the antinociceptive properties produced by co-administration of intra-CeA β 

endorphin or intra-PAG morphine indicate the importance of opioidergic transmission in the 

amygdala-PAG pathway (Pavlovic 1998). 

Effect of corticosterone- Meerveld and colleagues (Myers et al., 2007; Myers & Greenwood-Van 

Meerveld, 2010) have established a connection between central pathways modulating stress and 

anxiety and periphery mechanisms regulating gut sensitivity. Also, anxiety and stress symptoms 

are associated with visceral pathologies. (Davis et al., 2010). The important component of this 

association is CeA. Meerveld and colleagues stereotaxically administered corticosterone to CeA in 
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rats and the observed heightened anxiety and visceral sensitivity. Interestingly, they also observed 

increased mechanical pain sensitivity with no differences in thermal sensitivity. These findings 

suggested that stress and anxiety can facilitate pain sensitivity possibly through descending 

supraspinal pathway activation from CeA. (Mansikka H, 1997) 

Effect of cell-type modulation- A recent study by (Gonzalez et al., 2019)  demonstrated changes 

in excitability and synaptic strength in neuronal population as an outcome of persistent pathological 

pain states. Changes in neuronal excitability in the CeA neurons as a result of pain is cell-type 

specific. Increase in pain induced excitability is limited to PKCδ positive neurons and the decrease 

is confined to somatostatin positive neurons. Also, the CeA-PKCδ cells that regulate fear behaviors 

and pain-related behaviors are not anatomically distinct but are rather scattered across CeLC. Since 

PKCδ cells exhibits three kinds of firing patterns, pain-induced changes in neuronal excitability is 

restricted to only late-firing neuronal types.  

A study by (Li, Jun-Nana,b; Sheets, 2020) exhibited that strength of PBN inputs to SST negative 

neurons in the CeC is much more compared to SST positive neurons. Also, the neuropathic pain 

model (spared nerve injury (SNI)) led to distinct alterations in excitatory monosynaptic inputs from 

PBN to CeC based on molecular markers and topographical location within the CeA. Also, a 

decrease and increase in paired pulse ratio (PPR) of PBN inputs targeting its corresponding SST 

negative and positive neurons in CeC was observed in SNI, suggesting a shift in excitatory inputs 

to PKCδ positive neurons. Interestingly, SST negative and positive neurons in CeL did not exhibit 

SNI induced change in PPR suggesting this change is topographically distinct. Strikingly, SNI 

potentiated synaptic strength of PBn input to CrH positive neurons in CeM which can be implicated 

in aversive memory after nerve injury. Together, these observations provide an insight for 

differential functional changes in PBN-CeA pathway in pain conditions by means of topography 

as well as different neuronal populations.  
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1.4. Affective And Other Components Of Central Amygdala Function 
Central amygdala and fear behaviors- 
Adaptive behavioral responses to an aversive or threatening stimulus are dependent on memories 

that integrate these stimuli with its relevant environmental cues. The auditory fear conditioning 

(FC) is a paradigm that represents associative learning by pairing of a sound (conditional stimulus, 

CS) with an electrical shock (unconditional stimulus, US), thereby forming a fear memory. (Yu et 

al., 2017) Traditionally, lateral amygdala (LA) has been identified as a key nucleus involved in fear 

conditioning. The integration of CS and US occurs in LA leading to synaptic plasticity mechanisms 

to form fear memory. This information is then relayed to the CeA, hence mediating freezing and 

other autonomic fear responses. However, recent studies demonstrate that CeA may independently 

regulate fear. During a noxious stimulus, CeC receives direct inputs from brainstem region, 

parabrachial nucleus (PBN), which is then potentially relayed to LA. Interestingly, optogenetic 

activation of PKCδ neurons in CeA elicit fear learning and undergo synaptic plasticity in the LA. 

Activation of PBN-CeC pathway is sufficient to mediate fear learning (Han et al., 2015). Also, CeC 

undergoes synaptic plasticity at the PB-CeA synapses during fear conditioning.  

Both neuronal population in CeA mediating defensive behavior have antagonizing function that 

control freezing via inhibitory interactions. A conditioned auditory stimulus mediates excitation of  

CeLON neurons whereas inhibition of CeLOFF neurons. Inhibition of CeLOFF neurons lead to 

disinhibition of CeM output neurons hence, allowing downstream targets like PAG to produce 

conditioned behaviors. (Ciocchi, Herry, Grenier, Wolff, Letzkus, Vlachos, & Ehrlich, 2010) 

Studies suggest that chemogenetic silencing of PKCδ (+) neurons lead to enhanced conditioned 

freezing (Haubensak et al., 2010) whereas optogenetic activation of SST (+)  neurons generate 

freezing behaviors (Bo Li 2013, Fadok Jonathan 2017). Monosynaptic retrograde viral tracing 

demonstrates direct mutual connections between PKCδ positive and PKC δ (-) neurons in CeL. 

Also, silencing of PKCδ (+) neurons increased CeM unit activity, suggesting PKC δ (+) neurons 

inhibit CeM output neurons. (Haubensak et al., 2010). According to (Fadok et al., 2017), cells 
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expressing CrF lead to conditioned flight  whereas  SST neuron activation cause passive freezing 

behavior. Competitive inhibitory interactions of CrF (+) neurons with SST (+) neurons, can gate 

rapid selection of appropriate behavioral response to threat (Fadok et al., 2017). Taken together, 

modern approaches targeting a specific circuit have demonstrated intrinsic inhibitory circuits within 

the CeA that control action selection. 

Central amygdala and affective behaviors- CeA serves as an important node for processing 

affective component associated with aversive and appetitive conditions (LeDoux, 1993; G. and H. 

Lee, 2010; Murray, 2002; Namburi et al., 2015; Paré, 2004; Stuber et al., 2011)  

Central amygdala and anxiety-  
PKC δ positive neurons of the CeL form monosynaptic connection with PAG-projecting neurons 

of the CeM (Haubensak et al., 2010; H. Li et al., 2013). Optogenetic stimulation of  PKC δ positive 

neurons in CeL modulate avoidance behavior in anxiety paradigms like open field, elevated plus 

maze and light dark box tests (Botta, 2015; Cai et al., 2014), but the effect could be either 

anxiogenic or anxiolytic depends on precise experimental conditions (Botta, 2015; Cai et al., 2014). 

Also, PKC δ positive neurons express the oxytocin receptor. Oxytocin suppresses PAG-projecting 

CeM output neurons, thereby reducing fear responses (Haubensak et al., 2010; Stoop, 2015; 

Viviani, 2011), This could be suggestive of an anxiolytic effect of PKC δ positive neurons.  

Furthermore, the activity of PKC δ positive neurons in CeL exhibits ability to discriminate between 

neutral and threat stimuli, hence, may contribute to generalizing anxiety-associated fear (Botta, 

2015; Ciocchi, Herry, Grenier, Wolff, Letzkus, Vlachos, & Ehrlich, 2010). Recent circuit-based 

approaches have mapped specific neuronal population in CeA and their essential role in defensive 

behavior, such as ones linked to anxiety. For instance, PKC δ positive  neurons undergo increased 

tonic activity after fear conditioning that associates with stimulus generalization, a characteristic 

feature of anxiety. To support similar mechanism in anxiety circuitry, recent evidences have shown 
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that stimulation of CRF (+)  projections from CeL to the locus coeruleus generates significant 

anxiety-like behavior in the anxiety paradigms. (Isosaka, 2015; Kim et al., 2017; McCall, 2015)  

Finally, subpopulation of SST positive neurons express the serotonin receptor Htr2a/5HT2A 

(Isosaka, 2015). In rodents, when these neurons were inhibited either by pharmacological blocker 

or by using chemogenetic and optogenetic tools and subjected to a fox odor, an innate freezing 

response was enhanced. This can be achieved possibly through disinhibition of PKC δ positive 

neurons, thereby regulating dorsal PAG; hence suppressing freezing. These data indicate that 

serotonin induced activation of 5HT2Ar+ neurons may exhibit anxiolytic effect by repressing fear 

responses, which goes hand in hand with the observation that reduced levels of amygdalar serotonin 

are linked to anxiety in humans. (Hariri, 2002; Kim et al., 2017) 

A recent study identified non-overlapping expression SST, Tac2, or Nts genes within the neuronal 

population in the CeM. This study also demonstrated immobility-like behavior in naïve mice when  

Tac2 positive neurons in the CeM were optogenetically stimulated. This observation was  

consistent with previous finding that inhibition of Tac2 positive neurons in the CeA impaired 

conditioned stimulus generated freezing in fear paradigm. However, this manipulation had no effect 

on anxiety like behaviors (Andero, Dias & Ressler 2014). The CeM also comprises of neuronal 

population expressing vasopressin and orexin receptors, hypothesized to modulate fear circuits 

(Flores A, 2015; Stoop, 2015). It, yet, remains unknown how neurons expressing different genes in 

CeM might affect pathway modulating anxiety related behaviors.  

Pharmacological or genetic alterations in inhibitory synapse function in CeA can substantially 

influence regulation of  anxiety-associated behaviors. It is known that the anxiolytic drugs 

especially  benzodiazepines which function as GABA A receptor agonists, are widely used for the 

treatment of anxiety disorders (Benham, 2014; Möhler, 2014). Furthermore, genetic variations in  

molecular elements at inhibitory synapses have been associated to anxiety phenotypes in humans 

(Deckert, 2017; Kalscheuer, 2009; Parente, 2017) as well as in mice.(Babaev, 2016; Blundell, 2009; 
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Deckert, 2017; Felice, 2016; Papadopoulos, 2007) Both these features indicate a necessity for 

understanding synaptic and circuit level mechanisms that can associate changes in inhibitory 

synapse components to pathological anxiety. Genetic animal models of anxiety disorders will 

provide critical insights to circuitry underlying anxiety phenotypes . 

Central amygdala and appetitive behavior-  
CeA neurons has also been implicated in controlling feeding behaviors, however, previous studies 

suggest opposing mechanisms of neuronal populations in this structure. PKC δ positive neurons in 

CeL exhibits a major role in mediating the inhibitory influence on feeding to various anorexigenic 

signals, as well as in satiety, and activation of these neurons can generate a significant, rapid 

inhibitory influence on feeding; while PKC δ negative neurons when activated  mediate an opposite 

influence on feeding (Cai et al., 2014) 

It has been well documented by (Cai et al., 2014) that CeA is important as it serves as a recipient 

of sensory information of various modalities and strongly innervates various downstream brain 

regions suggesting its significant involvement in regulating function of other behaviors besides fear 

learning or pain processing (Alhadeff et al., 2017). In fact, the CeA is central to pathway that 

controls appetite in response to malaise signals (Calvin Zhang-Molina, Matthew B Schmit, n.d.). 

A study by (Roman et al., 2016) reports that malaise pathway activates in response to illness or 

intake of toxic compounds, which overall reduces food consumption, suggesting its importance for 

animal survival. Malaise signals conveyed from the gastrointestinal tract via vagal nerve reach the 

NTS in the brainstem which then relays this information to the PBN (Altschuler, 1989; R., 1985). 

The PBN is a heterogeneous nucleus which is predominantly CGRP positive, is also involved in 

the processing of gustatory signals and appetite.  

The PBN innervates densely into the CeA and the PB-CeA synapses may serve as critical 

component of the malaise circuit. Activation of CGRP expressing PBN neurons relaying to CeA, 

by the intraperitoneal administration of malaise-inducing compounds lithium chloride (LiCl) and 
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lipopolysaccharide (LPS) in mice strongly suppressed appetite (Carter et al., 2013). This effect is 

specific to PKC δ positive neurons in the CeA receiving projections from PBN. Activation of PKC 

δ neurons strongly inhibits feeding (Cai et al., 2014). However, the mechanism by which PKC δ 

neurons in CeA mediate appetite suppression is not yet clear because activation of its effector 

regions BNST and PBN did not suppress feeding (Cai et al., 2014). Pharmacological blockade of 

intra-CeA inhibitory circuit using the GABA antagonist bicuculline abrogated the effect produced 

by PKC δ activation i.e. restoration of reduced food intake. Therefore, it is possible that PKC δ 

neurons mediated their effects locally by inhibiting other CeA neurons and that of PKC δ-negative 

neurons in CeA may promote food consumption. Interestingly, activation of two specific CeA 

population which are considered PKC δ negative CrF and tac2, using channelrhodopsin, did not 

promote food consumption. Thus, it remains unclear how the diverse neuronal population in CeA 

govern the circuit modulating the appetitive and feeding behaviors.  

Trans-Synaptic Signaling by Glutamate Delta Receptors 

GluD1 as synaptic organizer 
Ionotropic glutamate receptors (iGlurs) are classified into AMPA, Kainate, NMDA and δ receptors. 

The δ subfamily consists of GluD1 and GluD2 (Araki, 1993; Lomeli et al., 1993; Yamazaki, 1992); 

and shares almost 17-28% amino-acid homology with other iGlur subfamilies. The δ subfamily 

does not function as conventional ligand-gated ion channels since it has well conserved membrane 

topology and amino acid residues which are both important for ligand binding and calcium 

permeability (Hirai et al., 2005; Kakegawa et al., 2007) 

Structure of  GluDs- GluD1 and GluD2 consist of an amino terminal domain (ATD) and a bipartite 

ligand-binding domain (LBD, sequence segments S1 and S2 form LBD, globular segments D1 and 

D2 correspond to two lobes of a clamp-shell like structure) on the extracellular side of the plasma 

membrane. It  also comprises of three transmembrane domains and an ion-channel-forming re-

entrant loop segment, and a cytoplasmic C-terminal domain (Elegheert et al., 2016; Uemura et al., 

2010; Yuzaki & Aricescu, 2017). All four subunits assemble together to form a functional receptor. 
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A study by (Orth A., Tapken D., 2013) demonstrated main difference in the LBDs  between the 

receptor domains of GluDs and other iGluRs. They observed that, in δ receptors, there was a minor 

difference in the ion channels and the linkers connecting to the LBDs resulting into differences in 

the electrophysiological and gating properties.  

GluD1 and GluD2 possess dimeric ATDs. ATDs are positioned in a way that makes them easily 

assessible to proteins accumulating at the synaptic cleft. Interaction in the transmembrane region 

drives the overall structure of GluDs; and pursues further stabilization by low affinity interactions 

between dimeric ATDs and weak LBD dimers. Cerebellin 1 (Cbln1) is a soluble synaptic organizer 

molecule present in the synaptic cleft, it belongs to a superfamily of C1q-Tumor necrosis factor α 

(C1q-TNFα) and it binds to the ATD of postsynaptic GluDs (Matsuda et al. 2010; Uemura et al., 

2010). Cbln1 binds to presynaptic membrane bound Neurexin 1 (Nrxn1) and postsynaptic GluDs, 

hence establishing a molecular bridge across the synaptic cleft. (Elegheert et al., 2016; Matsuda et 

al., 2010; Uemura et al., 2010; Yuzaki & Aricescu, 2017). Endogenous Cbln1 exists as a hexamer, 

a dimer of trimers linked to each other through a cysteine rich repeat at its amino terminal(Matsuda 

et al., 2010), just like a pair of cherry connected through a branch. Cbln1 hexamer binds to Nrxn 

with splice site 4 (SS4) [Nrxn (+S4)] with high affinity (Kd ~ 40 nM) determined through 

Figure VI- Glutamate receptor delta (GluD) as synaptic organizer. Endogenous Cbln1 exists 

as a hexamer, a dimer of trimers linked through cysteine-rich repeats (CRR). Cbln1 binds to Nrx 

containing a splice site 4 (SS4) Nrx(+S4) with high affinity. The transsynaptic triad consists of 

neurexin (+S4)-Cbln1-GluD2 with a stoichiometry of 2 (monomers): 2 (hexamers): 1 (tetramer) 

(adapted from Yuzaki et al. 2017) 
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interaction assay called isothermal titration calorimetry (ITC) (Elegheert et al., 2016; S.-J. et al. 

Lee, 2012). Single particle electron microscopy analyses and ITC measurements demonstrated that 

one presynaptic Nrxn monomer bind to CRR of one Cbln1 hexamer supporting 1:1 stoichiometry 

(Cheng, 2016; Elegheert et al., 2016), just like a person riding a bicycle (Yuzaki & Aricescu, 2017). 

Other than GluDs, Nrxn also interacts with postsynaptic neuroligins (NLGN) (Dean C., 2006). 

However, the binding affinity between Cbln1 and Nrxn (+4) is higher than that between neuroligin 

and Nrxn (+4), indicating that Cbln1 will compete with neuroligin for binding to Nrxn (+4) (Yuzaki 

& Aricescu, 2017). 

Genetic variants and relevance to disorders- 
Genetic variations and polymorphisms in the genes encoding GluD1 (GRID1) and GluD2 (GRID2) 

are associated with several cognitive and behavioral dysfunctions.  

Beginning with GRID2, single nucleotide polymorphisms (SNPs) in this gene are significantly 

correlated with schizophrenic phenotypes (Greenwood, 2011, 2012) whereas copy number 

variations (CNVs) are reported in autism spectrum disorders (ASDs) (Gazzellone, 2014; Pinto, 

2014; Yuzaki & Aricescu, 2017). De novo (Maier, 2014) and inherited mutations in GRID2 gene 

in humans showed cerebellar ataxia along with cognitive disability and phenotypes of paraplegia 

and retinal dystrophy (Hills, 2013; Utine, 2013; Van Schil, 2015).  Within chromosome 4q, deletion 

of GRID2 exon4 is linked to neurodevelopmental disorders like ASD, cognitive impairment and 

attention deficits.(Hills, 2013) 

Moving onto GRID1, SNPs in this gene in humans is significantly associated with schizophrenic 

and depressive phenotypes also alcohol dependence. Data mining analyses of large genome-wide 

association studies (GWAS) by Consortium on the Genetics of Schizophrenia Family Study 

(COGS-1)  indicated GRID1 as a candidate gene for schizophrenia (Greenwood, 2011, 2012, 2016; 

Nenadic, 2012). Intronic deletions of GRID1 are also detected in ASD patients through CNV 

studies (Gazzellone, 2014)(Griswold, 2012). Linkage and association studies have implicated 
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GRID1 on chromosome 10q22-q23 as a strong candidate for schizophrenia (Fallin, 2005; Guo, 

2007) and recurrent deletions were associated with behavioral and neurodevelopmental 

abnormalities, including ASD, cognitive impairment, and hyperactivity (Balciuniene, 

2007)(Strehle, 2012). Downregulation of GRID1 gene has been observed in MECP2- and CDKL5-

derived induced pluripotent stem (iPS) cells obtained from Rett syndrome patients (Livide, G., 

Patriarchi, T., Amenduni, 2015). However, expression of GluD1 in different brain regions and its 

involvement in signaling mechanism responsible for these disorders remains to be understood. 

Expression- 
GluD2 expression is largely observed in the (Purkinje cells) cerebellar cortex, hippocampus as well 

as in the cerebral cortex. (Hepp et al., 2015b; Konno et al., 2014). GluD2 in cerebellum is essential 

for motor learning and coordination. However, the extracerebellar role of GluD2 remains unknown.  

GluD1 shows expression in the molecular layer of 

cerebellar cortex, however, the levels are relatively 

lower compared to GluD2 (Hepp et al., 2015). GluD1, 

enriched in the inner ear, plays an essential role in 

high-frequency hearing (Gao, 2007). Also, GluD1 

immunoreactivity is widely distributed across the 

cerebral and cerebellar cortex, striatum and limbic 

regions. In hippocampus, GluD1 showed enriched 

expression in stratum lacunosum molecular of CA2 

region and molecular layer of dentate gyrus. 

Additionally, GluD1 rich other limbic regions include 

lateral septum, nucleus accumbens, central amygdala, 

bed nucleus of stria terminalis and lateral habenula. 

mRNA levels of GluD1 were low in the brainstem. (Hepp et al., 2015; Konno et al., 2014)  

Figure VII- Expression pattern of 

GluD1 depicted in both sagittal and 

coronal sections- GluD1 shows 

enriched expression in cerebral and 

cerebellar cortex, striatum, and other 

limbic regions. (details in text, image 

adapted from Konno et al., 2014) 



21 
 

Signaling mechanisms- 
Cerebellum- The expression of GluD1 and GluD2 in cerebellar cortex is interesting. GluD1 mRNA 

is selectively expressed in molecular layer interneurons (MLI) and GluD2 in distal dendrites of 

purkinje cells (PC). GluD1 protein is enriched on soma of MLIs and it receives inputs from parallel 

fibers (PFs) forming PF-MLI synapses. GluD2 receives inputs from PF (granule cells) forming PF-

PC synapses and  binds to Cbln1 released from granule cells (Matsuda et al., 2010; Uemura et al., 

2010). A significant MLI loss along with reduction in its size and PF-MLI synapse density was 

observed in Grid1 null mice, suggesting that GluD1 on soma of MLIs is essential at the PF-MLI 

synapses (Konno et al., 2014). Hence, it can be said that survival of PCs was less likely affected in 

Grid2 null mice whereas GluD1 is needed at PF-MLI synapses for MLI survival. Strikingly, in 

Grid2 null mice, the number of PF–MLI synapses is increased, probably due to the upregulation of 

GluD1 which could serve as a compensatory mechanism (Konno et al., 2014).  Ablation of Cbln1 

in the adult cerebellum itself results in a severe reduction in PF–PC synapse number.  

Furthermore, Cbln1 null and Grid2 null mice exhibit deficit in motor coordination and learning 

which is not observed in Grid1 null mice (Otsuka et al., 2016; Pernice 2019). GluD1 can induce 

synapse formation by interacting with Nrxn1 (+S4), via Cbln1 and Cbln2, in vitro (Matsuda et al., 

2010; Ryu, 2012; Yasumura, 2012). Administration of Cbln1 single injection in cerebellar vermis 

of Cbln1 null mice shows a transient restoration in the reduced PF-PC synapses and rescues of the 

ataxic phenotypes. This effect is lost once the recombinant Cbln1 degrades and the PF-PC synapses 

are reduces back again (Otsuka et al., 2016). Thus, Cbln1 serves as a unique synaptic organizer for 

profound synaptogenesis and is essential for synapse maintenance in vivo.  (Konno et al., 

2014)(Otsuka et al., 2016) 

Forebrain- Schizophrenic phenotypes as well as intellectual disabilities are major features observed 

in human patients with genetic variations in Grid1 gene as mentioned above. Similar behaviors that 

including increased spontaneous activity and aggressiveness as wells as lower anxiety and reduced 
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social interaction were observed in GluD1 knockout mice by (Yadav et al., 2013; Yadav et al., 

2012). Deficits in reversal learning (Liu et al., 2020) but an enhanced working memory (Yadav et 

al., 2013) were also seen in GluD1 KO mice. GluD1 KO mice as well as complete and forebrain-

specific Cbln1-null mice exhibited impaired fear conditioning and spatial memory (Otsuka et al., 

2016; Yadav et al., 2013).  

With knowing the expression of GluD1 in medial prefrontal cortex and hippocampus; GluD1 KO 

mice exhibited increased dendritic spine number and increased number of synapses, greater 

excitatory neurotransmission, reduced expression levels of GluA1 receptor subunit and a lower 

GluN2A/GluN2B ratio in both these regions suggesting GluD1 is essential for normal spine 

development in cortex and hippocampus (Gupta et al., 2015). Administration of NMDA partial 

agonist (DCS) at higher doses or GluN2B subunit selective inhibitor restored the spine density in 

the GluD1-null prefrontal cortex and hippocampus. These findings identify inhibition of GluN2B 

as a mechanism to normalize or restore the increased spine number in the prefrontal cortex and 

hippocampus (Gupta et al., 2015). 

A report by (Yadav et al., 2012)  demonstrated significant reduction in GluA1 and GluA2 levels in 

prefrontal cortex whereas upregulated levels of GluA1 and PSD95 in amygdala with no change in 

GluN2B levels in Grid1 null mice on 129 background. However, a recent report by (Nakamoto et 

al., 2020) incorporates behavior battery and molecular analysis using Grid1 null mice on C57BL/6 

background. Mice on both backgrounds demonstrated similar behavioral deficits as mentioned 

above, nonetheless biochemical analysis revealed no significant changes in protein expression. 

With these findings, there are certain questions that remains unanswered: how GluD1 differentially 

regulates AMPA and NMDA receptor subunits, how can it be different in different regions and 

why are the number of synapses increased upon Grid1 loss in cortex and hippocampus? 

Interaction of GluD1 with mGlur5 in hippocampal membrane fraction was detected using 

immunoprecipitation assay demonstrated by (Suryavanshi et al., 2016). This observation was in 
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parallel lines with GluD2 association with mGlur1 (Ady, 2014). Interestingly, mGlu1/5 agonist 

(DHPG)–induced AMPA internalization is impaired in GluD1 KO mice suggesting an important 

role of GluD1 in hippocampal function.  

Supporting the observations made previously that GluD1in hippocampus and cortex is important 

for synapse maintenance, a study by Tao et al.  (Tao and Bemben, 2019) demonstrated that GluD1 

localizes to synapses in pyramidal cells in CA1 hippocampus and it is important for maintaining 

excitatory neurotransmission in the adult mice. Even though there are structural and functional 

similarities between GluD1 and GluD2, they function differently: Cbln1 is the endogenous ligand 

for GluD2 in cerebellum, while Cbln2 is a ligand for GluD1 in the hippocampus. Cbln2 bridges 

presynaptic Nrxn (+S4) and postsynaptic GluD1 in hippocampal synaptogenesis and maintenance. 

Hence, this finding suggest that different bridging molecules may govern different signaling 

pathways in different brain regions. 

GluD1 trafficking mechanisms- 
The trafficking mechanisms of iGlurs have gained substantial attention. Despite the availability of 

clones for delta family, little is known regarding the mechanisms responsible for synaptic 

trafficking of GluD receptors. Using tagged version of GluD1, research by (Tao, W., Ma, C., 

Bemben, 2019)  analyzed GluD1 trafficking at CA1 hippocampal synapses; demonstrated that 

GluD1 was unable to express long term potentiation (LTP) although GluD1 and AMPAR shares 

similar homolog sequence. Deletion of PDZ domain from its C-terminal (CT) did not alter synaptic 

trafficking. Nevertheless, deletion of entire CT terminal was able to abolish trafficking mechanism, 

suggesting, unlike AMPAR, intact CT is important for GluD1 trafficking. Specifically, the 

mutation of T923 to alanine disrupts the synaptic trafficking of GluD1. Phosphorylation of T923 

was not regulated by protein kinase A or C or CAMKII discern the involvement of some 

unidentified kinase and that this mutation abolishes the interaction of GluD1 with other critical 

proteins. Also, Tao et al studied trafficking of GluD1 using a chimera of GluD1 and GluK2 wherein 
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the LBD of GluD1 was replaced with the one of GluK2 (GluD1-K2). Wild-type neurons with this 

chimeric construct exhibited a long-term depression but failed to express LTP. One possible reason 

is failure of GluD1-K2 to exhibit LTP leads recruitment of AMPARs and displacement of GluD1-

K2 from surface leading to LTD induction. These observations excellently elucidate diversity in 

synaptic trafficking mechanisms of iGlurs.  

Cerebellin 1 release mechanism-  

As previously mentioned, Cbln1, a synaptic protein from C1q family and released from cerebellar 

neurons has been well studied to have a role in synaptogenesis and maintenance at PF-PC synapses. 

(Matsuda, 2010). Ibata and colleagues (Ibata et al., 2019) published an interesting study 

demonstrating that unlike neurotransmitters or neuropeptides that is released from synaptic vesicles 

or dense core vesicles respectively, Cbln1 is released from lysosomal vesicles in axons of cerebellar 

granule cells in an activity- and calcium dependent manner. Neurotransmitters or neuropeptides are 

also released in a similar manner using tetanus neurotoxin sensitive R-SNAREs whereas Cbln1 is 

released together with lysosomal protease cathepsin B in an activity dependent manner insensitive 

to tetanus neurotoxin. This finding discovers a new form of lysosomal exocytosis regulated in 

axons, follows lateral diffusion until it encounters GluD2. As Nrxn freely diffuse along axonal 

surface (Fu, Y., and Huang, 2010), Cbln1-Nrx(+S4) as a complex on granule cell axons likely 

moves together to target postsynaptic GluD2 on purkinje cells in vivo (Fu, Y., and Huang, 2010; 

Ito-Ishida et al., 2008).  

Homeostatic balance is well maintained when Cbln1 is retained presynaptic on unbound Nrxn 

(+S4) sites which ultimately prevents excessive production of synapses. Likewise, in conditions 

where receptors are fully occupied by endogenous Cbln1, administration of exogenous Cbln1 does 

not lead to further synapse formation in adult cerebellum (Ito-Ishida, A., Miura, E., Emi, K., 

Matsuda, K., Iijima, T., Kondo, T., Kohda, K., Watanabe, M., and Yuzaki, 2008). However, in 

pathological conditions like chronic epilepsy (Iijima et al., 2009) and 15q11– 15q13 triplication 
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(Krishnan, Stoppel, Nong, Johnson, Nadler, Ozkaynak, Teng, Nagakura, Mohammad, Silva, 

Peterson, & Cruz, 2017)where Cbln1 mRNA is reduced, the phenomenon of activity-dependent 

release of Cbln1 becomes important if unbound Nrx(+S4) sites becomes available. 

1.5. Activity Dependent Regulation Of Synaptic Partners-  
Neurexin 1β (+S4) and neuroligin 1 -  

Neurexins serve as a presynaptic master regulator for many 

cell surface receptors and the specificity of its activity is 

defined by its diverse splice variants. Insertion of exon 20 (30 

amino acids) at splice site 4 forms Nrxn1 (+S4) while 

skipping it constitutes Nrxn1 (-S4). Both variants have 

differential interactions. Unlike Nrxn1 (+S4), (−S4) forms 

strong trans-synaptic adhesion complexes with the 

postsynaptic neuroligin-1β receptor (NL1β) (Boucard 2003). 

Whereas, Nrxn1 (+4) exhibits strong adhesion with the post-

synaptic Cbln1-GluD2 complex (Matsuda & Yuzaki, 2011; 

Uemura et al., 2010). Hence for neurexins, alternative spicing 

at S4 controls Nrxn-ligand interactions. Iijima and colleagues 

(Iijima et al., 2011) demonstrated that in depolarization conditions, a switch in Nrxn1 spice variant 

is triggered via calcium/calmodulin-dependent kinase IV signaling. A coculture system containing 

primary cerebellar neurons and non-neuronal cells expressing a postsynaptic receptor either NL1β 

or GluD2 alone, was used as an experimental setup. In an unstimulated or basal condition, a weak 

functional interaction between Nrxn1 (+S4) and NL1β and strong interaction with Cbln1-GluD2 

complex was observed. However, under depolarization conditions using higher kainic acid or 

higher K+ concentrations, the response to NL1β-expressing cells was significantly increased and 

responses to GluD2 expressing cells were reduced. This reduction could interestingly be due to a 

Figure VIII- Activity 

dependent regulation of 

Nrxn1(+S4)-Cbln1-GluD2 

complex. Under depolarization 

conditions (high activity state), 

increased activity is mediated 

mainly through Nrxn (-S4)-

NL1β complex. (Figure from 

Iijima et al. 2011) 
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switch in  Nrxn1 alternative splicing and also reduced expression of Cbln1 equally important of the 

tripartite Nrxn1 (+4)-Cbln1-GluD2 complex. (Uemura et al., 2010) (K. Matsuda, 2011). 

A postsynaptic adhesion molecule Neuroligin 1 promotes synapse formation by interaction with 

the presynaptic membrane tethered Nrxn. Neuroligin exists as four different isoforms: NLGN1–

NLGN3 are abundantly expressed in rodents whereas NLGN4 is relatively lesser (Ichtchenko K, 

Nguyen T, 1996). Neuroligin 1 (NLGN1) is preferentially localized at glutamatergic post-synapse 

and it is pivotal to govern the AMPA/NMDA ratio and electrophysiological function at excitatory 

synapses invitro as well as in vivo. NLGN1 is important for regulating synaptic distribution of 

NMDAR and that loss of NLGN1 leads to an impaired NMDAR dependent LTP (Barrow et al., 

2009; Jung et al., 2010). NLGN1 is highly expressed in lumbar spinal dorsal horn, relevant to pain 

condition. Zhao and colleagues (Zhao et al., 2018) demonstrated that after intra-plantar 

administration of  complete freunds adjuvant (CFA), NLGN1 expression increased in spinal dorsal 

horn. Pain related condition led to activity-dependent regulation of NLGN1 synaptic expression 

spinal cord dorsal horn of mice. This also led to increase synaptic expression of GluN2B subunit 

that ultimately led to enhanced neuronal activity. Also, NLGN1 facilitated the clustering of 

NMDAR at synapses. (Zhao et al. 2018) Strikingly, NLGN1 knockdown or silencing in CFA mice 

was able to suppress synaptic localization of GluN2B-subunit; also, attenuated the inflammation 

induced mechanical and thermal hypersensitivity. These observations were also consistent in spinal 

nerve ligation model and attenuation in behavioral phenotype was achieved after NLGN1 

knockdown (Dolique et al., 2013; Lin et al., 2015). These observations, in accordance with Iijima 

et al. 2011, suggest that recurrent activation of neurons leads to an activity dependent switch, 

shifting the Nrxn1 (+4)-Cbln1-GluD complex towards Nrxn1 (-4)-NLGN1 complex.  

Cerebellin 1-  
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Recent reports shows thorough studies pertaining to synaptic organiser Cbln1, that belongs to the 

C1q/tumor necrosis factor (TNF) superfamily (Yuzaki, 2010). Iijima and colleagues studied 

activity dependent regulation of Cbln1, released from cerebellar granule cells, critical for excitatory 

PF-PC synapse formation and survival. Upon Cbln1 disruption, the number of PF– PC synapses 

decreased by 80% in mice (Hirai et al., 2005). A single administration of recombinant Cbln1 

restored PF-PC synapses both in vitro and in vivo (Ito-Ishida et al., 2008). Therefore, Cbln1 serves 

as a unique synaptic organizer necessary for both normal development and stabilization of PF-PC 

synapses in mature cerebellum.  

Neuronal activities lead to structural changes in the synapses. (Iijima et al., 2009) showed how 

neuronal activities can regulate cbln1 signaling pathways and allow morphological changes at 

mature PF synapses. Using mature cerebellar 

granule cell culture and inducing depolarization 

using kainic acid, they demonstrated that activation 

of voltage-gated L-type calcium channels (L-

VGCC) and calcineurin inhibits cbln1 mRNA 

transcription within several hours. This repression 

was restored after using either L-VGCC or 

calcineurin blocker. Moreover, long-lasting 

activation of neuronal activity by increasing extracellular K+ levels for several days (~2weeks) 

significantly reduced Cbln1 protein levels and number of PF-PC excitatory synapses in wild-type 

adult cerebellar cultures. Hence, to maintain homeostasis, Cbln1 undergoes a mechanism of activity 

dependent downregulation by which cerebellar granule cells cope up to chronic neuronal activation.  

Figure IX- Repression of Cbln1 

observed in increased activity 

conditions ultimately leading to reduced 

PF-PC synapses in cerebellar culture 

system (Figure from Iijima et al. 2009) 
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A study by Krishnan and colleagues (Krishnan, Stoppel, Nong, Johnson, Nadler, Ozkaynak, Teng, 

Nagakura, Mohammad, Silva, Peterson, Cruz, et al., 2017) demonstrated an increase in autism 

associated Ube3A (gene that encodes for ubiquitin ligase with transcriptional co-regulatory 

functions) in glutamatergic neurons of ventral tegmental area (VTA) downregulates the 

glutamatergic synapse organizer Cbln1, essential sociability phenotype in mice. Moreover, 

increased neuronal activity is the form of epileptic seizures also downregulate Cbln1, exhibits 

sociability impairments in mice with increase in UBE3A. Interestingly, Ube3a/seizures induced 

sociability deficits was reversed through activation or restoration of Cbln1 using viral-vector-based 

chemogenetics approach. 

To conclude, activity dependent regulation of synaptic organizers serves as a new mechanism for 

system adaptation in pathological conditions that involves persistent or chronic neuronal activation. 

Concept of synthetic synaptic organisers- 
Yuzaki and colleagues (bioRxiv) very recently developed a chimeric synthetic synaptic organizer 

combining elements from neuronal pentraxin 1 (NP1) and cerebellin 1, that can bind to presynaptic 

neurexin and postsynaptic AMPA iGluRs. A synthetic hexamer called CPTX was developed by 

using the cysteine rich repeat of Cbn1 and pentraxin domain of NP1, which respectively interacted 

with Nrxn1 (+S4) and ATD of AMPAR. CPTX was able to restore the number and synaptic 

function of cerebellar PF-PC synapses in Grid2 as well as Cbln1 null mice. Also, CPTX led to 

improvement in motor coordination, contextual memory as well as tissue regeneration in models 

of cerebellar ataxia, Alzheimer’s disease, and spinal cord injury, respectively. Structure guided 

biologics is a very interesting idea that takes into consideration the use of structural components of 

different synaptic organizers with a predetermined presynaptic and postsynaptic binding 

Higher activity  

state 

Nrxn 1 (+S4) 

Cbln 1 

NLGN 1β 
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specificities which can eventually be used to restore synapse numbers as well as reverse behavioral 

phenotypes. 
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CHAPTER 2 
Trans-synaptic glutamate delta-1-cerebellin 1 signaling in central amygdala controls pain 

persistence 
Abstract 
Chronic pain is a major public health problem, leading to long term disability and distress that 

makes its clinical management challenging. Central amygdala (CeA) is a key neural substrate that 

contributes in the control of the pain response and modulates the affective-motivational component 

of pain. It is known that PKCδ (+) neurons in latero-capsular region of CeA (CeLC) is a dominant 

direct recipient of parabrachial inputs, constituting a pathway that has been implicated in pain. 

However, molecular mechanisms at PB-CeLC synapses driving nociception remains unclear. In 

present study, we demonstrate the role of synaptic organizer glutamate receptor delta 1 (GluD1), 

uniquely enriched in CeLC, in pain behaviors. We demonstrate that deletion of amygdalar GluD1 

leads to impairment in parabrachio-amygdalar neurotransmission. However, in condition of pain, 

somatic GluD1 as well as Cbln1 in CeA undergoes significant downregulation with surface 

upregulation of AMPA subunit. Interestingly, exogenous application of recombinant Cbln1 is able 

to alleviate pain induced mechanical hypersensitivity by restoring the GluD1 levels. This report 

will open a new arena of using protein therapeutics in modulating pain phenotypes and serve as a 

potential alternative to existing line of treatment.  

Introduction 
Persistent or chronic pain affects more than 100 million US adults. The mainstay for severe pain 

includes opioids which are associated with high incidence of drug dependence (Volkow et al., 

2019). Alternative mechanisms to alleviate pain and overcome the limitations of opioids is urgently 

needed. Studies over the past two decade have established that functional plasticity in the central 

amygdala as a mechanism for persistent pain. Central amygdala receives monosynaptic inputs from 

the lateral parabrachial nucleus and in pain models increase in synaptic neurotransmission at PBN-

CeA synapses have been observed independently by several laboratories (Han et al., 2005; Li, Jun-

Nana,b; Sheets, 2020; Neugebauer, Li, Bird, Bhave, 2003; Shimada et al., 2000; Wilson et al., 

2019). Also, PBN differentially targets neurons in CeA based on both molecular identity (PKCδ 
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and somatostatin cell types) as well as topographical location within CeA (Hunt et al., 2017b; Li, 

Jun-Nana,b; Sheets, 2020). In condition of chronic pain, the synaptic efficacy of PBN inputs to 

PKCδ positive neurons is potentiated (Li, Jun-Nana,b; Sheets, 2020). Although much is known 

about the pain related functional changes at PB-CeLC synapses, key questions remain regarding 

the structural and molecular mechanisms that contribute to pain-induced synaptic plasticity and 

related behavior.  

The glutamate delta receptors (GluD1 and GluD2) belong to a class of ionotropic GluRs (iGluRs) 

but do not typical exhibit agonist-induced currents (Elegheert et al., 2016; Kakegawa W, Kohda K, 

2007; Kakegawa et al., 2007; Uemura et al., 2010). GluDs are involved in synapse formation and 

maintenance through interactions with presynaptic Neurexin (Nrxn) via intermediate Cerebellin 1 

(Cbln1) released from presynaptic terminals. Nrxn1-Cbln1-GluD function has been well studied 

for GluD2 at parallel fiber-Purkinje cell (PF-PC) glutamatergic synapses; loss of either of this 

synaptic organizer (GluD2 or Cbln1) reduces PF-PC synapse numbers and impairs normal LTD 

and exhibits deficits in motor learning (Eri Takeuchi, 2018; Konno et al., 2014). Recent studies 

have revealed strong expression of GluD1 in forebrain nuclei including central amygdala (Konno 

et al., 2014). Behavioral characterization of GluD1 KO mice replicates phenotypes relevant to 

autism. (Liu et al., 2020) showed that deletion of GluD1from dorsal striatum led to impaired 

behavioral flexibility suggesting its role in maintaining anatomical and functional integrity of 

thalamo-striatal connectivity. In addition, we have previously shown that GluD1 KO mice exhibit 

increased sensitivity to pain and a similar behavior was observed in Cbln1-null mice. Also, GluD1 

KO (Yadav et al., 2013) and Cbln1 KO mice (Otsuka et al., 2016) display impaired fear acquisition 

and altered anxiety like behavior which are mainly amygdala-mediated behaviors. 

Neuroanatomical studies have found strong expression of GluD1 in the CeA but is devoid of Cbln1 

mRNA or other Cblns. However, Cbln1 shows enriched expression in parabrachial nucleus (PB) 

neurons (Otsuka et al., 2016), which is a main source of glutamatergic inputs to CeLC. Despite 
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that, the role of GluD1-Cbln1 signaling in pain-related CeA function and plasticity remains to be 

explored.  

In present study, we hypothesize that a transsynaptic GluD1-Cbln1 complex is a novel substrate 

for pain persistence. Our findings demonstrate that this complex undergo aberrant changes in pain 

state and rescue of GluD1-Cbln1 signaling mitigates pain and affective behaviors by restoring 

synaptic function.  

Results-  
Unique cell- and input-specific distribution of GluD1 in central amygdala (CeA)- 

As shown in figure 1, using immunofluorescence, we observed an enriched expression of GluD1 

in CeA, the latero-capsular region of CeA (CeLC), in particular. We used immunofluorescence and 

3-D confocal imaging to determine the precise localization of GluD1 in CeLC. We observed a 

dense distribution of GluD1 around the cell soma of CeLC neurons along with some punctate 

staining on the cell processes (Fig 1B i-ii). Neurons in the CeA have been classified based on their 

expression of different neurochemical markers. Two major cell types that account for majority of 

neurons in the CeA include the somatostatin (SST)-positive and protein kinase C delta (PKC δ)-

positive neurons. These cell types have different connectivity and have different functional roles in 

fear, anxiety and possibly pain behaviors. We determined the expression of GluD1 with 

somatostatin (SST) and protein kinase C delta (PKC δ) cell types. Quantification of GluD1 

immunoreactivity with these neuronal population revealed its predominant expression with PKC δ 

cell type with very little to no overlap with other cell types (GluD1 PKCδ+ 93.77 ± 1.426 vs. GluD1 

SST+ 0.9804 ± 0.9804, p<0.0001, unpaired t-test) (Fig 1B iii-v). Perisomatic GluD1 expression 

was distinct to PKC δ positive neurons along with its presence on the axonal hillock and some 

labeling on the dendrites (Figure1). Similar pattern of PKC δ neurons positive for GluD1 was 

observed in bed nucleus of stria terminalis (BNST). (S1) 
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Capsular region of central amygdala (CeLC) receives direct glutamatergic inputs from both 

basolateral amygdala (BLA) and lateral parabrachial nucleus externa (LPBe). Most PB neurons 

express the vesicular glutamate transporter type 2 (VGluT2; see the Allen Brain Atlas at 

http://www.brain-map.org/) (Niu et al., 2010) whereas pyramidal-like neurons of the BLA possess 

VGluT1 (Barroso-Chinea et al., 2007; Fremeau et al., 2004; Kaneko and Fujiyama, 2002). We, 

first, determined the preferential localization of GluD1 with BLA marker vGluT1 and LPBe marker 

vGluT2. We observed a predominant expression of GluD1 with vGluT2 punctate structures over 

vGluT1 (Quantification of puncta number-vGluT1-GluD1, mean ± SEM: 1.722 ± 0.1948, n=3 

mice/genotype; vGluT2-GluD1 10.83 ± 1.276, n=3 mice/genotype, ****p<0.0001, unpaired t-test) 

(Figure 1D). Moreover, the LPBe projections form large basket-like pericellular terminals onto 

neurons in CeLC (Sarhan et al. 2005) co-releasing glutamate and neuropeptides, especially CGRP 

(Delaney et al. 2007; Salio et al. 2007). Reports suggest a large innervation of CGRP positive 

terminals on PKCδ+ cells and partial overlap on SST+ cells in CeA; and displayed characteristic 

perisomatic terminals. Therefore, we examined the apposition of GluD1 with CGRP+ terminals 

from LPBe (Figure 1E). We observed a distinct, basket like- innervation of CGRP+ terminals 

closely apposed with perisomatic GluD1 on PKCδ+ neurons. 

Reduction in parabrachio-amygdalar excitatory neurotransmission 

We, next, assessed for the changes in the glutamatergic inputs from both the nuclei, upon deletion 

of GluD1in CeLC. We found a significant reduction in vGluT2 terminals with no change in vGluT1 

terminals (vGluT1: WT 148 ± 14.526 vs. GluD1 KO 124 ± 8.327; vGluT2: WT 236 ± 27.502 

GluD1 KO 169 ± 11.931, *p<0.05, Two way ANOVA with Bonferroni’s post-hoc test) (Figure 

1G) . Also, we observed a substantial decrease in CGRP+ terminals upon loss of GluD1 (WT 203.0 

± 39.46 vs. GluD1 KO 97.86 ± 14.54, p= 0.0415, unpaired t-test). These observations suggest an 

impairment in glutamatergic inputs in the LPBe-CeLC pathway with no change in BLA-CeLC 

pathway. To determine the functional role of GluD1 in CeLC, we performed whole cell patch clamp 
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recordings from both complete and conditional GluD1 KO. We measured mEPSC and mIPSC from 

CeLC neurons. A significant decrease in miniature EPSC frequency and amplitude was observed 

upon complete deletion of GluD1(Frequency: WT 16.78 ± 0.869 Hz vs. GluD1 KO 13.66 ± 1.124 

Hz, p=0.0478, unpaired t-test; Amplitude: WT 6.17 ± 0.8331 pA vs. GluD1 KO 2.914 ± 0.9627 

pA, p=0.0233, unpaired t-test) (Figure 1F). To evaluate the functional changes in LPBe-CeLC 

pathway, we performed whole cell patch clamp recordings and measured evoked currents. We 

stimulated the LPBe afferents at different stimulation intensity (ranging from 0.1 to 2 mA) and 

recorded the evoked EPSC (evEPSC) amplitude from CeLC neurons. We observed a significant 

reduction in evEPSC amplitude at current injection of 0.8 mA and onwards, upon deletion of GluD1 

(800 µA current injection: WT 40.635 ± 5.235 vs. GluD1 KO 15.585 ± 1.366, p<0.0001; 1 mA 

current injection: WT 42.108 ± 4.894 vs. GluD1 KO 21.864 ± 3.171, p=0.0011; 2 mA current 

injection: WT 73.680 ± 9.990 vs. GluD1 KO 38.408 ± 3.633, p<0.0001; Two way ANOVA with 

Bonferroni’s post-hoc test) (Figure 1H). Altogether, these findings suggest that deletion of GluD1 

from CeLC results in an impaired glutamatergic neurotransmission at the LPBe-CeLC pathway. 
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Figure 1- Amygdalar glutamate receptor delta 1 (GluD1) serves as a critical regulator at 

parabrachio-amygdalar synapses.  
(A) Schematic representation of parabrachio-amygdalar pathway. Noxious stimulus from periphery 

reaches the lamina I and V of spinal dorsal horn. The information undergoes central processing via 

lateral parabrachial nucleus (PBN), a brainstem nucleus and thereafter, reaches central amygdala. 

CeLC compartment of the CeA receives glutamatergic inputs from PB-CGRP (+) terminals.  

(B) Immunohistochemical analysis reveal enriched expression of GluD1 in capsular and lateral 

division of CeA. No labeling in GluD1 KO demonstrates antibody specificity. PKCδ (+) and SST 

(+) neurons constitute predominant cell population in CeA. GluD1 shows perisomatic and punctate 

labeling on PKCδ (+) neurons with no colabeling with SST (+) neurons. Quantification of GluD1 

with both neuronal populations reveal 93.49 ± 1.104 % were PKCδ (+)/ GluD1 (+) whereas 0.5882 

± 0.5882 % were SST (+)/ GluD1 (+) (repeated in >5 mice).  

(C) GluD1 localization to PKCδ (+) neurons using the PKCδ Cre mice line which express GluCl-

CFP cassette.  

(D & E) GluD1 shows soma and punctate apposition with vGluT2 and CGRP terminals. Higher 

colocalization of GluD1 with PBN marker vGluT2 vs BLA marker vGluT1 puncta (vGluT1-

GluD1, mean±SEM: 1.722 ± 0.1948, n=3; vGluT2-GluD1 10.83 ± 1.276, n=3, ****p<0.0001, 

unpaired t-test). Confocal analysis and 3-D reconstruction reveal close apposition of GluD1 with 

CGRP.  

(F) Whole cell mEPSC recordings at -70mV (in presence of picrotoxin and tetradotoxin) from 

CeLC neurons demonstrated significantly lower mEPSC frequency and amplitude in GluD1 KO 

(Frequency: WT 16.78 ± 0.869 Hz vs. GluD1 KO 13.66 ± 1.124 Hz, p=0.0478, unpaired t-test; 

Amplitude: WT 6.17 ± 0.8331 pA vs. GluD1 KO 2.914 ± 0.9627 pA, p=0.0233, unpaired t-test). 

Selective reduction in vGluT2 puncta in CeLC in GluD1 KO mice (vGluT1: WT 148 ± 14.526 vs. 
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GluD1 KO 124 ± 8.327; vGluT2: WT 236 ± 27.502 GluD1 KO 169 ± 11.931, *p<0.05, Two-way 

ANOVA with Bonferroni’s post-hoc test)  

(G) Whole cell evoked EPSC from CeLC neurons at -70mV in presence of picrotoxin with 

recording electrode in CeLC (yellow asterisk) and stimulating electrode on PBN fibers (red 

asterisk). Input-output curve shows significant reduction in evoked EPSC amplitude in GluD1 KO 

mice. (800 µA current injection: WT 40.635 ± 5.235 vs. GluD1 KO 15.585 ± 1.366, p<0.0001; 1 

mA current injection: WT 42.108 ± 4.894 vs. GluD1 KO 21.864 ± 3.171, p=0.0011; 2 mA current 

injection: WT 73.680 ± 9.990 vs. GluD1 KO 38.408 ± 3.633, p<0.0001; n=16-24 neurons/3 

mice/genotype; Two-way ANOVA with Bonferroni’s post-hoc test) 

Downregulation of GluD1 on PKCδ+ neurons in the central amygdala in inflammatory and 

neuropathic pain models 

Functional neuroplasticity has been observed in the CeC in several pain models. We tested whether 

GluD1 in CeC exhibits changes in pain models. In CFA-induced inflammatory pain model we 

evaluated GluD1 expression in the CeC. A strong reduction in perisomatic GluD1 was observed 

around PKCδ neurons (WT Saline: 11.65 ± 0.2425 vs. WT CFA: 6.606 ± 0.8074, p=0.0179, 

unpaired t-test with Welch correction) (Figure 2A).  In addition, the total number of GluD1 puncta 

in the CeC was also reduced (WT Saline: 320.833 ± 21.978 vs. WT CFA: 189.5 ± 11.433, 

p<0.0001, Two way ANOVA with Bonferroni’s post hoc test). This reduction was observed at 1 

week after intraplantar CFA after CFA treatment. Importantly, reduction exhibited lateralization 

with the right CeA reduction being more robust than left CeA. Delta receptors are known to prevent 

AMPA receptor expression and loss of delta receptors lead to increase in surface expression of 

AMPA receptors. We tested whether GluD1 downregulation produced changes in AMPA receptors 

expression in the CeC. Analysis of GluA1 expression demonstrate a unique upregulation in regions 

where GluD1 was downregulated ((WT: 580.9 ± 73.47 vs. WT CFA: 844.1 ± 49.43, p<0.05, 

unpaired t-test with Welch correction, n=3 mice/treatment) (Figure 2D). We further addressed the 
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changes in GluD1 and AMPA receptors in synaptoneurosome from CeA after intraplantar CFA. 

Consistent with immunohistochemistry reduction in GluD1 and an increase GluA1 was observed.  

We further examined changes in the GluD1 partner Cbln1 in CFA model. A reduction in Cbln1 

puncta was observed at 1 week and as early as 6 hrs after CFA (1 week: WT Saline: 249.75 ± 

17.077 vs. WT CFA: 105.167 ± 11.595, p<0.0001, Two-way ANOVA with Bonferroni’s post hoc 

test, n=3-5 mice/treatment/timepoint) (Figure 2B). The time-course of downregulation for GluD1, 

as well as Cbln1 begins right from 6hrs post CFA and lasts upto 1 week (Figure S2 B&C). Western 

blot analysis for synaptoneurosomal tissue preparation revealed similar changes at 48 hrs and 1-

week timepoint (Figure S2A). We further evaluated changes in GluD1 and GluA1 in the 

neuropathic pain model. Similar to changes in CFA pain model a significant reduction in both 

perisomatic and punctate GluD1 expression was observed in neuropathic pain model (Sham: 13.87 

± 2.55 vs. SNL: 3.934 ± 0.9198, p=0.0470, unpaired t-test with Welch correction, 44-51 

neurons/n=3 rats/treatment) (Figure 2C). An interesting correlation between downregulated GluD1 

and upregulated GluA1 expression is also observed in neuropathic pain model too. (Sham-PBS vs. 

SNL-PBS: Left CeA- 256.444 ± 38.22 vs. 698.444 ± 18.187, p<0.0001, Right-CeA- 268.889 ± 

31.427 vs. 755.889 ± 56.360, p<0.0001; Two way ANOVA with Bonferroni’s multiple 

comparison’s post hoc test, n=3 rats/treatment) (Figure 2E). To address the potential relevance of 

changes in GluD1 expression on pain behaviors we used a chemogenetic approach. We used the 

PKCδ-cre mouse line for these studies which also harbors CFP reporter in the transgenic cassette. 

We examined whether GluD1 localized to PKCδ neurons using this mouse model. Strong co-

localization of perisomatic GluD1 was observed around the labeling for CFP in this mouse model 

supporting our previous observation that GluD1 is primarily localized to PKCδ+ neurons. In order 

to modulate the PKCδ+ neurons, the PKCδ-cre mice were intracranially injected with cre-

dependent AAVs expressing excitatory or inhibitory DREADDs. After recovery from surgery mice 

with each DREADD construct injection were further divided into three groups: Saline-CNO, CFA-

Sal and CFA-CNO. After baseline readings for mechanical sensitivity mice received intraplantar 
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injection of either Sal or CFA. After stable mechanical hypersensitivity in CFA injected mice, mice 

received either intraperitoneal saline or CNO injections and mechanical sensitivity was tested post 

1 hour. Activation of PKCδ+ neurons in GqDREADD injected normal animals using CNO (Sal-

CNO) was found to increase mechanical sensitivity (Sal-CNO-Before CNO: 5.799 ± 0.353 vs. 1-

Hr post-CNO: 0.758 ± 0.269 vs. 24 hrs after CNO: 0.511 ± 0.065, p=0.0185, Two-way ANOVA 

with Bonferroni’s post hoc test, n=4-5 mice/treatment) (Figure 2F). This effect was absent in 

GiDREADD injected mice. In contrast, in CFA injected mice, inhibition of PKCδ+ neurons in 

GiDREADD injected animals using CNO (CFA-CNO) was found to significantly rescue 

mechanical hypersensitivity (CFA-CNO-Before CNO: 0.473 ± 0.049 vs. 1-Hr post-CNO: 6.581 ± 

0.767 vs. 24 hrs after CNO: 0.925 ± 0.129, p=0.0005, Two-way ANOVA with Bonferroni’s post 

hoc test, n=4-5 mice/treatment) (Figure 2F). Together, these results demonstrate that reducing the 

activity of PKCδ+ neurons in pain states has antinociceptive effect.  

 

Figure 2- Pain conditions induce down-regulation of GluD1 and associated changes- 
(A) GluD1 and PKCδ co-labeling in CeLC performed 1 week after intraplantar CFA administration. 

3-D reconstruction shows close apposition of GluD1 elements on PKCδ (+) soma. Significant 
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reduction is observed in somatic GluD1 volume specifically in the right CeA (WT Saline vs. WT 

CFA: left CeA: 10.015 ± 1.050 vs. 10.984 ± 2.966; right CeA: 14.275 ± 2.459 vs. 4.313 ± 0.339, 

p<0.05, Two-way ANOVA with Bonferroni’s post hoc test, n=3/treatment with 30 neurons/group) 

in CFA mice.  

(B) GluD1 and Cbln1 co-labeling in CeLC performed 1 week after intraplantar CFA administration. 

A substantial decrease in GluD1 puncta number (WT Saline: 320.833 ± 21.978 vs. WT CFA: 189.5 

± 11.433, p<0.0001, Two-way ANOVA with Bonferroni’s post hoc test) as well as Cbln1 puncta 

number (WT Saline: 249.75 ± 17.077 vs. WT CFA: 105.167 ± 11.595, p<0.0001, Two-way 

ANOVA with Bonferroni’s post hoc test, n=3 mice/treatment with 37-49 neurons/treatment) is 

observed.  

(C) GluD1 and PKCδ co-labeling in CeLC performed 4 weeks after sham or SNL surgery in rats 

along with 3-D reconstruction. Significant reduction is observed in perisomatic GluD1 volume. 

(WT Saline: 13.87 ± 2.55 vs. WT CFA: 3.934 ± 0.9198, p=0.0470, unpaired t-test with Welch 

correction, n=3/treatment with 44-51 neurons/group) 

(D) GluD1 and AMPA co-labeling in CeLC performed 1 week after intraplantar CFA 

administration and (E) in SNL mice. A unique upregulation of surface AMPA receptors is observed 

after CFA treatment (WT: 580.9 ± 73.47 vs. WT CFA: 844.1 ± 49.43, p<0.05, unpaired t-test with 

Welch correction, n=3 mice/treatment) and also after induction of neuropathic pain (Sham-PBS vs. 

SNL-PBS: Left CeA- 256.444 ± 38.22 vs. 698.444 ± 18.187, p<0.0001, Right-CeA- 268.889 ± 

31.427 vs. 755.889 ± 56.360, p<0.0001; Two way ANOVA with Bonferroni’s multiple 

comparison’s post hoc test, n=3 rats/treatment). An interesting correlation is observed wherein, 

after SNL/CFA induction, downregulation of GluD1 leads to an upregulation of surface AMPAR. 

(linear regression analysis, r2=0.3611, p<0.05, n=3/treatment)  
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(F) Chemogenetic modulation of PKCδ neurons using PKCδ Cre mouse line. Representative image 

for site verification of DREADD injection. Activation of PKCδ+ neurons in GqDREADD injected 

normal animals using CNO (Sal-CNO) led to increase in mechanical sensitivity (Sal-CNO-Before 

CNO: 5.799 ± 0.353 vs. 1-Hr post-CNO: 0.758 ± 0.269 vs. 24 hrs after CNO: 0.511 ± 0.065, 

p=0.0185, Two-way ANOVA with Bonferroni’s post hoc test, n=4-5 mice/treatment). In contrast, 

in CFA injected mice, inhibition of PKCδ+ neurons neurons in GiDREADD injected animals using 

CNO (CFA-CNO) significantly rescued mechanical hypersensitivity (CFA-CNO-Before CNO: 

0.473 ± 0.049 vs. 1-Hr post-CNO: 6.581 ± 0.767 vs. 24 hrs after CNO: 0.925 ± 0.129, p=0.0005, 

Two-way ANOVA with Bonferroni’s post hoc test, n=4-5 mice/treatment) 

Recombinant Cbln1 rescues mechanical hypersensitivity in mice with CFA induced pain 

Upon establishing that PKCδ+ neurons are critical for aversive pain behavior, we questioned 

whether synaptic impairment mediated by GluD1 and Cbln1 downregulation at PKCδ+ neurons 

may be responsible for pain persistence. We tested a restoration strategy by intra-CeA delivery of 

recombinant Cbln1 and assessed its effect on aversive pain behavior in the CFA model. Surgical 

implantation of bilateral cannula to CeA was performed. Following recovery, WT and GluD1 KO 

mice received intraplantar injection of CFA and mechanical hypersensitivity of injected footpad 

was assessed at multiple timepoints post injection. Bilateral stereotaxic injection of Cbln1 

(250ng/0.5µL PBS) into CeA 48 hrs after CFA injection was able to alleviate mechanical 

hypersensitivity in WT mice but not in GluD1 KO mice (6 hrs: WT CFA-Saline 0.633 ± 0.0507 vs. 

WT CFA-Cbln1 1.361 ± 0.07905, p= 0.0423; 24 hrs: WT CFA-Saline 0.697 ± 0.0701 vs. WT CFA-

Cbln1 1.897 ± 0.193, p<0.0001; 48 hrs: WT CFA-Saline 0.762 ± 0.0856 vs. WT CFA-Cbln1 2.682 

± 0.271, p<0.0001; 72 hrs: WT CFA-Saline 0.908 ± 0.0650 vs. WT CFA-Cbln1 3.299 ± 0.248, 

p<0.0001; 96 hrs: WT CFA-Saline 1.113 ± 0.121 vs. WT CFA-Cbln1 4.156 ± 0.213, p<0.0001 and 

1 week: WT CFA-Saline 1.631 ± 0.260 vs. WT CFA-Cbln1 4.65 ± 0.384 p<0.0001; Two way 

ANOVA with Bonferroni’s post hoc test) (Figure 3B B’). Interestingly, single infusion of Cbln1 
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(250ng Cbln1/0.5µL PBS) was able to produce long lasting effect on pain behavior which lasted 

for the duration of 1 week. Cbln2 (250ng Cbln2/0.5µL PBS) was not effective in reversing the 

mechanical hypersensitivity, consistent with a lower affinity of Cbln2 for GluD1 (Figure 3B B’). 

Because we observed a stronger downregulation of GluD1 in the right CeA and because 

lateralization is consistently observed in pain models with neuroplasticity occurring on the right 

CeA we further tested whether the antinociceptive effect of Cbln1 exhibits lateralization. 

Recombinant Cbln1 was injected first in the left CeA (250ng Cbln1/0.5µL PBS). No rescue of 

mechanical hypersensitivity was observed. When injected in the right CeA alone Cbln1 rescued the 

mechanical hypersensitivity in the CFA model (24 hrs: WT CFA-Saline 0.908 ± 0.115 vs. WT 

CFA-Cbln1 1.841 ± 0.088, p=0.0359; 48 hrs: WT CFA-Saline 1.138 ± 0.157 vs. WT CFA-Cbln1 

3.415 ± 0.366, p<0.0001; 72 hrs: WT CFA-Saline 1.489 ± 0.331 vs. WT CFA-Cbln1 4.297 ± 0.297, 

p<0.0001) (Figure3C C’). We also explored whether the antinociceptive effect of Cbln1 occurs 

when it is injected by intracerebroventricular route which may be relevant to systemic delivery 

approach. Rescue of mechanical hypersensitivity was observed when Cbln1 (1 µg/µL) was injected 

directly into lateral ventricle  (24 hrs: WT CFA-Saline 0.536 ± 0.086 vs. WT CFA-Cbln1 1.790 ± 

0.198, p = 0.0032; 48 hrs: WT CFA-Saline 0.544 ± 0.112 vs. WT CFA-Cbln1 2.623 ± 0.294, 

p<0.0001; 72 hrs: WT CFA-Saline 0.790 ± 0.121 vs. WT CFA-Cbln1 3.469 ± 0.270, p<0.0001; 96 

hrs: WT CFA-Saline 0.890 ± 0.022 vs. WT CFA-Cbln1 4.788 ± 0.401, p<0.0001 and 1 week: WT 

CFA-Saline 1.059 ± 0.254 vs. WT CFA-Cbln1 5.331 ± 0.177 p<0.0001; Two way ANOVA with 

Bonferroni’s post hoc test) (Figure 3D D’). Together, these findings are consistent with our 

hypothesis of Cbln1 downregulation and consequent impairment of synaptic function in pain state. 

Exogenous Cbln1 potentially re-establishes normal synaptic function in control, but not in GluD1 

KO mice. 

In collaboration with Drs. Neugebauer and Ji, we further examined if recombinant Cbln1 can rescue 

pain-related sensory and affective behavior in spinal nerve ligation (SNL) model of neuropathic 
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pain (Figure 3E’). Rats were subjected to Sham or SNL surgery. Four weeks later, each animal 

underwent cannula implantation in the right CeA, due to substantial evidence for predominant right 

hemispheric lateralization in pain conditions (Carrasquillo Y; Gereau R, 2008; G. Ji, 2009; 

Miyazawa et al., 2018). Following 1-week recovery, the effect of vehicle or recombinant Cbln1 

(250ng/0.5µL in PBS) into right CeA was evaluated. Firstly, SNL induction resulted in led to 

significant and stable increase in the durations of both evoked audible (Figure 3E’’) and ultrasonic 

vocalizations (Figure 3E’’’) and a significant reduction in paw withdrawal thresholds measured 

using Von Frey Filament (Figure 3E’’’’) compared to sham controls. Upon Cbln1 injection, audible 

and ultrasonic vocalizations evoked by noxious stimuli were reduced (Figure 3E’’ and 3E’’’). 

Furthermore, Cbln1 injection also alleviated anxiety like behavior in elevated plus maze (Figure 

3E’’’’’) and to a lesser extent, mechanical hypersensitivity in Von Frey Filament test (Figure 

3E’’’’). Together, these results support our hypothesis that restoration of GluD1-Cbln1 signaling 

relieve pain related behaviors.  
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Figure 3- Exogenous application of recombinant Cbln1 rescues pain sensitivity and 

nocifensive phenotypes- 
(A) Experimental timeline- After consistent baseline paw withdrawal threshold using Von Frey 

filament test, mice received intraplantar CFA or saline. Paw withdrawal threshold was recorded 

from 6 hrs upto 48 hrs and then intracranial recombinant Cbln1 (250ng/500nL/side) was 

administered. Paw withdrawal threshold following Cbln1 injection was measured at 6, 24, 48, 72, 

96 hrs and 1-week timepoints. 

(B) Alleviation in pain sensitivity after bilateral intra-CeA Cbln1 administration. (B’) Paw 

withdrawal threshold improved right after a single Cbln1 injection and lasted upto a week. (6 hrs: 

WT CFA-Saline 0.633 ± 0.0507 vs. WT CFA-Cbln1 1.361 ± 0.07905, p= 0.0423) ; 24 hrs: WT 

CFA-Saline 0.697 ± 0.0701 vs. WT CFA-Cbln1 1.897 ± 0.193, p<0.0001; 48 hrs: WT CFA-Saline 

0.762 ± 0.0856 vs. WT CFA-Cbln1 2.682 ± 0.271, p<0.0001; 72 hrs: WT CFA-Saline 0.908 ± 

0.0650 vs. WT CFA-Cbln1 3.299 ± 0.248, p<0.0001; 96 hrs: WT CFA-Saline 1.113 ± 0.121 vs. 

WT CFA-Cbln1 4.156 ± 0.213, p<0.0001 and 1 week: WT CFA-Saline 1.631 ± 0.260 vs. WT CFA-

Cbln1 4.65 ± 0.384 p<0.0001; Two way ANOVA with Bonferroni’s post hoc test, n=3-7 

mice/treatment/genotype). This improvement was not observed in GluD1 KO. Cbln2 was not able 

to reverse the CFA-induced mechanical hypersensitivity. (B’’) No change in mechanical 

hypersensitivity was observed in CFA un-injected paw. This remained consistent even after Cbln1 

injection.  

(C) Rescue through Cbln1 injection follows lateralization. (C’) Recombinant Cbln1 first injected 

in left CeA did not show any rescue in mechanical hypersensitivity. However, injection in right 

CeA alone was able to rescue mechanical hypersensitivity. (24 hrs: WT CFA-Saline 0.908 ± 0.115 

vs. WT CFA-Cbln1 1.841 ± 0.088, p=0.0359; 48 hrs: WT CFA-Saline 1.138 ± 0.157 vs. WT CFA-

Cbln1 3.415 ± 0.366, p<0.0001; 72 hrs: WT CFA-Saline 1.489 ± 0.331 vs. WT CFA-Cbln1 4.297 

± 0.297, p<0.0001, Two way ANOVA with Bonferroni’s post hoc test, 3-7 
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mice/treatment/genotype) (C’’) No change in mechanical hypersensitivity was observed in CFA 

un-injected paw. 

(D) Intracerebroventricular administration of Cbln1 also rescued mechanical hypersensitivity. (D’) 

Cbln1 administration (1µg/µL) into left ventricle, 48 hrs after CFA, showed attenuation in pain 

sensitivity that lasted upto a week. No effect of Cbln1 was observed in GluD1 KO. (24 hrs: WT 

CFA-Saline 0.536 ± 0.086 vs. WT CFA-Cbln1 1.790 ± 0.198, p = 0.0032; 48 hrs: WT CFA-Saline 

0.544 ± 0.112 vs. WT CFA-Cbln1 2.623 ± 0.294, p<0.0001; 72 hrs: WT CFA-Saline 0.790 ± 0.121 

vs. WT CFA-Cbln1 3.469 ± 0.270, p<0.0001; 96 hrs: WT CFA-Saline 0.890 ± 0.022 vs. WT CFA-

Cbln1 4.788 ± 0.401, p<0.0001 and 1 week: WT CFA-Saline 1.059 ± 0.254 vs. WT CFA-Cbln1 

5.331 ± 0.177 p<0.0001; Two way ANOVA with Bonferroni’s post hoc test, 3-7 

mice/treatment/genotype) (D’’) No sensitization in CFA un-injected paw was observed. 

(E) (E’) Schematic representation of SNL model. Cbln1 or PBS was injected into right CeA of 

SNL rat. Intra-CeA Cbln1 showed reduction in noxious-stimuli induced (E’’) audible and (E’’’) 

ultrasonic vocalization upto a week. Also, an increase in pain sensitivity threshold measured using 

Von Frey Filament (E’’’’) as well as % open arm entries (E’’’’’) is observed suggesting a reduction 

in anxiety phenotype. 

If downregulation of GluD1 underlies aversive pain behaviors it is possible that GluD1 KO and 

mice with downregulation of GluD1 from PKCδ neurons may exhibit changes in pain sensitivity. 

Thus, we characterized the GluD1 KO and GluD1flox/+PKCδ-Cre mice for aversive pain behaviors. 

No change in basal mechanical hypersensitivity or heat sensitivity in hot plate or tail flick test was 

observed suggesting these mice were not by itself, a model of pain in normal condition. We have 

previously shown that GluD1 KO exhibit higher sensitivity to footshock and this phenotype is also 

observed in Cbln1 null mice. We therefore tested whether this phenotype is associated with GluD1 

in CeA and PKCδ+ neurons. For local ablation of GluD1 from the CeA, AAV-cre was 

stereotaxically injected into the CeA of GluD1flox/flox mice. Ablation was confirmed used 
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immunohistochemistry (Figure S3B). Local ablation of GluD1 from CeA replicated the increased 

sensitivity to footshock observed in GluD1 KO (Figure S2C ii). In addition, GluD1flox/+PKCδ-cre 

mice also demonstrated an increase in footshock sensitivity (Figure S3C iii) (WT vs GluD1 KO: 

vertical jump- 0.500 ± 0.091 vs. 0.220 ± 0.073, p<0.01, Two-way ANOVA with Bonferroni’s post 

hoc test, n=4-5 animals/genotype; WT CTRL vs. CeA-GluD1-KO: vocalization- 0.37.14 ± 0.047 

vs. 0.214 ± 0.03401 vertical jump- 0.600 ± 0.063 vs. 0.350 ± 0.064, p<0.05, Two-way ANOVA 

with Bonferroni’s post hoc test, n=6-7 animals/genotype; WT CTRL vs. PKCδ Cre (+) D1 flox (+/-

) : vertical jump- 0.583 ± 0.048 vs. 0.338 ± 0.0822, p<0.001, Two-way ANOVA with Bonferroni’s 

post hoc test, n=7-8 animals/treatment)  We found a modest increase in nocifensive behavior in 

formalin induced pain in GluD1 KO (5% Formalin WT vs GluD1 KO: 5 mins: 40.666 ± 9.369 vs. 

116 ± 54.369, p<0.005; 20 mins: 45.333 ± 14.217 vs. 102.00 ± 30.790, p<0.005; 35 mins: 34.667 

± 13.848 vs. 116 ± 32.187, p<0.001; 55 mins: 10.000 ± 5.385 vs. 60.000 ± 33.045, p<0.05; Two 

way ANOVA with Bonferroni’s post hoc test, n=3-9 animals/genotype/treatment) (Figure S4A, B) 

and GluD1flox/+PKCδ-cre mice. However, that change was not observed when these mice were 

subjected to persistent CFA induced pain. These observations may suggest that deletion of GluD1 

from CeA leads to mice being more susceptible to acute and sub- acute stimuli. Persistent or chronic 

stimuli would lead to a saturating response which failed to delineate a difference.  

Recombinant Cbln1 rescues pain-related synaptic dysfunction in the central amygdala 

We next examined the effect of recombinant Cbln1 on the downregulation of GluD1 and 

upregulation of AMPA receptors in pain models. Immunohistochemical analysis revealed that 

intracerebroventricular administration of recombinant Cbln1 led to restoration of amygdalar GluD1 

levels on PKCδ + neurons measured as surface volume. (Figure 4A) (CFA PBS: 10.87 ± 1.941 vs. 

CFA Cbln1: 30.3 ± 4.088; p=0.0109, Unpaired t-test with Welch correction). This restoration was 

observed 1 week after Cbln1 administration in mice with CFA induced pain. The re-establishment 

of GluD1 also followed lateralization. Moreover, a similar effect i.e. predominant GluD1 
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restoration in right CeA was also noted after Cbln1 injection in rats with neuropathic pain (Figure 

4B) (Sham-PBS: 13.868 ± 2.550, SNL-PBS: 4.807 ± 0.686, SNL-Cbln1: 10.918 ± 1.988; p<0.05, 

One way ANOVA with Bonferroni’s post hoc test, n=3 rats/treatment). We also observed that 

Cbln1 injection rescued surface AMPA levels in mice with CFA induced pain (Figure 4C) (WT-

Saline vs. WT-CFA-PBS: 411.666 ± 47.806 vs. 686.333 ± 85.5595 and WT-CFA-PBS vs. WT-

CFA-Cbln1: 686.333 ± 85.5595 vs. 364.333 ± 49.599, p<0.05, One-way ANOVA with 

Bonferroni’s post hoc test, n=3mice/treatment). It was also able to restore surface AMPA 

expression in rats with SNL (Figure 4D) (Sham-PBS: 262.66 ± 33.52 vs. SNL-PBS: 727.166 ± 

34.851, p<0.0001; SNL-PBS: 727.166 ± 34.851 vs. SNL-Cbln1: 460.778 ± 7.752 , p<0.01, One 

way ANOVA with Bonferroni’s post hoc test, n=3 rats/treatment). 

In addition, we also measured changes in PBN-CeLC neurotransmission after Cbln1 administration 

using electrophysiology. We performed patch clamp recordings in CFA-mice administered with 

either PBS or intracerebroventricular Cbln1. We measured evoked EPSC amplitude by stimulating 

PBN afferents and measuring currents in CeLC neurons. We observe an enhanced PBN-CeLC 

neurotransmission in CFA induced pain mice which is consistent with previously published reports 

(Han et al., 2005; Miyazawa, 2018; Neugebauer, Li, Bird , Bhave , 2003). This result is interpreted 

mainly in comparison with the WT mice in (Figure 1H), however saline controls will serve as more 

appropriate controls. Interestingly, Cbln1 showed a modest trend of reduction in evoked EPSC 

amplitude right from 200 µA current injection (Figure 4E). These observations suggest that 

recombinant Cbln1 can not only restore back pain induced phenotypes molecularly but may also 

have some restoration effect on PBN-CeLC neurotransmission . 
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Figure 4- Recombinant Cbln1 restores pain related synaptic dysfunction in CeA. 
(A & C) Recombinant Cbln1 restored downregulated GluD1 in CFA-induced pain mice as well as 

SNL rats- Immunohistochemical analysis was performed on CFA mice and SNL rats injected with 

either PBS or recombinant Cbln1 for perisomatic GluD1 levels. Recombinant Cbln1 was 

significantly able to restore GluD1 levels in CFA mice compared to mice injected with PBS (CFA 

PBS: 10.87 ± 1.941 vs. CFA Cbln1: 30.3 ± 4.088; p=0.0109, Unpaired t-test with Welch correction, 

n=4 mice/treatment). Also, a similar observation was made in SNL rats injected with Cbln1 where 

the GluD1 levels reached almost to the levels of Sham rats. (Sham-PBS: 13.868 ± 2.550, SNL-

PBS: 4.807 ± 0.686, SNL-Cbln1: 10.918 ± 1.988; p<0.05, One-way ANOVA with Bonferroni’s 

post hoc test, n=3 rats/treatment). 

(B & D) Recombinant Cbln1 rescued surface AMPA levels in CFA-induced pain mice as well as 

SNL rats- Immunohistochemical analysis was performed on CFA mice and SNL rats injected with 

either PBS or recombinant Cbln1 for AMPA levels.  

Cbln1 injection reduced the upregulated AMPA levels in SNL rats bringing it nearly to levels in 

Sham rats. SNL (Sham-PBS: 262.66 ± 33.52 vs. SNL-PBS: 727.166 ± 34.851, p<0.0001; SNL-
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PBS: 727.166 ± 34.851 vs. SNL-Cbln1: 460.778 ± 7.752, p<0.01, One-way ANOVA with 

Bonferroni’s post hoc test, n=3 rats/treatment). 

Intracerebroventricular Cbln1 injection restored the upregulated AMPA levels in CFA mice. (WT-

Saline vs. WT-CFA-PBS: 411.666 ± 47.806 vs. 686.333 ± 85.5595 and WT-CFA-PBS vs. WT-

CFA-Cbln1: 686.333 ± 85.5595 vs. 364.333 ± 49.599, p<0.05, One-way ANOVA with 

Bonferroni’s post hoc test, n=3mice/treatment) 

(E) Recombinant Cbln1 decreased enhance neurotransmission in CFA mice. Whole cell patch 

clamp recording performed 1 week after PBS or Cbln1 was administered in CFA mice and evoked 

EPSC was measured. Cbln1 administration modestly reduced evoked EPSC amplitude. (n=5-12 

neurons/2-3 mice/treatment) 

Supplementary figures- 

 
S1- GluD1 deletion leads to significant reduction of PBN CGRP in CeLC 
(A) GluD1 and CGRP shows colocalization in BNST- Immunohistochemistry for GluD1 and 

CGRP in BNST demonstrate that CGRP ensheathes perisomatic GluD1 with basket like structure, 

similar to the pattern observed in CeLC. 

(B) GluD1 deletion leads to significant reduction in CGRP projection in CeLC. 

Immunohistochemistry for CGRP in WT and GluD1 KO exhibit significant reduction in CGRP in 

CeLC suggesting an impairment in PBN inputs. (WT vs GluD1 KO: 203.0 ± 39.46 vs. 97.86 ± 

14.54, p<0.05, Unpaired t-test, n=3 mice/genotype) 
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S2- Time course of GluD1 and Cbln1 downregulation in CFA-induced pain model 
(A) Western blot analysis showing downregulation of GluD1 in synaptoneurosomal preparation of 

CeA.  

(B) Immunohistochemistry analysis demonstrates a trajectory of GluD1 volume around PKCδ cell 

at 6, 24, 48 hrs and 1-week timepoints after intraplantar CFA administration  (WT-Saline vs. WT-

CFA: 6hrs- 12.859 ± 1.312 vs 8.386 ± 1.256, p=ns, One-way ANOVA with Bonferroni’s post hoc 

test; 24 hrs- 12.859 ± 1.312 vs 5.195 ± 0.687, p<0.01, One-way ANOVA with Bonferroni’s post 

hoc test; 48 hrs- 12.859 ± 1.312 vs 3.604 ± 0.712, p<0.0001, One-way ANOVA with Bonferroni’s 

post hoc test; 1 week-  12.859 ± 1.312 vs 4.313 ± 0.339, p<0.0005, One-way ANOVA with 

Bonferroni’s post hoc test, n=3-6/treatment/timepoint)  

(C) Immunohistochemistry analysis demonstrates a trajectory of Cbln1 puncta number at 6, 24, 48 

hrs and 1-week timepoints after intraplantar CFA administration (WT-Saline vs. WT-CFA: 6hrs- 

391.833 ± 34.817 vs 254.833 ± 13.330, p<0.01, One-way ANOVA with Bonferroni’s post hoc test; 

24 hrs- 391.833 ± 34.817 vs 196.500 ± 4.368, p<0.005, One-way ANOVA with Bonferroni’s post 

hoc test; 1 week- 391.833 ± 34.817 vs 105.167 ± 15.756, p<0.0001, One-way ANOVA with 

Bonferroni’s post hoc test; n=3mice/treatment/timepoint) 
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S3- Deletion of GluD1 increases sensitivity to acute footshock- 
(A) No basal change was observed in response to thermal or mechanical stimuli. Wildtype, GluD1 

KO and PKCδ Cre (+) D1 flox (+/-) mice were subjected to tail flick test (15% light beam) and hot 

plate test (52°C temperature), latency to response was measured (cut-off time was 20s).  

Mechanical hypersensitivity was also measured using Von Frey filament and no basal changes were 

observed in these behavioral paradigms. (n=5-20 mice/genotype) 

(B) Representative image for both AAV9.hsyn. eGFP (control) and AAV9.hsyn. eGFP. Cre virus 

(GluD1 deletion) injection in CeA. Immunohistochemistry for both reveals that GluD1 got deleted 

from CeA in Cre recombinase injected mice whereas its expression was intact in control mice 

(C) GluD1 KO, CeA-GluD1-KO and PKCδ Cre (+) D1 flox (+/-) mice showed increased sensitivity 

to acute footshock- Mice were subjected to acute footshock paradigm wherein response to current 

injection (0.1-0.6 mA) was measured as flinch, vocalization and jump behaviours. (WT vs GluD1 

KO: vertical jump- 0.500 ± 0.091 vs. 0.220 ± 0.073, p<0.01, Two-way ANOVA with Bonferroni’s 

post hoc test, n=4-5 animals/genotype; WT CTRL vs. CeA-GluD1-KO: vocalization- 0.37.14 ± 

0.047 vs. 0.214 ± 0.03401 vertical jump- 0.600 ± 0.063 vs. 0.350 ± 0.064, p<0.05, Two-way 
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ANOVA with Bonferroni’s post hoc test, n=6-7 animals/treatment; WT CTRL vs. PKCδ Cre (+) 

D1 flox (+/-) : vertical jump- 0.583 ± 0.048 vs. 0.338 ± 0.0822, p<0.001, Two-way ANOVA with 

Bonferroni’s post hoc test, n=7-8 animals/treatment) 

 

S4-Deletion of GluD1 induces modest nocifensive phenotypes-  
(A) Wildtype and GluD1 KO showed increased pain sensitivity upon formalin injection. Different 

concentration of formalin (10µL, 0.5, 2.5 and 5%) was injected intraplantarly in hind paw and total 

duration of licking was measured for 1 hour immediately after injection. Duration of licking was 

significantly increased using 5% formalin in GluD1 KO mice (WT vs. GluD1 KO: 465.272 ± 

55.490, p<0.05, Two-way ANOVA with Bonferroni's multiple comparisons test, n=3-

10/genotype/dose). Also, GluD1 KO exhibited increased pain sensitivity in delay phase of formalin 

(WT vs GluD1 KO: 377.455 ± 45.662 vs. 598.500 ± 110.428. p<0.05, Two-way ANOVA with 

Tukey's multiple comparisons test n=3-10/genotype/dose) as well as the 5 min time-course (5% 

Formalin WT vs GluD1 KO: 5 mins: 40.666 ± 9.369 vs. 116 ± 54.369, p<0.005; 20 mins: 45.333 

± 14.217 vs. 102.00 ± 30.790, p<0.005; 35 mins: 34.667 ± 13.848 vs. 116 ± 32.187, p<0.001; 55 

mins: 10.000 ± 5.385 vs. 60.000 ± 33.045, p<0.05; Two way ANOVA with Bonferroni’s post hoc 

test, n=3-9 animals/genotype/treatment)  
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(B) Wildtype and PKCδ Cre (+) D1 flox (+/-) mice showed a trend of increased pain sensitivity- 

5% formalin (10µL) was injected intraplantar in wildtype and PKCδ Cre (+) D1 flox (+/-) mice. A 

modest increase in duration of licking in delay phase was observed however, no significant 

difference in 5 min time-course was seen.  

(C) No significant difference in mechanical hypersensitivity was observed after CFA injection. 

CFA (10µL) was administered intraplantar in hindpaw. Mechanical hypersensitivity was measured 

using Von Frey filament 6 hours after CFA upto 72 hrs-1 week. No change in sensitivity was 

observed in between WT, GluD1 KO and PKCδ Cre (+) D1 flox (+/-) mice. 

Discussion- 
Recent structural and biological studies have considerably expanded our understanding about 

establishment, properties, and dynamics of synapses that are governed by diverse synaptic signaling 

molecules. The GluDs, which bind to Nrxn-Cbln1 complex at their amino-terminal domain (ATD), 

were first known as orphan receptors since they did not exhibit ligand-gated ion channel activity 

(Elegheert et al., 2016; Kakegawa et al., 2007; Nakamoto, 2020; Yuzaki & Aricescu, 2017). They 

are now known as synaptic organizers in the cerebellar cortex (Ito-Ishida et al., 2008; Kakegawa et 

al., 2007; Konno et al., 2014; Matsuda et al., 2010). However, their role outside the cerebellar 

cortex remains largely unknown.  

Our studies demonstrate a remarkable role of the GluD1-Cbln1 signaling in the CeA in aversive 

pain behavior. Our studies exhibit a cell- and input-specific localization of GluD1. This selective 

expression may arise due to the complimentary expression of its synaptic partner Cbln1 in the 

lateral PBN (Otsuka et al., 2016). GluD1 shows enriched expression in CeA precisely in CeC and 

CeL, however no expression is observed in CeM. CeA is a GABAergic nuclei with distinct neuronal 

populations expressing diverse molecular markers, including CRH, SST, PKC-δ, and neurotensin. 

(Kim, Zhang, Muralidhar, 2017; McCullough et al., 2018; Pape and Pare, 2010). However, PKCδ 

and SST form a predominant population of CeA neurons and represent largely nonoverlapping 
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expression (Kim, Zhang, Muralidhar, 2017; Li H, Penzo MA, Taniguchi H, Kopec CD, Huang ZJ, 

2013). Studies have shown that PBN inputs to PKCδ neurons are stronger compared with SST+ 

neurons in the CeC (Li, Jun-Nana,b; Sheets, 2020). In addition, axonal terminals from PBN are 

CGRP+ (Y. Lu et al., 2014) and they form basket like terminals closely apposed with GluD1. We 

also observed preferential distribution of GluD1 with glutamatergic inputs from PBN (vGluT2+) 

over BLA (vGluT1+). Ablation of GluD1 led to reduced excitatory neurotransmission in CeLC 

neurons with PBN-CeLC neurotransmission in specific, also supported by reduction in vGuT2 

puncta levels. With the specific enrichment of Cbln1 in PBN (Otsuka et al., 2016) and well-studied 

role of Cbln/GluD complex in synapse formation and maintenance, it is possible that the lower 

excitatory neurotransmission recorded from CeLC neurons or at PB-CeLC synapses may result 

from loss of these synapses.  

Parabrachio-amygdalar synaptic dysfunction in pain conditions- 

Functional neuroplasticity has been observed in CeLC neurons in pain models. Assessment of 

molecular markers revealed a significant reduction in perisomatic GluD1 levels in CFA- induced 

pain model. Conversely, a significant upregulation of GluA1 was observed on cell surface that 

showed decreased GluD1 levels. This is consistent with several reports suggesting an enhanced 

PBN-CeLC neurotransmission in pain condition (Ikeda et al., 2007; Neugebauer, Li, Bird, Bhave, 

2003; Watabe et al., 2013). Also, GluD1 does not allow surface expression of GluA1 (Suryavanshi 

et al., 2016) and that downregulation of GluD1 leads to subsequent upregulation of GluA1. 

Furthermore, GluD1-Cbln1 punctate levels were significantly reduced 1 week after CFA. A similar 

GluD1 and Cbln1 downregulation and an AMPA upregulation is also observed in CeLC in 

neuropathic pain model.  

Many studies have revealed that modulation of behaviors in the CeA is cell-type specific. Also, in 

pain state, the late firing PKCδ neurons show increased excitability (Wilson et al., 2019) and the 

synaptic efficacy is potentiated at this neuron type. Hence, we used chemogenetics to address the 
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potential changes in GluD1 levels to pain condition. Activation of PKCδ neurons in naïve condition 

is able to produce increased pain sensitivity. Interestingly, for the first time it is reported that 

inhibition of PKCδ+ neurons in CFA induced pain model showed attenuation in pain sensitivity. 

Altogether, these observations state that modulating PKCδ neuron type mediate antinociceptive 

effects. Therefore, does GluD1-Cbln1 complex serve as a potential candidate regulating the PBN-

CeLC synapses in state of pain?  

Restoration of GluD1-Cbln1 complex is essential to rescue pain phenotypes 

To test the potential role of downregulated GluD1-Cbln1 complex attributing to pain persistence, 

recombinant Cbln1 was administered intracranially in WT after a sustained pain state was 

established measured as downregulation of GluD1 at 48 hrs. A single injection of Cbln1 was able 

to alleviate mechanical pain sensitivity. A similar observation was not seen after Cbln2 injection. 

This is consistent with previous evidences showing less affinity of other cerebellins with GluD1. 

(Joo et al., 2011; Seigneur & Südhof, 2017; Zhong, 2017). Also, the rescue with Cbln1 was 

mediated predominantly through right CeA, following lateralization. Nonetheless, Cbln1 

administration could not rescue pain sensitivity in GluD1 KO mice. Exogenous Cbln1 in spinal 

nerve ligation model also showed alleviation in nocifensive phenotypes along with affective 

behavior. Supporting behavior, neuroanatomical studies revealed restoration of amygdalar GluD1, 

1 week after Cbln1 injection in CFA-induced mice. In addition, a similar restoration was also 

observed in neuropathic pain model. There are several interesting observations made from these 

studies: Firstly, mice with GluD1 downregulation upon CFA induced pain and GluD1 KO mice do 

not behave the similarly. GluD1 KO mice is not by itself a model of pain. Secondly, pain induction 

was produced in both WT and GluD1 KO mice suggesting GluD1 was not essential for pain 

initiation. Thirdly, restoration of GluD1-Cbln1 complex was essential to rescue pain phenotype 

using recombinant Cbln1 which was also reproducible in chronic pain model. This effect was not 
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fortunate for GluD1 KO mice or through using Cbln2. Altogether, these evidences determine a 

pivotal role of GluD1-Cbln1 complex at PBN-CeLC synapses in limiting the progression of pain. 

Methods- 
Animals  

All animal handling protocols were approved by the Creighton University Institutional Animal 

Care and Use Committee Policies and Procedures. In this study strict measures were taken during 

experiments to minimize pain and suffering of animals in accordance with the recommendations in 

the Guide for Care and Use of Laboratory Animals of the National Institutes of Health. Wildtype 

and GluD1 KO male and female mice were group housed in the animal house facility at a constant 

temperature (22±1°C) and a 12-hr light-dark cycle with access to food and water ad libitum. The 

study involved using both male and female mice for behavioral and neurochemical measures. 

GluD1 KO mice were obtained from Dr. Jian Zuo.  Their background was on 95% C57BL/6 and 

remaining on 129SvEv. GluD1flox/flox mice on congenic C57BL/6 background were obtained from 

Dr. Pei Lung-Chen, wherein loxP sites are inserted in intron 10 and 12. PKCδ Cre mice (on 

congenic C57BL/6 background) were obtained from Dr. David Anderson with GluClα-ires-Cre 

cassette inserted into PKCδ gene. These mice were crossed with GluD1flox/flox to selectively ablate 

GluD1 from PKCδ cell type. Since there are less likely changes in GluD1 expression levels in 

adulthood (Hepp et al., 2015a), young adult mice without any surgical manipulation were used for 

electrophysiology and immunohistochemical studies. Adult mice were used for behavioral studies 

and for surgical manipulations.  

Whole-cell electrophysiology 

Whole-cell electrophysiology was performed as previously described (Liu et al., 2020) with minor 

modifications.  

After isoflurane anesthesia, mice were decapitated and brains were removed rapidly and placed in 

ice-cold artificial cerebrospinal fluid (ACSF) of the following composition (in mM): 0.5 CaCl2, 
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1.25 NaH2PO4, 3 MgCl2, 3.5 KCl, 10 glucose, 24 NaHCO3, 130 NaCl, and saturated with 95% 

O2/5% CO2. 300 μm thick coronal sections were prepared using vibrating microtome (Leica 

VT1200, Buffalo Grove, IL, USA). Whole-cell patch recordings were obtained from neurons in 

latero capsular region of CeA (CeLC) in voltage-clamp configuration with an Axopatch 200B 

(Molecular Devices, Sunnyvale, CA, USA). Glass pipette with a resistance of 4–6 mOhm were 

filled with an internal solution consisting of (in mM) 110 cesium gluconate, 30 CsCl, 5 HEPES, 5 

BAPTA, 4 NaCl, 2 MgCl2, 2 Na2ATP, 0.5 CaCl2, and 0.3 Na2GTP (pH 7.35). Addition of QX314 

blocked voltage-gated sodium channels. The recording ACSF comprised of (in mM) 1.5 MgCl2 and 

1.5 CaCl2. mEPSCs were recorded in the presence of 1 μM tetrodotoxin (TTX) and 100 μM 

picrotoxin (PCTX). Whole-cell recordings with a pipette access resistance less than 20 mOhm with 

less than 20% change during the duration of recording were included. using an Axon Digidata 

1440A analog-to-digital board (Molecular Devices, CA), signal was filtered at 2 kHz and digitized 

at 10 kHz. To obtain mEPSC currents, neurons were held at a holding potential of -70 mV and 0mV 

for mIPSCs. For recording mEPSCs 0.5 µM tetrodotoxin and 100 µM picrotoxin were added to the 

external recording solution and for mIPSCs 0.5µM tetrodotoxin, 10µM CNQX and 100µM DL 

AP5 were added. The mEPSC and mIPSC recordings were analyzed with an amplitude threshold 

set at 5 pA using Minianalysis software (Synaposoft, Atlanta, GA, USA). Parameters like frequency 

and amplitude for miniature currents were determined.  

To trigger action potential‐dependent glutamate release from the afferent fibers arising from the 

PB, we carefully located the bipolar stimulation electrodes (World precision instruments, FL, USA) 

on the fiber tract dorsomedial to the CeC (PB tract). With this setup, we were able to preferentially 

evoke the PBN tracts and obtain recordings from CeC neurons. Evoked EPSC amplitude from CeC 

neurons at holding potential of -70mV in presence of picrotoxin (100µM) was used as an analysis 

measure.  

Immunohistochemistry- 
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Immunohistochemistry was carried out as mentioned in (Gupta et al., 2015; Hillman 2011; 

Ravikrishnan et al., 2018) 

Mice were transcardially perfused first with 0.1M PB followed by 4% PFA in 0.1 M phosphate 

buffer (PB) pH 7.4, and brains collected and stored overnight in the same fixative at 4 °C. For 

cryopreservation, brains were transferred successively into solutions of 10%, 20% and 30% sucrose 

in 0.1 M PB and thereafter frozen at −30 °C to −40 °C using isopentane. For 

immunohistochemistry, 20-25 μM-thick coronal sections were cut using a cryostat (Leica CM 

1900). After washing, sections were incubated in blocking solution containing 10% normal goat 

serum or normal donkey serum in 0.25% Triton-X in 0.1 M PB (PBT) for 2 h at room temperature. 

Following blocking, sections were incubated overnight at 4 °C in primary antibodies at appropriate 

concentrations in 0.25% PBT: guinea pig anti-GluD1 primary antibody (1:500, GluD1C-GP-

Af860, Frontier Institute Co., Ltd, Japan), rabbit anti-vGluT1 (1:10000, VGT1-3, MAb 

technologies), chicken anti-vGluT2 (1:1000, Synaptic systems), rabbit anti-CGRP (1:500, 

Millipore sigma), mouse anti-PKCδ (1:500, EMD Millipore), SST (1:500). For primary antibodies 

rabbit anti-cbln1 (1:500, Cbln1-Rb-Af270, Frontier Institute Co., Ltd, Japan) and pan-AMPA 

(1:500, Frontier Institute Co., Ltd, Japan), 50-100-μM-thick coronal sections were cut and epitope 

retrieval was performed using pepsin and citrate treatment, respectively before blocking. For pepsin 

treatment, sections were incubated for 3 mins in 1mg/mL pepsin in 0.9N HCl at 37°C. For citrate 

treatment, sections were incubated in sodium citrate buffer (10 mM sodium citrate acid, 0.05% 

Tween 20, pH 6.0) at 90°C for 20 mins, and then allowed to cool down for 10 mins. The sections 

were then washed with 0.1M PB, followed by blocking and primary antibody incubation. The 

following day, sections were washed and thereafter incubated with the appropriate secondary 

antibodies conjugated to AlexaFluor 488 (1:1000, A-11073, Life Technologies, Eugene, OR) or 

goat anti-rabbit secondary antibody conjugated to AlexaFluor 594 (1:500, A-11012, Life 
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Technologies) for 2 h at room temperature. Sections were then washed and mounted with 

Fluoromount-G (Southern Biotech, AL, USA).  

Confocal images equivalent regions, 1024 × 1024 pixels, were captured using a Leica TCS SP8 MP 

confocal microscope using a 20× or 63× objective at 4× zoom. The region of interest was scanned 

at 0.3 μm intervals along the z-axis and an optical section (3.88 μm thick) was taken from each 

tissue section. At least five sections for right and left CeA were analyzed for each animal. Co-

localization of GluD1 with vGluT1, vGluT2 and Cbln1 and the quantification of puncta number of 

vGluT1, vGluT2, Cbln1 and GluA1 were analyzed by Volocity (PerkinElmer Inc. Coventry, United 

Kingdom). The number of puncta per image was filtered based on size range (0.1-0.3µm3) and 

intensity. GluD1 expression was measured as both, cell surface volume and punctate number. 

Changes in GluD1 levels in WT (saline, CFA alone CFA-Cbln1) as well as in rats (Sham and SNL) 

were measured as surface volume around the PKCδ cell type. GluD1 and GluA1 subunit in CeA 

were measured as punctate structures. 3-8 images were analyzed per animal. All analysis is 

segregated and represented as right and left CeA. All analysis was performed in a blinded manner. 

Image acquisition for representatives as well as 3-D reconstruction was done using surface module 

of Imaris software 8.4.1, a 3-D imaging software (Bitplane, South Windsor, CT, USA). The video 

representing the close apposition of GluD1 on PKCδ cell surface was done using animation mode 

of Imaris software.  

Synaptoneurosome preparation and western blot analysis- 

The western blot procedure was carried out as mentioned in (Liu et al., 2020; Suryavanshi et al., 

2016; Yadav et al., 2013) 

For synaptoneurosomal preparation, young adult WT and GluD1 KO mice as well as adult CFA 

treated mice were anesthetized using isoflurane anesthesia, mice were then decapitated and 

thereafter all experimental procedures were conducted on ice. The right and left central amygdala 
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were punched out separately and put into ice cold synaptoneurosomal buffer (10 mM HEPES, 2 

mM EGTA, 1 mM EDTA, 0.5 mM DTT, 50 µg/ml soybean trypsin inhibitor and 10 µg/ml 

leupeptin, pH 7.0) additionally containing 0.5 mM phenylmethanesulfonylfluoride (PMSF), 5 

mg/ml pepstatin and 50 mg/ml aprotonin. All further steps were performed on ice to minimize 

proteolytic degradation during the isolation procedure. The isolated tissue was thoroughly 

homogenized. It was further diluted with the equal volume of synaptoneurosome buffer and briefly 

and gently sonicated using Sonic dismembrator Model 100 (Fischer Scientific, NJ, USA). The 

sample was loaded into a Luer-lock syringe (BD syringes). It was filtered twice through three layers 

of a pre-wetted 100 µm pore nylon filter CMN-0105-D (Small Parts Inc., Logansport, IN, USA) 

held in a 13 mm diameter filter holder XX3001200 (Milipore, MA, USA). Following first filtration, 

the resulting filtrate was loaded back into Luer-lock syringe and filtered through a single layer of 

pre-wetted 5 µm pore hydrophilic filter CMN-0005-D (Small Parts Inc., Logansport, IN, USA) 

held same filter holder. The resulting filtrate was centrifuged at 1000 X g for 10 min. The pellet 

obtained was a synaptoneurosome fraction. After isolation, they were resuspended in 75 µl of buffer 

solution containing 0.32 M sucrose, and 1 mM NaHCO3 (pH 7.0). The tissue collected at 1-week 

timepoint after CFA injection also underwent same procedure. 

For western blotting, synaptoneurosomal fractions were loaded on 10% Sodium dodecyl sulfate 

(SDS) gel in equal amount (15 µg / well). The samples were run at 114 volts for 1 hr. Gels were 

transferred to nitrocellulose membrane (GE Healthcare, Piscataway, NJ, USA). A wet transfer was 

carried out at 114 volts and for a duration 1 hr 15 min. Electrophoresis and transfer apparatuses 

used were Biorad mini protein tetra cell (Bio-Rad Laboratories, Inc., Hercules, California, USA). 

Following transfer, blocking was performed with 5% milk in Tris-buffered Saline with 1% Tween 

20 (TBST) for 1 hr at room temperature. Primary antibody incubation with pan-AMPA (1:500, 

Frontier Institute Co., Ltd, Japan), rabbit anti-cbln1 (1:500, Cbln1-Rb-Af270, Frontier Institute Co., 

Ltd, Japan), GluD1, 1:1000 (Alomone Laboratories, Jerusalem, Israel)  were performed and kept 



60 
 

overnight for incubation at 4 °C. After primary antibody incubation, the blots were washed with 

TBST. Then they were incubated anti-rabbit or anti-mouse secondary antibody conjugated with 

horse-radish peroxidase (HRP) at a concentration of 1∶5000; (Cell Signaling Technology, Danvers, 

MA, USA) for 1 hr at room temperature. Following washing with TBST, blots were developed 

using enhanced chemiluminescent (ECL) Plus Western Blotting Detection System kit RPN2132 

(GE Healthcare, Piscataway, NJ, USA). Images were taken using Precision Illuminator Model B95 

(Imaging Research Inc., Germany) with MTI CCD 72S camera and analyzed using MCID Basic 

software version 7.0 (Imaging Research, St. Catharines, ON, Canada). The X-ray film processor 

used was model- BMI No 122106 (Brown’s Medical imaging, Omaha, NE, USA). For analysis of 

protein expression, first, the optical density of each sample was normalized to β-actin. 

Stereotaxic surgery-  

Stereotaxic AAV administration-  

Mice were anesthetized with isoflurane (NDC 66794-013-25, Piramal Critical Care, Bethlehem, 

PA, USA) and placed in a stereotaxic frame (51733U, Stoelting, Wood Dale, IL, USA). The skull 

was exposed, and small hole was drilled through the skull at the coordinates for central amygdala 

(AP: -1.4 mm, ML: ±3.2 mm, DV: -4.8 mm). All the coordinates were taken with respect to the 

bregma (Paxonos and Franklin, 2001). The virus particles AAV9.hsyn. eGFP/ AAV9.hsyn. eGFP-

Cre (University of Pennsylvania vector core) were injected by using microliter syringe (NanoFil, 

World Precision Instruments, Sarasota, FL, USA) with 33-gauge beveled needle (NF33BV-2, 

World Precision Instruments). The injection needle was lowered to the coordinates of CeA, and 

virus particles were delivered slowly at a rate of 1nl/sec using a UMP3 micro-syringe pump (World 

Precision Instruments). The volume of injections was kept at 150 to 200 nl to obtain the precise 

local infection and to avoid the leak into other brain regions. The needle was left at the injection 

site for additional 10 min and was slowly withdrawn over the period of 5 min. The incision was 

sealed with surgical tissue adhesive (1469SB, 3M, Maplewood, MN, USA). Postoperatively, local 
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analgesic and triple antibiotic was applied externally onto the surgery site and mice were monitored 

on a heat pad for one hour before being returned to their home cage. Mice received postoperative 

care for at least 3 days after surgery.  

For chemogenetic experiments, the PKCδ Cre mice were injected with either AAV-hSyn-DIO-

hM3D(Gq) or AAV-hSyn-DIO-hM4D(Gi)- mcherry into CeA (AP: -1.4 mm, ML: ±3.2 mm, DV: 

-4.8 mm). A similar procedure was followed as mentioned earlier.  

Cannulation-  

Stereotaxic cannulation surgeries were performed as mentioned in (Liu et al., 2019). Mice were 

anesthetized with isoflurane and placed in a stereotaxic frame (Stoelting, Wood Dale, IL). The skull 

was exposed, and a small hole was drilled through the skull. A 26-gauge stainless steel guide 

cannula (PlasticOne, Roanoke, VA) was implanted unilaterally above the lateral ventricle at the 

stereotaxic coordinates (anteroposterior: −2.2 mm, mediolateral: +0.8 mm, dorsoventeral: −2.3 

mm). For bilateral CeA cannulation, guide cannula was implanted at the stereotaxic coordinates 

(anteroposterior: −1.22 mm, mediolateral: ±2.5 mm, dorsoventeral: −4.2 mm). The guide cannulae 

were secured to the skull with stainless steel screws and dental acrylic cement. The animals were 

allowed 10 days of recovery period before being used for any experiments. 

Cannula and viral injection locations were verified after the end of behavioral experiments by 

examining the fixed brain tissue from these animals under light or fluorescent microscope. Only 

mice that had virus injection restricted to the CeA were included for behavioral analysis. 

Behavioral testing-  

Recombinant cerebellin 1 (Cbln1) administration- 

Recombinant cbln1 (6934-CB-025, R&D systems) served as a therapeutic in mice undergoing 

either inflammation or neuropathic pain. A volume of 500 nL was administered bilaterally in central 
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amygdala (through cannula) at a dose of 250ng/500nL/side in sterile PBS,48 hours after induction 

of CFA injection. Also, 1.5 µL of recombinant Cbln1 was injected intracerebroventricularly at a 

dose of 1µg/µL at the same timepoint. For lateralization studies, mice were injected with Cbln1 

(250ng/500nL) 48 hrs post CFA in left hemisphere first. 48 hrs following the first administration, 

Cbln1(250ng/500nL) was injected in the right hemisphere. Then, changes in mechanical 

hypersensitivity was observed upto a week after Cbln1 administration. In rats with neuropathic 

pain, Cbln1 (250ng/500nL) was administered unilaterally in right CeA and changes in vocalization 

and affective behaviors was recorded. The injection was specific to right CeA since previous reports 

have shown predominant lateralization of amygdala function through right side in the modulation 

of tactile hypersensitivity in mice (Y. Carrasquillo, 2008; G. Ji, 2009; Kolber BJ, Montana MC, 

Carrasquillo Y, Xu J, Heinemann SF, Muglia LJ, 2010; Z. Li, P. Yin, J. Chen, C. Li, J. Liu, H. 

Rambojan, 2017). To determine if the restoration is mediated through GluD1-Cbln1 complex, 

recombinant Cbln2 (7044-CB-050, R&D systems) at the same dose was used as control.  

Chemogenetics-  

Clozapine-N-oxide (CNO; Hello Bio Inc., Princeton, NJ) was dissolved in saline and injected i.p. 

(1mg/kg body weight) 45 min to 1 h before testing. The mechanical hypersensitivity was tested at 

48 hrs timepoint after intraplantar CFA/saline injection. CNO/saline was then intraperitoneally 

injected and mechanical hypersensitivity was measured 1 hour after injection.  

Pain induction models-  

Inflammatory pain model-  

Formalin induced inflammation- 10 μL of 5% formalin (37% formaldehyde solution diluted in 

saline solution) or 0.9% saline solution was injected intraplantarly into the hind paw of mice using 

a microsyringe with a 30‐gauge needle. Each mouse was immediately placed in observation cage, 

and the behavior was recorded with a web camera (Logitech QuickCam, Fremont, CA, USA). 
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Duration of licking was measured as the time spent performing licking or flinching, measured with 

a handheld stopwatch for 5‐min intervals up to 1 h after the injection.  

CFA induced inflammation- Inflammation was induced by injecting 10 μl of saline (pH 7.4) or 

CFA (complete Freund’s adjuvant; 0.5 mg/ml heat-killed M. tuberculosis; Sigma, St. Louis, MO) 

intraplantarly in the hind paw. CFA usually takes 4-5 hours to elicit its effect. Hence, behavioral 

assessment was conducted 6 hours after induction of CFA injection and performed upto a week. 

Mechanical sensitivity was measured using electronic Von Frey filament. Paw withdrawal 

threshold was measured by recording the force of responses to stimuli with three applications of 

electronic von Frey filaments.  

Spinal nerve ligation pain model- 

The spinal nerve ligation (SNL) model of chronic pain is produced by tightly ligating the lumbar 

spinal nerve (L5 alone or both L5 and L6) which induces peripheral neuropathy. (Kim, 1992; Ji et 

al., 2017)  

Neuropathic pain model was performed by our collaborator Neugebauer lab, TTHSC, Lubbock as 

well mentioned in (Ji et al., 2018). Using isoflurane as anesthesia and under sterile conditions, the 

surgical procedure was conducted. Then, L5 spinal nerve was isolated and tightly ligated with 6–0 

silk thread. The muscles were sutured, closed and the skin was clipped together. Antibiotic 

bacitracin was applied, and animals were monitored post-surgery for any signs of distress. In sham 

operated control animals, same surgical procedure was performed without the spinal nerve ligation.  

Pain assessment tests-  

For quantifying pain, we used pain assessment tests to measure withdrawal response from a noxious 

stimulus. The phenotype of ‘allodynia’ refers to a response to mechanical or thermal stimuli, which 

in normal conditions is innocuous and would not evoke a response. The phenotype of ‘hyperalgesia’ 
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refers to an exaggerated response to a stimulus which in normal conditions will evoke a normal 

withdrawal. (Deuis et al., 2017) 

Acute foot shock test-  

Pain sensitivity to foot-shock was assessed in the fear conditioning apparatus (chamber A; model 

2325-0241 San Diego Instruments, San Diego, CA, USA) as mentioned in (Yadav et al., 2013). 

Mice were placed in the apparatus and allowed to habituate for 2 min. A series of 2 sec foot-shock 

current injections were delivered in ascending increments from 0.1 to 0.8 mA with 20 sec inter-

trial intervals. All sessions were video recorded, and the current intensity required to elicit 

flinching, vocalization, and jumping behaviors were scored. 

Mechanical hypersensitivity-  

Von Frey filament test- Physiologist Maximilian Von Frey developed a method for evaluating 

mechanical allodynia in rodents. Von Frey 

filament test can be performed either manually 

or using electronic apparatus. We used an 

electronic Von Frey from IITC systems (Figure 

X). In this test, animals are placed individually 

in a chamber with a penetrable mesh beneath. 

A rigid filament (from IITC systems) is applied 

perpendicularly to the plantar surface of the 

hind paw, and a constant pre-determined force 

is delivered for 2–5 s. Paw withdrawal 

threshold is measured as the force at which the 

animal exhibits any of the nocifensive responses like brisk paw withdrawal, licking, or shaking of 

the paw, either during or immediately after application of the stimulus. (Deuis et al., 2017) This 

Figure X- Mechanical hypersensitivity 

testing using electronic Von Frey 

Apparatus (IITC Life Science) 
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test was conducted on naive mice as well as after CFA and cerebellin 1 administration at different 

timepoints.  

Hyperalgesia-  

Tail flick test- In tail flick test from IITC systems, heat stimulus is applied to the tail of mice and 

rats, and the latency at which the tail “flicks” or twitches is recorded. (Figure XI)  (Barrot, 2012; 

D’Amour FE, 1941; Deuis et al., 2017) 

Hotplate test - The hot plate test can be used to determine heat thresholds in rodents (Woolfe G., 

1994). Figure XIII shows static hot plate test. Mouse is placed in the chamber, on a metal surface 

maintained at a constant temperature, usually 

between 50°C and 55°C. The response latency is 

recorded as a paw licking or jumping behavior. It is 

commonly observed that the forepaw withdrawal 

occurs first since they are frequently used in 

grooming and exploration. Hence, hind paw 

withdrawal or licking is more reliable measure of 

nociception. The animal must be removed from the hot plate if no nocifensive responses are 

observed, after pre-determined cut-off latency usually 20 s to prevent tissue burn. (Deuis et al., 

2017) 

Anxiety-like behavior- 

Figure XI- Heat sensitivity testing using Tail flick test (IITC life science) 

Figure XII- Heat sensitivity testing 

using Hot Plate test (IITC life 

science).  
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Open field test-  

Open field test was performed in a custom-made square box (38 cm × 38 cm × 30 cm) as mentioned 

in (Yadav et al., 2012). Each animal was placed in the open field chamber and the behavior was 

videotaped for 15 min by using high resolution camera (Logitech) fitted to the ceiling of the 

experimental room. Total distance travelled in the box as well as the amount of time and distance 

traveled in the center area of the open field was scored by using AnyMaze video-tracking software 

(Stoelting, Wood Dale, IL, USA).  

Elevated plus maze-  

Elevated plus maze (EPM) from Columbus Instruments (arm length, 50 cm; arm width, 10 cm; and 

wall height, 40 cm) was used for anxiety test. After habituation to the behavior room for 1 h, the 

animal was placed in central area of the EPM, facing an open arm. Movement in the open and 

closed arms of EPM were detected as number of entries into the respective arm, measured for 15 

min using a computerized analysis system (Multi-Varimex software; Columbus Instruments). The 

ratio of open-arm entries to the total number of entries calculated as percentage during the first 5 

min is reported. (Ji et al., 2018)  

Statistics 
All data are presented as mean ± SEM. Data were analyzed using Student's parametric two-tailed 

unpaired t-test, Kolmogorov-Smirnov test, and two-way ANOVA with post-hoc multiple 

comparisons test. Differences were considered significant if P < 0.05. Prism 7 (GraphPad Software 

Inc., San Diego, CA, USA) was used for analysis. Sample sizes were based on our previous analysis 

using similar methods. All data points are biological replicates i.e. they represent different animals 

in behavior and immunohistochemistry or different neurons (from several animals) in a brain slice 

for electrophysiology. Blinding was employed for immunohistochemical and behavioral tests using 

a coding system. 
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CHAPTER 3 
Role of glutamate delta-1 and cerebellin-1 signaling in fear and aversive behavior 

Abstract 
Responsiveness to aversive stimuli is an innate behavior important for animal survival. Pain as an 

aversive experience is often associated with negative emotion such as aversion and anxiety. 

Amygdala plays a critical role in aversive learning. The capsular region of central amygdala (CeC) 

receives glutamatergic inputs from parabrachial nuclei (PBN) and the parabrachio-amygdalar 

(PBN-CeC) pathway is important for processing and transmitting pain signal produced by noxious 

stimuli. However, mechanisms underlying the organization of neural circuitry in central amygdala 

has not been rigorously studied. The glutamate receptor delta 1 (GluD1) is a member of ionotropic 

glutamate receptor family (iGluR) but do not function as a conventional ion channel. GluD1 forms 

a trans-synaptic triad by binding to its presynaptic partner neurexin (NrX) via synaptogenic protein 

cerebellin1 (cbln1). GluD1 shows unique perisomatic expression specific to PKC δ (+) neurons 

which are direct targets for PBN inputs. Whereas Cbln1 is enriched in PBN. Our study demonstrates 

significant role of GluD1 confined to CeA specifically PKC δ (+) neurons in fear learning.  In 

addition, we also address the effects of recombinant Cbln1 administration in naïve mice inducing 

aversive behavior. All in all, understanding these glutamatergic synapses may provide critical 

information to enable its modulation in conditions involving aversive learning.  

Introduction 
Adaptive behavioral responses to an aversive or threatening stimulus are dependent on memories 

that integrate these stimuli with its relevant environmental cues. The auditory fear conditioning 

(FC) is a paradigm that represents associative learning by pairing of a sound (conditional stimulus, 

CS) with an electrical shock (unconditional stimulus, US), thereby forming a fear memory (Yu et 

al., 2017). In the conventional fear-conditioning model, the US is relayed to lateral amygdala (LA) 

where CS and US integrates, leading to synaptic plasticity mechanisms to form associative memory 

or fear memory (Herry & Johansen, 2014; Pape and Pare, 2010).  However, recent studies 

demonstrate that CeA may independently regulate fear. During a noxious stimulus, capsular region 
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of central amygdala (CeC) receives direct inputs from brainstem structure, parabrachial nucleus 

(PBN), which is then potentially relayed to LA. Neuronal tracing studies reveal that the PBN 

neurons directly innervate CeC neurons and activation of PBN-CeC pathway can drive fear learning 

(Herry & Johansen, 2014). Also, CeC undergoes synaptic plasticity at the PB-CeA synapses during 

fear conditioning (S. Han et al., 2015). The central amygdala circuitry is crucial in regulation of 

emotion-associated behavioral responses both to positive as well as negative reinforcing stimuli 

(Ciocchi et al., 2010a; Davis, 1997; Mahan and Ressler, 2012). Despite its role in processing 

noxious stimuli, molecular mechanisms underlying the organization of neural circuitry in CeA is 

not thoroughly studied. 

The glutamate receptor delta 1 (GluD1) is a member of ionotropic glutamate receptor family 

(iGluR) but do not function as an ion channel. GluD1 forms synapses by binding to its presynaptic 

partner neurexin (NrX) via synaptogenic protein cerebellin1 (cbln1) (Ito-Ishida et al., 2008; 

Matsuda et al., 2010; Uemura et al., 2010; Yuzaki and Aricescu, 2017). We have previously shown 

that GluD1 knockout (KO) demonstrate significant deficits in fear acquisition and a similar 

behavioral phenotype was observed in Cbln1 null mice. We have shown earlier that GluD1 is 

enriched in CeA and it has been reported that Cbln1 is enriched in PBN (Otsuka et al., 2016). The 

expression pattern of both Cbln1 and GluD1 very well maps with the parabrachio-amygdalar 

pathway responsible for processing fear and aversive behaviors. We have demonstrated that Cbln1 

administration in conditions of persistent and chronic pain was able to alleviate the mechanical 

hypersensitivity as well as restore GluD1 levels. Increased GluA1 in CFA induced nociception 

came back to basal levels after Cbln1 injection. However, an interesting study demonstrated that 

an intrathecal injection of Cbln1 peptide in naive mice was able to produce nociceptive effect (K 

Sandor et al., 2018). These observations denote Cbln1 as a modulator of nociception.  

To test the specific role of amygdalar GluD1 in fear behavior, we conditionally deleted GluD1 from 

CeA as well as cell specific deletion of GluD1 from PKCδ neurons in CeA; and subjected these 
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mice to fear conditioning. Interestingly, we observed significant deficits in associative memory 

formation in both amygdalar and cell specific deleted GluD1 suggesting its specific role in 

integrating both neutral and noxious stimuli. In order to examine effects of recombinant Cbln1 in 

central amygdala, we performed behavioral paradigms testing its effect on aversion, nociception, 

and fear in naïve mice. We observed that a single injection of Cbln1 when administered 

intracranially in to CeA was able to produce conditioned place aversion as well as showed increase 

in mechanical hypersensitivity. Cbln1 administration, after fear conditioning, showed 

strengthening in associative memory during extinction and recall. These observations suggest that 

Cbln1 administration replicates parabrachio-amygdalar pathway activation in naive condition and 

exhibits phenotypes that are associated with this activation. 

Results- 
GluD1 in the CeA is necessary for associative fear learning 

We examined the role of amygdalar GluD1 in associative memory formation using Pavlovian fear 

conditioning paradigm. In order to achieve conditional deletion of GluD1 in CeA, we used cre-lox 

strategy in the form of two approaches. First, the GluD1flox/flox mice were injected with AAV9-hsyn-

eGFP (CeA-GluD1-CTRL) and AAV9-hsyn-eGFP-Cre, bilaterally into CeA (CeA-GluD1-KO). 

Second, the GluD1flox/flox mice were bred with PKCδ Cre mice to yield heterozygous PKCδ Cre (+) 

D1 Flox (+/-). Both these mice were subjected to fear conditioning. In fear acquisition phase, mice 

were subjected to five conditioned stimuli (5 CS, tone 85 db) paired with five unconditioned stimuli 

(5 US, 0.5mA footshock) and freezing behavior was recorded. Significant deficits in fear 

acquisition were observed CeA-GluD1-KO (4 CS-US: CeA-GluD1-CTRL vs. CeA-GluD1-KO: 

54.764 ± 4.765 vs. 26.66 ± 6.665, p=0.0008, Two-way ANOVA with Bonferroni’s post hoc test) 

as well as PKCδ Cre (+) D1 Flox (+/-) (4 CS US: Cre + WT vs. PKCδ Cre (+) D1 Flox (+/-): 66.663 

± 9.622 vs. 29.163 ± 14.231, p=0.0554; 5 CS-US: Cre + WT vs. PKCδ Cre (+) D1 Flox (+/-): 77.777 

± 14.698 vs. 33.333 ± 11.785, p<0.05, Two-way ANOVA with Bonferroni’s post hoc test) (Figure 
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1) similar to what was observed in GluD1 KO. Also, 24 hrs post fear acquisition, these mice were 

tested for memory retrieval with CS for 2 min; these mice demonstrated significant deficits even in 

memory retrieval. (CeA-GluD1-CTRL vs. CeA-GluD1-KO: 40.47 ± 5.282 vs. 11.46 ± 4.619, 

p<0.005, Unpaired t-test with Welch correction and Cre + WT vs. PKCδ Cre (+) D1 Flox (+/-): 

80.55 ± 3.675 vs. 34.37 ± 12.19, p<0.05, Unpaired t-test with Welch correction).  These results 

suggest a pivotal role of CeA-GluD1 and PKCδ-GluD1 in associative memory formation. 

 

Figure 1- Amygdalar GluD1 is necessary for associative memory formation- 
(A) Experimental paradigm of fear conditioning. On day 1, mice are allowed to habituate in the 

chamber for 30 min. On day 2, five presentations of CS-US are delivered, and response is measured 

as % freezing. On day 3, 24 hours later, mice are placed in same chamber, CS is presented for 2 

minutes and response is measured as % freezing. 

(B) Conditional deletion of GluD1 from CeA (GluD1-CeA-KO) was achieved using Cre-lox 

strategy. Mice were injected with with AAV9-hsyn-eGFP (CeA-GluD1-CTRL) and AAV9-hsyn-

eGFP-Cre, bilaterally into CeA (CeA-GluD1-KO). We also confirm deletion of GluD1 from CeA, 

in mice injected with Cre recombinase containing virus using immunohistochemistry. These mice 

show significant deficits in fear acquisition at 4 CS US (4 CS-US: CeA-GluD1-CTRL vs. CeA-

GluD1-KO: 54.764 ± 4.765 vs. 26.66 ± 6.665, p=0.0008, Two-way ANOVA with Bonferroni’s 
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post hoc test, n=6-7 mice/group) as well as in retrieval 24 hours later (CeA-GluD1-CTRL vs. CeA-

GluD1-KO: 40.47 ± 5.282 vs. 11.46 ± 4.619, p<0.005, Unpaired t-test with Welch correction) 

(C) GluD1 shows specific colocalization with PKC δ (+) neuronal population. Cell-specific 

deletion of GluD1 was achieved by breeding GluD1flox/flox mice with PKCδ Cre mice to yield 

heterozygous PKCδ Cre (+) D1 Flox (+/-). These mice when subjected to fear conditioning showed 

impairment in fear acquisition significantly at 5 CS US. (5 CS-US: Cre + WT vs. PKCδ Cre (+) D1 

Flox (+/-): 77.777 ± 14.698 vs. 33.333 ± 11.785, p<0.05, Two-way ANOVA with Bonferroni’s 

post hoc test) as well as in memory recall (Cre + WT vs. PKCδ Cre (+) D1 Flox (+/-): 80.55 ± 3.675 

vs. 34.37 ± 12.19, p<0.05, Unpaired t-test with Welch correction, n=3-4 animals/genotype) 

Recombinant Cbln1 into CeA increases mechanical hypersensitivity through downregulation of 

GluD1- 

Recombinant Cbln1 in to CeA showed rescue in mechanical hypersensitivity in CFA-mice (Figure 

3 B-D, Chapter 2). It also alleviated nocifensive phenotypes associated with neuropathic pain in 

rats (Figure 3E, Chapter2). To determine the effect of Cbln1 in naïve animals, we intracranially 

administered Cbln1 peptide (250ng/500nL/side) into CeA and tested for changes in mechanical 

hypersensitivity at 3hrs, 6hrs, 24hrs and 1-week timepoints using Von Frey filament. Recombinant 

Cbln1 induced sensitivity to filament right from 3 hrs post administration that lasted up till 24 hrs 

(Figure 2A) (WT PBS vs. WT- Cbln1: 3 hrs- 5.408 ± 0.278 vs. 1.452 ± 0.0581, p <0.0001; 6 hrs- 

5.493 ± 0.3633 vs. 1.349 ± 0.118, p <0.0001; 24 hrs- 6.445 ± 0.745 vs. 2.0075 ± 0.259, p 

<0.005; Two-way ANOVA with Bonferroni’s post hoc test, n=3-4 mice/treatment).  This effect 

was specifically mediated through amygdalar GluD1 since GluD1 KO did not manifest any effect 

upon Cbln1 administration into CeA (GluD1 KO-Cbln1 vs. WT- Cbln1: 3 hrs- 5.042 ± 0.892 vs. 

1.452 ± 0.0581, p <0.005; 6 hrs- 5.300 ± 0.645 vs. 1.349 ± 0.118, p <0.0001; 24 hrs- 5.233 ± 0.831 

vs. 2.0075 ± 0.259, p <0.01; Two-way ANOVA with Bonferroni’s post hoc test, n=3-4 

mice/treatment).  
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To understand the molecular changes that would accompany increased mechanical 

hypersensitivity, we performed immunohistochemistry, 6 hrs after Cbln1 administration, for GluD1 

levels. We observed that there was significant downregulation of perisomatic GluD1. Interestingly 

it was predominant in right CeA compared to left CeA. (WT saline vs. WT-Cbln1: Right CeA- 

25.948 ± 2.272 vs. 9.823 vs. 1.188, p<0.05; Left CeA- 24.134 ± 3.221 vs. 15.697 ± 1.897, p=0.1161, 

Two-way ANOVA with Bonferroni’s post hoc test, n=2 mice/treatment) (Figure 2B). It is 

consistent with our previous findings that activation of parabrachio-amygdalar pathway in 

condition of pain led to downregulation of GluD1. It is possible that exogenous application of 

Cbln1 would mimic the PBN-CeA pathway activation leading to increased pain sensitivity 

ultimately resulting into downregulation of GluD1. 

 

Figure 2- Recombinant Cbln1 in CeA increases mechanical hypersensitivity- 
(A) Effect of recombinant Cbln1 injected into CeA of naïve mice. After measuring basal 

mechanical hypersensitivity, Cbln1 was administered intracranial in to CeA and mechanical 

hypersensitivity was measured at 3 hrs, 6 hrs, 24 hrs and I week. Significant increase in sensitivity 

is observed from 3 hrs up till 24 hrs. (WT PBS vs. WT- Cbln1: 3 hrs- 5.408 ± 0.278 vs. 1.452 ± 

0.0581, p <0.0001; 6 hrs- 5.493 ± 0.3633 vs. 1.349 ± 0.118, p <0.0001; 24 hrs- 6.445 ± 0.745 vs. 

2.0075 ± 0.259, p <0.005; Two-way ANOVA with Bonferroni’s post hoc test, n=3-4 

mice/treatment). No change was seen in GluD1 KO mice after Cbln1 administration. (GluD1 KO-

Cbln1 vs. WT- Cbln1: 3 hrs- 5.042 ± 0.892 vs. 1.452 ± 0.0581, p <0.005; 6 hrs- 5.300 ± 0.645 vs. 



73 
 

1.349 ± 0.118, p <0.0001; 24 hrs- 5.233 ± 0.831 vs. 2.0075 ± 0.259, p <0.01; Two-way ANOVA 

with Bonferroni’s post hoc test, n=3-4 mice/treatment).  

(B) Recombinant Cbln1 led to significant reduction of GluD1 at 6 hours timepoint predominantly 

in right CeA compared to PBS injected mice. (WT saline vs. WT-Cbln1: Right CeA- 25.948 ± 

2.272 vs. 9.823 vs. 1.188, p<0.05; Left CeA- 24.134 ± 3.221 vs. 15.697 ± 1.897, p=0.1161, Two-

way ANOVA with Bonferroni’s post hoc test, n=2 mice/treatment). 

Recombinant Cbln1 induces conditioned place aversion  

We further tested whether the nociceptive effect of Cbln1 can induce aversive behavior. We 

performed conditioned place aversion paradigm. On day 1, mice were allowed to explore both 

chambers and the chamber where it spent more time was considered as preferred chamber. On day 

2, they were stereotaxically injected with either PBS/recombinant Cbln1 (250ng/0.5µL) bilateral 

into CeA and were allowed to condition in their preferred chamber. On day 3, the time spent in 

both chambers was again recorded. Interestingly, we observed that mice were aversive to the 

chamber where they received Cbln1. (WT-PBS vs. WT-Cbln1: -4.567 ± 4.983 vs. -67.38 ± 21.97, 

p<0.05, Unpaired t-test with Welch correction, n=3-6 mice/treatment) (Figure 3) 
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Figure 3- Recombinant Cbln1 induces pain induced aversion- 
Experimental paradigm for conditioned place aversion. Mice underwent conditioned placed 

aversion (CPA) immediately after injection of PBS or Cbln1. The change in time spent during 

pretest and 24 hrs after Cbln1 was measured. Mice that received Cbln1 in preferred chamber 

became aversive to that chamber (WT-PBS vs. WT-Cbln1: -4.567 ± 4.983 vs. -67.38 ± 21.97, 

p<0.05, Unpaired t-test with Welch correction, n=3-6 mice/treatment). 

Recombinant Cbln1 does not facilitate extinction in fear behavior- 

Our previous results demonstrate that deletion of GluD1 from CeA leads to deficits in fear learning. 

A similar observation has been reported with Cbln1 null mice. After attaining a significant 

conditioning, mice received either PBS or Cbln1 1 hr prior to extinction. The mice that received 

Cbln1 showed considerable freezing behavior in extinction trial as well as in recall compared to 

ones that received PBS (Figure 4). This can be a cumulative effect of Cbln1 able to induce aversion 

as well fear memory formed during conditioning. These results direct that Cbln1 can strengthen 

aversive memory. 

Figure 4- Recombinant Cbln1 does not facilitate extinction in fear behavior- 
(A)Mice underwent fear conditioning through presentations of 5 CS US and the response was 

measured as % freezing. (B) Application of recombinant Cbln1 right before extinction strengthened 

the aversive memory during extinction trial as well as in (C) recall compared to PBS injected. 
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Discussion- 
The amygdala complex, particularly the central nucleus of amygdala (CeA) plays a critical role in 

mediating emotional responses to both negative events (such as pain and fear) and positive events 

such as drug reward (Maren, 2005; Murray, 2002)(Roozendaal, B, McEwen, BS, Chattarji, 2009). 

The central amygdala (CeA) has emerged as a critical site in the early formation of fear memories 

(Ciocchi, Herry, Grenier, Wolff, Letzkus, Vlachos, Ehrlich, et al., 2010; S. Han et al., 2015; 

Haubensak et al., 2010; H. Li et al., 2013). Pavlovian fear conditioning is a paradigm for associative 

memory system that translates memories of aversive events in both humans and animals. In the 

laboratory, fear memory is established by presentation of a neutral stimulus (the conditional 

stimulus, or CS), such as a tone, linked to a noxious stimulus (the unconditional stimulus, or US), 

such as an electric shock. CeA that is composed principally of GABAergic medium spiny neurons, 

is closely involved in controlling the fear expression and related behaviors (Hitchcock, J. M., 

Sananes, C. B. & Davis, 1989; McDonald, 1982) Negative associative memory that is learned, can 

be ‘extinguished’ by consistent presentations of neutral cue (CS), a process that directly mimics 

clinical therapy for individuals with posttraumatic stress disorder (PTSD) (Mahan & Ressler, 

2012). 

The glutamate receptor delta belongs to a class of ionotropic glutamate receptors but do not function 

like a conventional ligand gated ion channel (Kakegawa et al., 2007; Matsuda et al., 2010; Yuzaki 

& Aricescu, 2017). The glutamate receptor delta binds to its presynaptic partner Neurexin 1 (Nrxn1 

+SS4) via synaptic adhesion molecule Cbln1. We have previously demonstrated that GluD1 KO 

mice have significant impairment in fear learning behavior and a similar deficit has been observed 

in Cbln1 null mice. The present study studies role of GluD1 specific to CeA as well as specific to 

PKC δ neurons in fear learning. A significant deficit is observed in both groups GluD1-CeA-KO 

as well as PKCδ Cre (+) D1 Flox (+/-) mice in fear acquisition. Also, a similar impairment is 

observed in memory retrieval 24 hours after conditioning. This observation depicts a critical role 

of GluD1 in associative memory formation. 
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Administration of recombinant Cbln1 peptide was able to rescue motor deficits in cbln1 null mice 

(Eri Takeuchi, 2018). Increased expression of Cbln1 in VTA was able to alleviate sociability 

deficits due to seizures (Krishnan, Stoppel, Nong, Johnson, Nadler, Ozkaynak, Teng, Nagakura, 

Mohammad, Silva, Peterson, & Cruz, 2017). We have observed that intracranial administration of 

recombinant Cbln1 was able to alleviate mechanical hypersensitivity in CFA mice as well as rescue 

nocifensive phenotypes in rats with neuropathic pain. However, in our present study, administration 

of Cbln1 in CeA in naïve condition produced nociception. The nociceptive effect of Cbln1 also 

induced conditioned place aversion. At molecular level, exogenous application of recombinant 

Cbln1 downregulated somatic GluD1 following lateralization. Exogenous Cbln1 in normal 

conditions may moreover mimic the parabrachio-amygdalar pathway activation leading to 

downregulation of GluD1 similar to what is observed in pain pathway activation. Cbln1 

administration induced conditioned place aversion. In coherence with this observation, after fear 

conditioning, application of Cbln1 prior to extinction did not facilitate extinction. Rather it 

strengthened the freezing behavior during extinction as well as recall. These observations are quite 

contrary to fear learning in GluD1 KO mice or PKCδ Cre (+) D1 Flox (+/-) where deficits in 

associative memory formation was observed. Considering possible compensation in GluD1 KO 

mice, fear mechanisms would be different in GluD1 KO compared to downregulated GluD1 levels 

observed after recombinant Cbln1.  

Our study, for the first time, indicate the role of amygdalar GluD1 in fear and aversive behaviors. 

It also sheds light on to novel mechanism of Cbln1 alone and how it modulates the pain behavior. 

These observations open up a new avenue of studying synaptic organizers in normal as well as 

pathological conditions possibly as potential targets eventually benefitting drug discovery.  

Methods- 
Animals  
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All behavioral procedures were performed in accordance with the Creighton University 

Institutional Animal Care and Use Committee Policies and Procedures. Handling during 

experiments was done with strict measures to minimize pain and suffering of animals in accordance 

with the recommendations in the Guide for Care and Use of Laboratory Animals of the National 

Institutes of Health. Animals were group housed in the animal resource facility at a constant 

temperature (22±1°C) and a 12-hr light-dark cycle with access to food and water ad libitum. All 

procedures took place in light phase. All experimental surfaces were thoroughly cleaned with 70% 

ethanol before the behavior and between trials. The study involved use of both male and female 

mice for behavioral as well as neurochemical measures.  

GluD1 KO mice were obtained from Dr. Jian Zuo with its background was on 95% C57BL/6 and 

remaining on 129SvEv. GluD1flox/flox mice obtained from Dr. Pei Lung-Chen was on congenic 

C57BL/6 background, with lox P sites inserted in intron 10 and 12. PKC δ Cre mice (on congenic 

C57BL/6 background) were obtained from Dr. David Anderson with GluClα-ires-Cre cassette 

inserted into PKC δ gene. These mice were crossed with GluD1flox/flox to selectively delete GluD1 

from PKC δ cell type. Since there are less likely changes in GluD1 expression levels in adulthood 

(Hepp et al., 2015a), young adult mice without any surgical manipulation were used for 

electrophysiology and immunohistochemical studies; and adult mice were used for behavioral 

studies and for surgical manipulations.  

Fear conditioning test- 

Fear conditioning was performed as mentioned in (Hillman et al., 2011; Yadav et al., 2013) with 

some modifications. For fear conditioning, mice were placed in a plexiglas rodent conditioning 

chamber (chamber A; model 2325-0241 San Diego Instruments, San Diego, CA, USA) with a metal 

grid floor, enclosed in a sound-attenuating chamber and illuminated with white light. On day 0, 

mice were habituated to chamber for 30 min. On the day of conditioning (day 1) mice were placed 

in chamber for 3 min followed by five CS–US pairings (5 CS-US). The CS was a tone (85db, 3kHz) 



78 
 

delivered for 30 sec with a 1 min inter-trial interval (ITI). The US was a 0.5 mA foot-shock 

delivered for 2 sec that terminated together with the CS. Mice were removed from chamber 1-2 

min after the final CS-US pairing. On testing day 2 (post-test), mice were placed in the novel 

Plexiglas chamber with different visual cues and the metal grid is replaced with solid Plexiglass 

floor. Behavioral freezing response was measured as absence of all non-respiratory movements 

every five seconds before and after presentation of the US for conditioning (day 1) and during post-

test (day 2). Percent freezing was calculated by averaging scores of 0 for immobility and 1 for 

movement and divided by the total number of readings.  

On day 1, the chamber was cleaned with linen- scented air freshener whereas on day 2, 1% vanilla 

solution was used to give a distinct odor to the chamber. White background noise was provided in 

each chamber with a fan. A web-camera (Logitech QuickCam, Fremont, CA, USA) was mounted 

at the top of each chamber to video-record all sessions for further analysis.  

Von Frey filament test-  

We used an electronic Von Frey from IITC systems to evaluate mechanical allodynia. In this test, 

animals are placed individually in small chambers with a penetrable mesh bottom. A rigid filament 

is applied perpendicularly to the plantar surface of the hind paw, delivering a constant pre-

determined force for 2–5 s. Paw withdrawal threshold is measured as the force (g) at which the 

animal exhibits any nocifensive behaviors like brisk paw withdrawal, licking, or shaking of the 

paw, either during or immediately after the application of filament.  (Barrot, 2012; Deuis JR., 

Dvorakova LS., 2017) 

Conditioned place aversion- 

For conditioned place aversion (CPA) test, mice were conditioned to associate with two 

compartments of the choice apparatus: one compartment with Cbln1 injection and another with 

saline injection. After habituation, pre-test was conducted to identify baseline preference for the 
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two compartments: black (smooth floor) versus white (serrated floor). Conditioning was conducted 

one day after pre-test. Cbln1 (250ng/500nL bilaterally) was injected in preferred chamber and PBS 

injection in non-preferred. On day 3, the mice were placed in chambers with doors open and the 

preference was measured. The CPA sessions were video-recorded and scored using Any-maze for 

time spent in the two compartments. The change in time spent (Δ time) in the Cbln1-associated 

chamber from pre-test to post-test, referred to as preference, was analyzed.  (Liu et al., 2018) 

Cannulation and recombinant cerebellin 1 (Cbln1) administration- 

For bilateral CeA cannulation, guide cannula was implanted at the stereotaxic coordinates 

(anteroposterior: −1.22 mm, mediolateral: ±2.5 mm, dorsoventral: −4.2 mm). The guide cannulae 

were secured to the skull with stainless steel screws and dental acrylic cement. Post 10 days of 

recovery, the animals were used for any experiments. (Liu J, Shelkar GP, Zhao F, 2019) 

A volume of 500 nL recombinant Cbln1 (6934-CB-025, R&D systems) was administered 

bilaterally in central amygdala (through cannula) at a dose of 250ng/500nL/side in sterile PBS and 

mechanical hypersensitivity was measured at 3, 6, 24 hrs and 1-week timepoints.  

Immunohistochemistry- 

The procedure was performed as mentioned in (Gupta et al., 2015; Ravikrishnan et al., 2018) with 

minor modifications.  

Mice were transcardially perfused first with 0.1M PB followed by 4% PFA in 0.1 M phosphate 

buffer (PB) pH 7.4, and brains collected and stored overnight in the same fixative at 4 °C. For 

cryopreservation, brains were transferred successively into solutions of 10%, 20% and 30% sucrose 

in 0.1 M PB and thereafter frozen at −30 °C to −40 °C using isopentane. For 

immunohistochemistry, 20-25 μM-thick coronal sections were cut using a cryostat (Leica CM 

1900). After washing, sections were incubated in blocking solution containing 10% normal goat 

serum or normal donkey serum in 0.25% Triton-X in 0.1 M PB (PBT) for 2 h at room temperature. 
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Following blocking, sections were incubated overnight at 4 °C in primary antibodies at appropriate 

concentrations in PBT guinea pig anti-GluD1 primary antibody (1:500, GluD1C-GP-Af860, 

Frontier Institute Co., Ltd, Japan) and mouse anti-PKC δ (1:500, EMD Millipore). The following 

day, sections were washed and thereafter incubated with the appropriate secondary antibodies 

conjugated to AlexaFluor 488 (1:1000, A-11073, Life Technologies, Eugene, OR) or goat anti-

rabbit secondary antibody conjugated to AlexaFluor 594 (1:500, A-11012, Life Technologies) for 

2 h at room temperature. Sections were then washed and mounted with Fluoromount-G (Southern 

Biotech, AL, USA). (Ravikrishnan et al., 2018) 

Confocal images equivalent regions, 1024 × 1024 pixels, were captured using a Leica TCS SP8 MP 

confocal microscope using a 63x objective with 4 times magnification. The region of interest was 

scanned at 0.3 μm intervals along the z-axis and an optical section (3.88 μm thick) was taken from 

each tissue section. At least five sections per region of interest per hemisphere were analyzed for 

each animal. (Ravikrishnan et al., 2018) 

Statistics- 
All data are presented as mean ± SEM. Data were analyzed using Student's parametric two-tailed 

unpaired t-test, and two-way ANOVA with post-hoc multiple comparisons test. Differences were 

considered significant if P < 0.05. Prism 7 (GraphPad Software Inc., San Diego, CA, USA) was 

used for analysis. Sample sizes were based on our previous analysis using similar methods. All data 

points are biological replicates i.e. they represent different animals in behavior and 

immunohistochemistry. Blinding was employed for immunohistochemical and behavioral tests 

using a coding system. 
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CHAPTER 4 

Conclusions and Outlook 
The work presented in this thesis identifies a novel GluD1-Cbln1 structural signaling mechanism 

potentially with cell-type and pathway specificity that contributes to sensory and affective aspects 

of pain. We have used multidisciplinary approach combining confocal imaging, electrophysiology, 

different behavioral paradigms and chemogenetics to address the role of GluD1-Cbln1 signaling in 

pain and aversive behaviors. Here, we first characterized the unique expression of GluD1 

preferential to PKC δ (+) neuronal population. GluD1 shows specific localization to soma and 

dendrites of PKC δ (+) neurons compared to SST (+) neurons, two major CeLC cell types and these 

elements are postsynaptic to CGRP positive terminals that are known to arise exclusively from PB. 

Deletion of GluD1 leads to significant reduction in mEPSC frequency and amplitude in CeLC 

neurons and decreased evoked EPSC amplitude at PB-CeLC synapses. Also, it significantly 

reduces vGluT2 as well as CGRP (+) terminals that are considered to be specific PBN marker. 

Together with evidence of enrichment of Cbln1 mRNA in PBN neurons, these observations suggest 

a critical role of GluD1-Cbln1 complex in normal functioning of PB-CeLC synapses.  

Thereafter, in conditions of persistent pain, we observed that GluD1 and Cbln1 undergo activity 

mediated downregulation using 3-Dconfocal imaging as well as western blot. The downregulation 

of GluD1 leads to an upregulation of surface AMPAR which leads to neuroplasticity responsible 

for persistence of pain.  A similar downregulation of GluD1 is observed in model of neuropathic 

pain with a significant AMPAR upregulation. These changes also followed the concept of 

lateralization. Furthermore, to weave GluD1 changes with pain conditions, we used chemogenetics; 

inhibition of PKCδ neurons in conditions of pain was able to produce anti-nociceptive effects.  

To mitigate the effect of persistent pain, we explored the activity of recombinant Cbln1 

administered exogenously. Recombinant Cbln1 led to attenuation in mechanical hypersensitivity 

in both persistent and chronic pain model. Also, it was able to relieve anxiety and vocalizations 

associated with neuropathic pain. We can claim that this effect was mediated specifically through 
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GluD1-Cbln1 complex since no change in mechanical hypersensitivity was observed in GluD1 KO 

mice or WT injected with Cbln2. Neuroanatomically, recombinant Cbln1 restored the somatic 

GluD1 and brought down surface AMPAR modestly similar to basal levels depicting GluD1 as a 

potential new target for pain modulation. 

CeA is also critical for fear learning and aversion. In present study, we determine the role of region 

and specific role of GluD1 in associative memory formation. Significant deficits in fear learning 

and retrieval was observed suggesting potential role of GluD1 in associative memory. Cbln1 alone 

in naive mice led to increased mechanical hypersensitivity and nociception induced conditioned 

place aversion. Cbln1 alone was able to downregulate somatic GluD1 mimicking PBN-CeA 

pathway activation. Hence, these observations make Cbln1 a modulator of nociceptive effects.  

Dysfunction of trans-synaptic GluD1-Cbln1 signaling as a pain mechanism is a novel concept. 

Restoration of these abnormalities by Cbln1 peptide makes GluD1-Cbln1 complex therapeutically 

relevant. Continuing from this work, there are several noteworthy avenues that can be pursued to 

further comprehend the role of this complex. GluD1 is also highly expressed in BNST and spinal 

cord. Studying this complex in dorsal root horn and BNST can advance the therapeutic strategy 

and make it more potent. Also, this peptide can be tested for comorbidities associated with pain 

conditions which can extend the application of this strategy. In lines of drug discovery, designing 

peptides with similar homology as Cbln1 with enhanced binding affinity, or molecules that can 

strengthen the GluD1-Cbln1 complex can also serve as an alternative to mitigate the effects of pain. 

Altogether, our study defines GluD1-Cbln1 complex as a potential target in pain therapy.  
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