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        Most terrestrial animal species heavily rely on non-volatile chemosignals for 

conspecific and heterospecific communication. The sensory system responsible for 

detecting such signals is especially important in guiding animal behavior. Such 

sensory system in rodents is called accessory olfactory system (AOS). The 

chemostimulation detection is done by the vomeronasal sensory neurons in the 

vomeronasal organ (VNO), with their ligand-specific receptors. The 

electrophysiological signals generated here are then projected to the accessory 
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olfactory bulb (AOB), where the local circuit performs preliminary filtering to the 

signal.  

        GABAergic interneurons are known to exert their signal sculpturing effect onto 

principal cells in many brain areas. However, the roles of the AOB GABAergic 

interneurons are poorly understood. Here, I focus on one genetically defined subtype 

of GABAergic interneuron, called external granule cell (EGC). Using fast non-

ratiometric Ca2+ indicator GCaMP6f specifically expressed in target cell populations 

on a specialized ex vivo preparation that preserves the functional connections of 

VNO and AOB, I characterized and compared the tuning properties of EGC and the 

mitral cells (MC). EGCs show generally narrow tuning preferences towards 

naturalistic stimulation such as mouse fecal extract and urinal extract, but MCs are 

much more excitable upon monomolecular sulfated steroid ligands. The result on its 

appearance contradicts the integrative model as indicated by the circuitry 

architecture, in which individual EGC broadly connects with MCs by dendrodendritic 

reciprocal synapses.  

        One explanation is that EGC activation has relatively high threshold. In the 

presence of sulfated steroids, the excitatory inputs from the activated MCs may not 

be strong enough to elicit action potentials. Nevertheless, such inputs should be 

reflected by membrane potential recording of EGCs, in the form of subthreshold 

depolarizations. To verify this hypothesis, I performed ex vivo electrophysiological 

recording on EGCs upon the chemostimulation. As expected, subthreshold activities 
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were reliably triggered by sulfated steroid ligands, displaying a ‘tuning’ profile 

indistinguishable from that of MCs as indicated by GCaMP6f imaging. 

        AOB granule cells are widely believed to be the information gating module 

under various behavioral contexts. This unexpected discovery of EGCs might 

suggest a unique information processing logic of AOS fitting the purpose of rodent 

social communication.  
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CHAPTER ONE 
Introduction 

 

Pheromones are widely adopted communication vehicles 

        Pheromones, by the definition dated back to 1959 by Karlson & Luscher, are 

‘substances which are secreted to the outside by an individual and received by a 

second individual of the same species, in which they release a specific reaction’ 

(Karlson and LÜScher, 1959). Since its first discovery in insects, pheromones have 

also been found in most vertebrates, including fish, amphibians, reptiles and 

mammals (Laberge and Hara, 2001; Dulac and Torello, 2003; Symonds and Elgar, 

2008; Houck, 2009).  

        Pheromone-based social communication relies on the chemosensory systems. 

The chemosensation has been adopted by many animal species as a vital 

communication channel. Although visual signals and auditory signals are superior at 

information capacity and temporal and spatial resolution, some unique features of 

chemosensation make it one of the major sensory modalities for many species. First, 

the ligand-receptor pairs naturally give rise to the specificity. The diversity of ligand-

receptor pairs enables them to convey a great multiplicity of information, and the 

binding specificity is indispensable for the system’s reliability. Pheromones are both 

species- and gender- specific (Dulac and Torello, 2003). Like the codebook 

encryption of military telegraph, the species specificity is essential to secure the 

communication channel. The insect species usually has its specific pheromone 

repertoire to ensure species recognition and avoid interspecific attraction (McElfresh 
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and Millar, 2001). Interestingly, the encryption can also be cracked and exploited by 

predators and parasitoids (Stowe et al., 1995). The gender-specificity widely exists 

across many species. Female mice and male mice can have vastly different 

pheromone repertoires, and distinct behavioral response to the same pheromone 

(Dulac and Torello, 2003). Second, the conditions required by chemosignal 

production and diffusion are relatively ‘inexpensive’. For example, invertebrates with 

small physical size or simple physiological structures, such as arthropods, widely 

adopt pheromone as their main communication vehicle. Aquatic animals adopt 

pheromones because water is not as ideal for the propagation of visual or acoustic 

signals as it is for the dissemination of chemosensory cues (Dulac and Torello, 

2003). Even for animals living in extreme environments, for example Proteus 

Anguinus, a type of cave-dwelling salamander, pheromone remains to be a viable 

option (Guillaume, 2000). Third, many animals have evolved highly sensitive 

sensory systems for the pheromones. Mouse pheromone sensory system can be 

activated by concentrations as low as 10−11 M (Dulac and Torello, 2003), and male 

moth can detect sex pheromone at only a few hundred molecules per square 

centimeter (Wilson, 1963). The extreme sensitivity and the natural specificity make 

chemosignals much more noise-robust carriers for long-distance communication: 

moth pheromone traps reportedly have an effective attraction diameter of several 

hundreds of meters (Wall and Perry, 1987). Collectively, these unique advantages of 
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the chemosensory system make it the most widely adopted sensory modality in the 

animal kingdom.  

 

The nature of mouse pheromones 

        The laboratory mouse also heavily relies on pheromones for intraspecies 

communication. Their pheromones widely exist in the urine, feces, saliva, tear and 

many other body secretions. The pheromone composition can be individually 

variable and state dependent (Liberles, 2014; Stowers and Liberles, 2016). As its 

definition states, pheromones are potent inducers of specific animal behaviors. Many 

vital behaviors such as mating behaviors, aggression towards intruders, maternal 

behaviors and individual recognition are mediated by the pheromones (Liberles, 

2014).  

        Mouse pheromones feature a wide chemical diversity. In general, they can be 

divided into 2 major categories: small molecules and proteinaceous ligands 

(Liberles, 2014).  

        One major small molecule family is the steroid derivatives. Steroid derivatives 

are nonvolatile cues found in mouse body fluids. Secreted steroids contain the 

information about internal hormone state. Although solid evidence directly linking 

steroid derivatives with stereotyped mouse behaviors is lacking, these molecules 

correlate with the behavioral state of releaser and recipient animals. Physiology 

studies also confirmed that different subfamilies of steroid derivatives activate 
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discrete processing stream of the pheromone sensory system (Meeks et al., 2010; 

Hammen et al., 2014). In a more recent study, bile acids were identified from mouse 

feces as another ligand family (Doyle et al., 2016). Most of the small molecule 

ligands like steroid derivatives probably work in a combinatorial fashion. The 

individual compound’s behavior inducing effect could be trivial. 

        Several proteinaceous pheromone families have been identified too. Certain 

proteinaceous pheromones by themselves reportedly are strong behavior inducers 

via labeled-line neural circuit on the recipient mouse. This type of pheromone is 

exemplified by several members of the exocrine gland-secreted peptide (ESP) 

family. ESP1, a male specific pheromone, induces female receptive behavior (Haga 

et al., 2010; Woodson et al., 2017). ESP22 from juvenile mouse reduces the mating 

acceptance of the female mice (Ferrero et al., 2013). A different proteinaceous 

ligand family is the major histocompatibility complex (MHC) peptides (Leinders-Zufall 

et al., 2004). The pheromonal function of MHC peptides remains undiscovered. The 

rich MHC heterogeneity is conjectured to contribute to mouse individual 

discrimination (Restrepo et al., 2006; Brennan, 2009), and evidence from mouse and 

other animal species supporting this hypothesis have accumulated in studies 

(Jordan and Bruford, 1998; Penn and Potts, 1998; Jacob et al., 2002; Cheetham et 

al., 2007; Leclaire et al., 2017). Major urinary protein (MUP) is another protein family 

that account for the majority of the mouse urinary proteins (Finlayson et al., 1965). 

MUPs evoke specific behaviors including aggression, scent countermarking and 
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attraction (Hurst et al., 1998; Dey et al., 2015; Stowers and Liberles, 2016). The 

combinatorial diversity of expression of MUPs were believed to be one of the 

physiological foundations of mouse individual recognition, in addition to the MHCs, 

but this view has been challenged by some other studies (Thoß et al., 2016).       

The detection and processing of pheromones 

        Pheromone detection depends on the olfactory system (Fig. 1). Mouse olfactory 

system consists of 2 major subsystems: the main olfactory system (MOS) and the 

accessory olfactory system (AOS) (Dulac and Torello, 2003; Liberles, 2014). Smaller 

sensory substructures such as Grueneberg Ganglion (GG) are activated in certain 

olfactory conditions, but these substructures are not within my focus here. 

 

Figure 1. Mouse main olfactory system (MOS) and accessory olfactory system 
(AOS). Abbreviations: main olfactory epithelium (MOE); main olfactory bulb (MOB); 
accessory olfactory bulb (AOB); vomeronasal organ (VNO). 
 
 
 
 
 

VNO

MOB
AOB

Non-volatile

Volatile
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Main Olfactory System 

        The MOS is responsible for detecting airborne chemicals. Olfactory receptor 

neurons (ORNs) in the main olfactory epithelium (MOE) detect the molecular ligands 

and generate the electrophysiological signals. In the MOE, there are 2 major families 

of G protein-coupled receptors (GPCR) functioning as chemosensory receptors: 

odorant receptors (ORs) and trace-amine associated receptors (TAARs) (Liberles, 

2014). Individual OSN exclusively expresses one chemosensory receptor, forming 

the labeled-line representation of the chemosignals (Su et al., 2009; Nagayama et 

al., 2014). The signals are then projected from the MOE to the main olfactory bulb 

(MOB), where they go through the preliminary processing (Fig. 2).  

 

Figure 2. The circuit organization of the main olfactory bulb. Abbreviation: GL, 
glomerular layer; EPL, external plexiform layer; MCL, mitral cell layer; IPL, internal 
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plexiform layer; GCL, granule cell layer; PGC, periglomerular cell; TC, tufted cell; 
PV, parvalbumin expressing neuron; MC, mitral cell; GC, granule cell.  
 
 
        The principal cells in the olfactory bulb are mitral cells and tufted cells (M/T 

cells). These cells receive the MOE projection through their apical dendrites. Their 

long apical dendrites and the ORN projection axons form synaptic connections at 

olfactory glomeruli (Fig. 2). ORNs expressing the same olfactory receptor mostly 

converge onto one or two glomeruli, and most of the M/T cells receive excitatory 

input from one type of ORN projection (Su et al., 2009; Nagayama et al., 2014). The 

M/T cells project their efferent information to the piriform cortex, olfactory tubercle, 

entorhinal cortex and amygdala (Nagayama et al., 2014).  

Accessory Olfactory System 

        The AOS is dedicated to detecting and processing nonvolatile chemicals 

(Mohrhardt et al., 2018). Most of the pheromones are nonvolatile chemicals existing 

in urine, feces, tear, and other bodily secretions (Liberles, 2014; Mohrhardt et al., 

2018). Therefore, the AOS is the major pheromone processing system of the 

rodents.  

        The detection or the transduction is implemented by the vomeronasal receptor 

neurons (VRN) in the vomeronasal organ (VNO). The mouse VNO is a bonified 

capsule located symmetrically at the both sides of the lower part of the nasal 

septum. Inside the capsule is the crescent-shaped vomeronasal epithelium (VNSE) 

where VRNs reside. The chemical intake is through a duct that connects the VNO 
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and nasal cavity. Unlike the MOS where the intake of the airborne molecules is 

coupled with respiration, nonvolatile chemical intake requires a pumping mechanism 

powered by vasomotor movement (Meredith and O'Connell, 1979).  

        Similar to the ORNs in the MOE, most of the VRNs exclusively express one 

vomeronasal receptor (VR) type (Mohrhardt et al., 2018). VRs are also GPCRs. 

There are 2 major families of VRs: V1R and V2R. For the rodents, V1R family 

includes ~180 GPCRs with Gαi2 subunit (Dulac and Axel, 1995). They are 

specialized in detecting small molecules such as urinary volatiles and sulfated 

steroids (Leinders-Zufall et al., 2000; Nodari et al., 2008; Isogai et al., 2011). The 

V2R is a family of ~120 GPCRs with Gαo subunit (Herrada and Dulac, 1997; 

Matsunami and Buck, 1997; Ryba and Tirindelli, 1997). Compared with V1Rs, V2Rs 

are featured with larger extracellular domains (Yoshinaga et al., 2013). V2Rs are 

specialized in detecting large molecules, mostly proteins and peptides. In 

pseudostratified VNSE, the V1R expressing neurons are confined to the apical 

region and the V2R expressing neurons are within the basal region (Shinohara et al., 

1992; Berghard and Buck, 1996; Jia et al., 1997; Mohrhardt et al., 2018). A minor 

receptor family called formyl peptide receptors (FPRs) were also discovered in the 

AOB (Liberles, 2014). However, the function of this family remains largely elusive.  

        VRNs project their signals to the accessory olfactory bulb (AOB) (Fig. 3). The 

encoded information is preserved along the projection (Meeks et al., 2010; Tolokh et 

al., 2013). The V1R expressing neurons project to the anterior AOB (aAOB) while 
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the V2R expressing neurons project to the posterior AOB (pAOB) (Mohrhardt et al., 

2018). 

 

Figure 3. The circuit of mouse accessory olfactory bulb. Abbreviations: GL, 
glomerular layer; ECL, external cell layer; LOT, lateral olfactory tract; ICL, internal 
cell layer; JGC, juxtaglomerular cell; EGC, external granule cell; MC, mitral cell; IGC, 
internal granule cell. 
 
        Alike the MOB, the mitral and tufted cells in the AOB receive the afferent signal 

from the VNO projection at the AOB glomeruli. The signals processed by the local 

circuit in the AOB are then sent to the downstream targets including amygdala, bed 

nucleus of stria terminalis (BNST) (Liberles, 2014). Notably, the AOB projection 

bypasses the olfactory cortex and directly goes to the hypothalamic areas that 

regulate various hormones, therefore potently direct innate behaviors including 

mating, aggression, paternal behavior, etc. (Dulac and Torello, 2003; Liberles, 2014; 

Mohrhardt et al., 2018). 
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The stratified structure of the MOB and the AOB 

        The local circuits in the MOB (Fig. 2) and AOB (Fig. 3) are the first processing 

center for the MOS and the AOS respectively. The general architectures of the MOB 

and AOB share the similar stratified organization (Jia et al., 1999). M/T cells receive 

chemosensory inputs from the sensory organ (MOE or VNO) in the glomerular layer. 

There is however, one key difference between the MOS and AOS. The projections 

of the MOE to the MOB are thought to be monotypic (Fig. 2), i.e. each M/T cell is 

exclusive to 1 type of chemoreceptor (Su et al., 2009), but the projection from the 

VNO to the AOB can be monotypic or heterotypic (Wagner et al., 2006) (Fig. 3).  

        Like many other brain areas, the signal is also tightly modulated by the 

GABAergic interneurons. There are myriad GABAergic interneuron subtypes in the 

olfactory bulb.  

        The most abundant interneuron in the MOB glomerular layer is the 

juxtaglomerular cells (JGC) (Larriva-Sahd, 2008; Maksimova et al., 2019). The JGC 

is a heterogeneous family, with several morphologically distinguishable subtypes 

(Nagayama et al., 2014). In the MOB, some of the subtypes project their dendrites 

exclusively to 1 glomerular but certain others such as the superficial short-axon cells 

have their dendrites in the interglomerular space (Nagayama et al., 2014). The AOB 

glomerular layer also homes JGCs (Fig. 3) (Larriva-Sahd, 2008).  

        In the MOB, the principal cells (M/T cells) reside in the mitral cell layer (MCL) or 

the external plexiform layer. In the proximity of the M/T cells, there are several 
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interneuron subtypes described, of which parvalbumin (PV) expressing neuron 

stands out being well-studied. PV expressing neurons account for ~30% of the entire 

population of cortical GABAergic interneurons (Tremblay et al., 2016). PV 

expressing neurons are a group of morphologically heterogeneous neurons, which 

can be further divided into short axon cells, Van Gehuchten cells, multipolar-type 

cells, inner short-axon cells and innerhorizontal cells (Nagayama et al., 2014). The 

EPL-PV neurons reciprocally interact with the M/T cells. They receive glutamatergic 

excitatory inputs and send feedback inhibition to the M/T cells (Nagayama et al., 

2014). EPL-PV neurons are recognized as the global normalizer of the MOB circuit 

(Kato et al., 2013). In the next section, I will elaborate the computations of 

interneurons.  

        Likewise, the AOB ECL (MCL in Fig. 3) also homes a type of GABAergic 

interneurons, named external granule cell (EGC) (Larriva-Sahd, 2008). Relative to 

the MOB PV neurons, EGCs are poorly studied. Morphologically, EGCs are 

characterized by the small soma size (~10 μm), axonless configuration and far-

reaching spine-rich dendrites (Larriva-Sahd, 2008). They widely form 

dendrodendritic reciprocal synapses with the mitral and tufted cells in the ECL 

(Castro et al., 2007; Larriva-Sahd, 2008; Moriya-Ito et al., 2013). The role of EGCs in 

the AOB local circuit remains elusive, largely due to the lack of well-characterized 

molecular markers to target these neurons.  



12 
 

 
 

        The layer beneath the mitral and tufted cells, is occupied mainly by GABAergic 

granule cells. The layer is the granule cell layer (GCL) in the MOB (Nagayama et al., 

2014) (Fig. 2), and internal cell layer (ICL) in the AOB (Larriva-Sahd, 2008)(Fig. 3). 

Morphologically, 3 types of cells with distinct dendritic configurations were found in 

the MOB GCL in early studies: type-I, type-II and type-III (Nagayama et al., 2014). In 

the AOB ICL, the most conspicuous type is the internal granule cell (IGC) (Larriva-

Sahd, 2008; Maksimova et al., 2019). These cells are featured with long ascending 

dendrites that reaches and resolve in the ECL (Larriva-Sahd, 2008), forming 

reciprocal dendrodendritic synapses with the mitral cells as well (Larriva-Sahd, 2008; 

Cansler et al., 2017; Maksimova et al., 2019).  

 

The computation of inhibitory interneurons 

        A system built with only excitation is both unstable and limited at the 

computational power (Kepecs and Fishell, 2014). The inhibitory modules are crucial 

in that they maintain the stable status and simultaneously enrich the signal diversity, 

enhance the robustness and render the specificity.   

        Although some inhibitory interneurons are projection neurons, most are 

confined within local circuits, making synaptic connections with local principal 

neurons or other interneurons (Kepecs and Fishell, 2014; Tremblay et al., 2016). 

The inhibitory interneurons have remarkable diversity in terms of the morphology, 
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connectivity and physiological properties, but their functional diversity may be 

defined within a number of stereotypes (Kepecs and Fishell, 2014).  

        The foremost function of the inhibitory interneurons is maintaining the 

homeostasis between excitation and inhibition (E/I balance) and prevent runaway 

firing (Kepecs and Fishell, 2014; Tremblay et al., 2016; Ferguson and Gao, 2018). A 

recent scrutiny of zebra fish revealed tightly and precisely coupled excitation and 

inhibition (Rupprecht and Friedrich, 2018), increase and decrease together in 

physiological activities. At the system level of information processing, a balanced E/I 

seesaw is required for the information capacity and noise robustness (Rubin et al., 

2017). The disruption of the E/I balance is also strongly correlated with the 

psychiatric disorder (Kepecs and Fishell, 2014).  

        At the level of the neural computation, inhibitory interneurons are considered as 

the arithmetic modules responsible of operations such as division and subtraction 

(Isaacson and Scanziani, 2011; Kepecs and Fishell, 2014). Their modulation helps 

filter out noise, improves fidelity, sharpen the tuning, render specificity to the neural 

signal and pace the oscillation (Isaacson and Scanziani, 2011). Neural circuit motif, 

a widely accepted model in which modulatory functions are attributed to specific 

repeated connectivity patterns of specific cell types, is employed to bridge the 

neuronal physiology to the circuit behaviors (Braganza and Beck, 2018). Specific 

inhibitory interneuron subtypes with their target cells form highly stereotypic 
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computation motifs, such as feedback inhibition, feedforward inhibition, disinhibition, 

etc.    

        Conventionally, inhibitory interneurons are classified by their expression of 

certain molecular markers. Parvalbumin (PV), somatostatin (SOM) and 5HT3aR 

conveniently divide the majority of the inhibitory neurons into three groups with little 

overlap (Tremblay et al., 2016). Upon the genetic fingerprints, interneurons are 

further characterized by their morphology, connectivity pattern, synaptic properties 

and intrinsic firing properties (Kepecs and Fishell, 2014). For example, many of the 

PV neurons are fast-spiking basket cells and chandelier cells that target the soma or 

the axon initial segment of the principal cells (Tremblay et al., 2016). The functions 

of the interneuron in the circuitry are based upon their fundamental properties. PV 

neurons are often found broadly sampling the global activity and regulate principal 

cell firing through their divisive feedback inhibition (Isaacson and Scanziani, 2011; 

Wilson et al., 2012; Kato et al., 2013). The MOB EPL-PV neuron is a typical 

population. EPL-PV neurons are broadly driven by the glutamatergic excitatory 

inputs from the M/T cells (Kato et al., 2013; Miyamichi et al., 2013). Each EPL-PV 

neuron integrates signals from multiple MCs, therefore are much more broadly tuned 

to the chemicals relative to the M/T cells (Fig. 4). The feedback inhibition from PV 

neurons is proportionate to the MC activity (Fig. 4). Its net effect is the normalization 

of the global M/T cell activities with little change on their tuning preferences 

(Isaacson and Scanziani, 2011; Kato et al., 2013). Similar configuration was also 
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reported in other sensory cortices such as the primary visual cortex (Wilson et al., 

2012). 

 

Figure 4. MOB PV neurons integrate inputs from multiple MCs and impose 
divisive feedback inhibition. 
 
The AOB inhibition and animal behaviors 

        The inhibitory interneurons in the AOB circuitry remain poorly understood. 

Nevertheless, the importance of the AOB inhibition has long been acknowledged. 

Female mouse forms a long-term memory of her mating pair after only one sexual 

encounter (Kaba and Nakanishi, 1995; Keverne and Brennan, 1996; Brennan, 2001; 

Brennan, 2009). This mating memory is manifested in the Bruce effect (pregnancy 

block), in which a mated female tends to terminate their pregnancy following the 

exposure to an unfamiliar male (Keverne and Brennan, 1996; Brennan, 2009). This 

long-term memory relies on the AOS, but not the MOS (Lloyd-Thomas and Keverne, 

1982).  
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        Some experimental clues tend to attribute this mating to the inhibitory circuit of 

the AOB. Social encounters were found to enhance the excitability of granule cells 

(Cansler et al., 2017; Gao et al., 2017). Strengthened GABAergic transmission was 

observed after mating (Brennan et al., 1995; Kaba and Nakanishi, 1995; Matsuoka 

et al., 1997; Kaba and Huang, 2005). On the other hand, disruption of the 

GABAergic transmission in the AOB could cause the shift of MC tuning preference 

(Hendrickson et al., 2008), or even failure of pregnancy as reported in an early study 

(Kaba and Keverne, 1988). These observations support a prevailing model that 

attributes the formation of the mating memory to the AOB MC-interneuron plasticity 

(Brennan, 2009).  

        Despite that this model can be used to explain AOS-dependent animal 

behaviors, our understanding of its detail is poor. Particularly, the functional role of 

EGCs, one major GABAergic interneuron subtype, remains a blank. Hitherto, there 

is only one targeted research on these cells (Maksimova et al., 2019). EGCs 

noticeably share similar connectivity configurations with the EPL-PV neurons. They 

both reside in the same layer with the M/T cells, and broadly connected with the M/T 

cells. A natural hypothesis is that these cells function in a similar fashion with the 

EPL-PV neurons.  

        Here, in this research, I conducted the first targeted investigation of AOB EGCs 

in the context of chemosensory function, aiming to answer the question when and 

how these neurons are recruited to fire. I studied EGC function using two-photon 
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GCaMP6f Ca2+ imaging and patch clamp electrophysiology in a specialized ex vivo 

preparation that preserves functional connectivity between the VNO and AOB 

(Meeks and Holy, 2009). This preparation enabled direct observation of AOB 

neuronal activation by peripheral stimulation with known AOS activators, including 

monomolecular steroid ligands and natural ligand blends (mouse urine and feces). 

Using a Cre-expressing transgenic mouse (Cort-Cre), which selectively labels 

subsets of AOB EGCs (Taniguchi et al., 2011; Maksimova et al., 2019), I measured 

EGC activation by AOS activators, finding unexpectedly sparse activation compared 

to mitral cells (MCs) and JGCs. Because this observation was at odds with my 

expectations, I performed whole-cell patch clamp experiments on EGCs, ruling out 

the possibility that the tuning sparseness as revealed by the ex vivo imaging 

experiment is caused by a lower reporting efficiency of GCaMP6f in EGCs. Using 

whole-cell patch clamp recording on the ex vivo setup, I then confirmed the 

hypothesis that EGCs indeed broadly integrate from MCs by observing their broad 

innervations from the monomolecular ligands. EGCs rarely fire action potentials 

unless a natural blend containing many chemosensory cues (e.g. mouse urine or 

feces) was used to stimulate the VNO. These results indicate that AOB EGCs, unlike 

the MOB EPL-PVs, do not support divisive normalization in the context of small 

numbers of odorants, but instead inhibit MCs only in specific chemosensory 

conditions involving rich pheromone environments. These studies provide new 
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information about the role of AOB EGCs in AOS sensory processing, and place 

important constraints on the models of AOB circuit function. 
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CHAPTER TWO 
Methodology 

 

Mice 

        All animal procedures were in compliance with the UT Southwestern 

Institutional Care and Use Committee. Mice used in this research were C57BL/6J 

unless otherwise noted. Cort-T2A-Cre and Gad2-IRES-Cre (Taniguchi et al., 2011) 

were from The Jackson Laboratory (Stock# 010910 and 028867). Pcdh21-Cre 

(Nagai et al., 2005) mice were kindly shared by the laboratory of Timothy Holy with 

permission from the originating institution. Both male and female mice were used in 

all experiments and the results pooled.  27 mice (14 females and 13 males) were 

used for EGC Ca2+ imaging. 5 mice (3 females and 2 males) were used for JGC 

Ca2+ imaging. 9 mice (4 females and 5 males) were used for MC Ca2+ imaging. For 

slice electrophysiological experiments, 20 mice (17 females and 3 males) were used 

for EGC patch clamp recordings and cell-attached recordings; 10 mice (3 females, 

and 7 males) were used for MC patch clamp recordings and cell-attached 

recordings. For EGC ex vivo patch clamp recording, 16 mice (10 females and 6 

males) were used. 

 

Stimuli and reagents 

        Female mouse fecal extracts and urine were prepared as previously described 

(Nodari et al., 2008; Meeks et al., 2010; Doyle et al., 2016). Fecal extracts and urine 

were pooled across subjects of the same sex, strain, and age, then aliquoted and 
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stored at -80 ℃. Just prior to each experiment, aliquots were thawed and diluted in 

control Ringer’s saline solution containing (in mM): 115 NaCl, 5 KCl, 2 CaCl2, 2 

MgCl2, 25 NaHCO3, 10 HEPES and 10 glucose. For VNO stimulation, the fecal 

extracts were diluted at 1:300 and the urine was diluted at 1:100, concentrations that 

activate roughly equal number of AOB MCs in the ex vivo preparation (Doyle et al., 

2014). 

        All sulfated steroids were purchased from Steraloids, Inc. (Newport, RI, USA). 

The sulfated steroid panel includes A7864 (5-androsten-3β, 17β-diol disulphate, 

disodium salt), A6940 (4-androsten-17α-ol-3-one sulphate sodium salt), A7010 (4-

androsten-17β-ol-3-one sulphate, sodium salt), E0893 (1, 3, 5(10)-estratrien-3, 17α-

diol 3-sulphate, sodium salt), E1050 (1, 3, 5(10)-estratrien-3, 17β-diol disulphate, 

disodium salt), E4105 (4-estren-17β-ol-3-one sulphate, sodium salt), P3817 (5α-

pregnan-3α-ol-20-one sulphate sodium salt), P3865 (5α-pregnan-3β-ol-20-one 

sulphate, sodium salt), P8168 (5β-pregnan-3α-ol-20-one sulphate, sodium salt), 

Q1570 (4-pregnen-11β, 21-diol-3, 20-dione 21-sulphate, sodium salt) and Q3910 (4-

pregnen-11β, 17, 21-triol-3, 20-dione 21-sulphate, sodium salt). 20 mM stock 

solutions of A7864, E1050 and Q1570 were prepared in H2O, the 20 mM stock 

solution of all other sulfated steroids were prepared in methanol. Upon use, stock 

solutions were diluted at 1:2000 into the Ringer’s solution (10 μM working 

concentration). Methanol was diluted at 1:2000 into the Ringer’s solution as a 

vehicle control. 

Targeted GCaMP6f expression 
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        GCaMP6f expression in AOB neurons was achieved by injecting 

AAV.CAG.Flex.GCaMP6f.WPRE.SV40 (Chen et al., 2013) to the corresponding Cre 

mouse lines. To achieve optimal GCaMP6f expression, different AAV pseudotypes 

were used. AAV9 (Penn Vector Core, Catalog #AV9-PV2816) was used on Cort-

T2A-Cre for EGC labeling, and Gad2-IRES-Cre (Taniguchi et al., 2011) for JGC 

labeling. AAV5 (Penn Vector Core, Catalog #AV5-PV2816) was used on Pcdh21-

Cre for MC labeling, confirming the efficacy of this AAV pseudotype for MCs 

(Rothermel et al., 2013).  

        Adult mice aged 8-12 weeks were used for virus injection. Intracranial injections 

were performed on a customized stereotaxic device that rotated the mouse head 

such that the rostral end of the head tilted up ~30°. Mice were anesthetized via 

isofluorane inhalation using a SomnoSuite Small Animal Anesthesia System (Kent 

Scientific). For each animal, ~180-300 nL viral vector (≥ 1e13 vg/ml) was injected into 

AOB. The bilateral coordinates, measured from the lambda, were lateral ~+1000 μm, 

anterior ~+4150 μm for 8-week adult mice. Depth coordinate was ~3300 μm beneath 

the skull surface. After virus injection, the animals were allowed to recover for at 

least 3 weeks before being used for experiments.  

        Additionally, the Cort-T2A-Cre mouse line crossed with Ai148D mice (TIT2L-

GC6f-ICL-tTA2)-D (JAX stock #030328) to transgenically express GCaMP6f in 

EGCs. 8 of these animals were used in ex vivo imaging, producing 10 EGC data 

instances. I observed no discernible differences between the ex vivo GCaMP6f 
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imaging results of Ai148D animals and virally driven animals (data not shown), so 

these instances are compiled in one dataset and analyzed together. 

 

VNO-AOB ex vivo preparation 

        Ex vivo preparations were performed as described previously (Meeks and Holy, 

2009; Doyle et al., 2014). Briefly, mice were anesthetized by isoflurane inhalation, 

followed by rapid decapitation into the ice-cold aCSF. After removing the scalp, the 

snout and olfactory bulbs were separated from the rest of the skull, and the snout 

was then halved along the midline, maintaining the VNO AOB from the right 

hemisphere. The resulting tissue was affixed to a plastic plank with tissue adhesive 

(Krazy Glue, Elmer’s Products) and placed into a custom perfusion chamber where 

secondary dissections were performed. In this chamber, room temperature (22-25 

°C) oxygenated artificial cerebrospinal fluid (aCSF) was rapidly superfused over the 

tissue at a rate of 5-8 mL/min. aCSF contained (in mM): 125 NaCl, 2.5 KCl, 2 CaCl2, 

1 MgCl2, 25 NaHCO3, 1.25 NaH2PO4, 25 glucose, 3 myo-inositol, 2 sodium pyruvate, 

and 0.4 sodium ascorbate. The septal cartilage was carefully removed, exposing the 

septal tissue containing the axons from VNO to the oxygenated aCSF. The sample 

was then transferred to a second, custom-built tissue chamber with a rotatable 

platform. A small cut was made at the anterior end of the VNO capsule, through 

which polyimide tubing (A-M Systems, 0.0045’’ID, 0.00050’’ WALL) was inserted for 

stimulus delivery. Stimulation solution was pressurized at 9-12 psi giving an effective 

flow rate of 0.2-1 mL/min. Valve opening was controlled by Automate Scientific 
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perfusion system with ValveLink8.2 controller. Once cannulated, the platform was 

rotated so that the AOB facing upward to facilitate 2-photon imaging on an upright 

microscope.  

 

2-photon ex vivo GCaMP6f imaging 

        Adult mice aged 11-16 weeks were used for imaging. Ex vivo preparations in 

the customized chamber were placed into a custom adapter on a Thorlabs Acerra 

upright 2-photon microscope system equipped with an OLYMPUS XLUMPlanFLN 

20X objective and a fast-scanning resonant galvanometer along one of the two 

principal axes. To excite GCaMP6f fluorescence, 910 nm light (average power 2100 

mW measured at the laser, 25-35% power transmission for imaging) was used. 

Images with pixel dimensions 512x512 were acquired at 30 frames per second and 

synchronized with stimulus delivery system (Automate Scientific) via Axon Clampex 

10 software (Molecular Devices). Episodic stimulation sessions, consisting of 1 s 

pre-stimulation VNO Ringer’s solution flush, 8 s of VNO stimuli, and 11 s post-

stimulation VNO Ringer’s solution flush, were used to present multiple repeats per 

cell. Across sessions, stimulus presentation order was randomized to reduce the 

impact of potential stimulus order effects.  

 

Acute slice preparation 

        Mice were anesthetized with isofluorane and immediately decapitated into ice-

cold oxygenated aCSF with an additional 9 mM MgCl2. Brains were then extracted 
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and a vertical cut at the prefrontal cortex was made and the anterior part containing 

the olfactory bulbs was preserved. Another vertical cut along the midline separated 

the two hemispheres, and both were embedded in aCSF containing 3% low-melt 

agarose at 37 °C. The agarose block was then mounted on an angled slicing 

platform on a vibrating microtome (Leica VT1200). The slicing blade ran at an angle 

of approximately 12 degrees off-sagittal, running from caudal/medial to 

rostral/lateral. The slices were then collected in recovery chamber containing 

oxygenated room-temperature aCSF with 0.5 mM kynurenic acid. Slices were 

allowed to recover at least 30 min before being used for patch clamp recording. 

 

Electrophysiology 

Whole-cell patch clamp recording 

        Acute slice electrophysiology was performed on the same upright 2-photon 

microscope used in ex vivo imaging. Slices were placed in a tissue chamber 

(Warner instruments), warmed to 28-30 ℃ by a temperature controller (Warner 

instruments). GCaMP6f-expressing neurons were identified using the same laser 

setup with ex vivo imaging. Thin borosilicate glass electrodes (TW150, World 

Precision Instruments) were pulled using a horizontal puller (P1000, Sutter 

Instruments). The electrodes were then filled with standard internal solution 

containing 115 mM K-gluconate, 20 mM KCl, 10 mM HEPES, 2 mM EGTA, 2 mM 

MgATP, 0.3 mM Na2GTP, and 10 mM Na phosphocreatine at pH 7.37. 

AlexaFluor568 (166 μM, Thermo Fisher) was added for visualization under 2-photon 
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microscope. Pipette resistance ranged from 7-10 MΩ for EGC patch clamp, and 6-8 

MΩ for MC patch clamp. The electrodes were controlled with a MicroStar motorized 

micro-manipulator (Scientifica). In the experiments probing the relationship between 

GCaMP6f signal and action potentials, after whole-cell configuration was formed, 

cells went through the voltage-clamp and current-clamp protocols. Our voltage-

clamp protocol started at -70 mV, followed by a 10 s train of 5, 10 and 20 Hz 

depolarization pulses to 0 mV (2 ms pulse width). Under the current-clamp mode, I 

inject either sustained step currents or 2 ms current pulse trains at various 

amplitudes to evoke action potentials at desired frequencies. GCaMP6f signals were 

recorded simultaneously using the same imaging parameters as ex vivo Ca2+ 

imaging experiments. The GCaMP6f signal was then extracted using custom 

MATLAB programs. 

Loose-seal cell-attached recording and local field stimulation 

        I used the same acute brain slice preparation for loose-seal cell-attached 

recordings as whole-cell patch clamp recordings. Pulse stimulation of the glomerular 

layer was applied using a stimulus isolator (World Precision Instruments A365) at 20 

Hz for 10 s (5 ms pulse width). Stimulation was achieved via an ACSF-filled theta-

glass electrode with a ~30 µm tip. Spontaneous and evoked action potentials were 

recorded using ACSF-filled borosilicate glass pipettes (6-8 MΩ resistance) in the 

loose-seal configuration.  

Ex vivo whole-cell patch clamp recording 
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        The ex vivo preparation setup for whole-cell patch clamp experiments was the 

same as for the ex vivo imaging. Cort-T2A-Cre mice were crossed with Cre-

dependent tdTomato effector mice (“Ai9” mouse line; Jackson Laboratory stock 

#007909) to label Cort+ cells. AlexaFluor488 (100 μM, Thermo Fisher) was added in 

the standard internal solution for electrode visualization under 2-photon microscope. 

Target cells were identified and approached using the ‘approach’ mode of the micro-

manipulator (to facilitate penetrating the tissue without tearing the glomerular layer) 

prior to achieving the whole-cell configuration. After the whole-cell configuration was 

achieved, cells were held in current clamp mode. Upon break-in, the resting 

membrane potential of the cell was measured, and steady-state holding current was 

applied throughout the experiment to maintain the initial resting membrane potential. 

The same panel of monomolecular ligands and natural stimuli were applied to the 

VNO as the ex vivo Ca2+ imaging experiments.  

        All recordings were amplified via a MultiClamp 700B amplifier (Molecular 

Devices) at 20 kHz and were digitized by a DigiData 1440 analog-digital converter 

via pClamp 10.5 software (Molecular Devices, RRID: SCR_011323). Data were 

analyzed by custom software written in MATLAB and graphs were created using 

MATLAB and R (ggplot2).  

 

Data analysis 

Ex vivo 2-photon GCaMP6f imaging analysis 
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        Raw 2-photon Ca2+ imaging analysis was performed using customized 

MATLAB scripts. ROIs were manually selected and ΔF/F values were extracted by 

comparing the change in fluorescence during stimulation to 30 frames (~1 s) prior to 

each stimulus session. Because EGCs were relatively rare in the field of view, and 

very dim at rest, before each experiment I manually pulsed the VNO with each of the 

stimuli in the panel, which revealed stimulus-responsive cells in the field of view. 

Throughout this study, only cells (MCs, EGCs and JGCs) that responded to at least 

one stimulus were included in the analysis. Further analysis of ΔF/F signals was 

performed using customized R scripts and graphs were made using ggplot2. ΔF/F 

responses were averaged over 4 or more trials for each stimulus. Because the 

latency to peak for each cell and each specific preparation can vary (typically 

between 7s and 12 s from stimulation onset), I used average response curves to 

determine a continuous series of samples during which the ΔF/F value is above 50% 

of the peak value. For each individual repeat, I integrated the ΔF/F intensity during 

this time window. I assessed the statistical reliability of each cell’s stimulus 

responsiveness using the unpaired Student’s t-test, comparing each stimulus to the 

vehicle control trials. I considered a cell to be responsive to a stimulus if (1) its p-

value was less than 0.05 and peak ΔF/F was greater than 0.1 or (2) its p-value was 

less than 0.1 and peak ΔF/F greater than 0.3). For heat map displays throughout the 

manuscript (Fig. 7B, 9B, 11B), average peak ΔF/F value was used to represent each 

cell’s response strength towards to each stimulation. Cumulative distribution of 

EGCs, JGCs and MCs tuning were evaluated using Kolmogorov–Smirnov test (Fig. 
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12A, 12B). Heat map displays of chemosensory tuning (e.g., Fig. 7B, Fig. 9B, Fig. 

11B) were manually arranged based on each cells’ ligand responsivity. 

Simultaneous GCaMP6f imaging and acute brain slice electrophysiology 

        For analysis of voltage clamp stimulation experiments, ΔF/F responses to 5, 10, 

and 20 Hz pulse trains were pooled across cells and compared with Student’s t-test 

(Fig. 14). For analysis of current clamp stimulation experiments, I measured the 

peak ΔF/F following each spike was measured, and ΔF/F-to-spike relationships were 

analyzed by 2-way ANOVA (Fig. 16). For loose-seal cell-attached recordings (Fig. 

17, 18), electrical stimulation was used to stimulate the glomerular layer, resulting in 

variable spike timing in downstream neurons (i.e., total number of spikes and inter-

spike interval distributions varied). For comparisons of the ΔF/F-spiking relationship 

in these experiments, I analyzed the first 20 consecutive spikes within the ΔF/F 

rising phase (i.e. prior to the overall peak/plateau). If a cell fired less than 20 spikes 

in a given trial, I analyzed the bout with the largest number of spikes. Average inter-

spike intervals were 0.16 ± 0.01 s for MCs and 0.26 ± 0.09 s for EGCs. In these 

experiments, I measured the peak ΔF/F immediately following each spike and 

evaluated ΔF/F-to spiking performance using a 2-way ANOVA (Fig. 18). The 

average number of spikes to reach the 0.3 ΔF/F threshold was compared using 

Student’s t-test (Fig. 18, right panel). 

2-photon ex vivo whole-cell patch clamp electrophysiology analysis 

        In these experiments, each round of stimulation included 1 s pre-stimulation 

flush, 8 s stimulation and 11 s post-stimulation flush. The stimulation panel was split 
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into 2 bouts, each consisting of 6 sulfated steroids, 2 naturalistic stimuli, and the 

vehicle control, delivered in randomized orders. 2 bouts were used to cover the 

entire stimulation panel, and at least 3 full repeats of the full stimulus panel were 

used for all analyzed experiments. The membrane voltage was recorded at 20 kHz 

during the stimulation administration, and for all comparisons except spike analysis 

the data was downsampled by decimation by a factor of 100. For each repeat I 

calculated the average value of the top 5% of voltage reads in a static time window 

between 1.5 and 10 s following the stimulus onset and used the value to quantify the 

subthreshold activity. The response to each stimulus was compared to the vehicle 

control using the Wilcoxon rank sum test (Fig. 20, 21; 3 or more repeats per 

stimulus). All stimulus responses with p < 0.05 were considered effective. 

Comparisons of EGC and MC tuning distribution revealed by GCaMP6f imaging and 

EGC responsiveness revealed by ex vivo whole-cell patch clamp were conducted 

using Kolmogorov-Smirnov test (Fig. 21). 
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CHAPTER THREE 
Results 

 
Implementation of ex vivo AOB calcium imaging 

        The mouse AOB remains one of the most poorly understood principal sensory 

circuits in the mammalian brain. A large reason for this deficiency is the limited 

number of studies on the sensory responses of AOB neurons. Several in vivo and ex 

vivo studies have investigated MC sensory responses, but studies of interneuron 

function are severely lacking (Luo et al., 2003; Hendrickson et al., 2008; Ben-Shaul 

et al., 2010; Meeks et al., 2010; Doyle et al., 2016). I used combined ex vivo sensory 

preparations that retain VNO-AOB connectivity (Meeks and Holy, 2009) with 2-

photon GCaMP6f imaging to measure Ca2+ signals in specific AOB neuronal 

populations (Fig. 5).  

 

Figure 5. Overview of ex vivo Ca2+ imaging. Left: the stimulus panel delivered 
to the VNO to drive activity in the AOB. Included are natural ligand blends (1:100 
diluted BALB/c mouse urine and 1:300 diluted mouse feces) and 11 monomolecular 
sulfated steroids at 10 µM. Right: diagram of AOB circuit. MC: mitral cell, EGC: 
external granule cell, JGC: juxtaglomerular cell, IGC: internal granule cell. 
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        An important consideration for any study of chemosensory tuning is that 

measured receptive fields critically depend on the choice of chemosensory cues and 

concentrations. Some physiological studies of AOB tuning have exclusively utilized 

natural blends of chemosensory cues (e.g. dilute urine and saliva)(Hendrickson et 

al., 2008; Ben-Shaul et al., 2010; Tolokh et al., 2013), whereas others have used 

both of natural chemosignal blends and monomolecular VNO ligands (Meeks et al., 

2010; Doyle et al., 2016; Doyle and Meeks, 2017). I chose to use both natural and 

monomolecular stimuli; I selected a panel that included diluted mouse urine and 

fecal extracts and monomolecular sulfated steroid ligands similar to those used by 

previous studies (Meeks et al., 2010; Turaga and Holy, 2012; Doyle et al., 2016). I 

first recorded sensory tuning to this panel of odorants in AOB MCs, by virally or 

transgenically driving GCaMP6f in Pcdh21-Cre transgenic mice (Nagai et al., 2005), 

I observed reliable, time-locked, stimulus-driven chemosensory activity in 

populations of AOB MCs across multiple stimulus trails (Fig. 6, Supplementary video 

1). GCaMP6f responses to 8 s stimulus trials were large in amplitude (ΔF/F peak 

amplitude ~0.4 - ~3.2) and slow to peak and decay (peak time 7 to 12 s from 

stimulation onset; decay time 8 to 14 s), consistent with the time course of action 

potential firing observed in MCs with similar stimulation conditions (Hendrickson et 

al., 2008; Meeks and Holy, 2009). The establishment of GCaMP6f 2-photon Ca2+ 

imaging in the ex vivo preparation allowed us to investigate sensory tuning 

properties of genetically-defined AOB cell types. 
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Figure 6. Ligand-elicited AOB neuron activities revealed by Ca2+ imaging. (A). 
Raw images of GCaMP6f fluorescence during ex vivo Ca2+ imaging experiments on 
AOB MCs. MCs expressed GCaMP6f via the infusion of Cre-dependent AAVs into 
the AOBs of Pcdh21-Cre transgenic mice 3 or more weeks prior to the recordings. 
Numbered regions of interest denote 3 highlighted MCs with different tuning 
preferences. (B). ΔF/F measurements from the 3 cells highlighted in (B) across 2 
randomized repeats. Numbers above the gray vertical bars indicate the stimulus 
being applied, with colors matched to the stimulus panel in Fig. 5. 
 
 
Mitral cell GCaMP6f imaging confirms broad chemosensory integration 

        AOB interneurons are principally excited by glutamatergic sensory input from 

AOB MCs (Brennan and Keverne, 1997; Taniguchi and Kaba, 2001). The tuning of 

AOB MCs to a similar panel of chemosensory stimuli has been characterized using 

extracellular single-unit recordings (Meeks et al., 2010). However, since the 

GCaMP6f imaging platform represents a new approach, I first wanted to investigate 
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the tuning properties of genetically-defined MCs and compare these measurements 

to previous results (Fig. 7). Virally driven GCaMP6f expression was targeted in the 

MCs using Pcdh21-Cre mice. Strong baseline fluorescence was observed in cell 

bodies and apical dendrites of MCs spreading through the ECL and the glomerular 

layer (see Fig. 6A). I focused the recordings on GCaMP6f positive somas at the 

anterior AOB, where the V1R VSNs project to. All recorded cells were below the 

AOB glomerular layer (>70 µm from the AOB surface). 

        I recorded chemosensory activities of 266 AOB MCs (Fig. 7B), a cohort more 

than 2-fold larger than previous electrophysiological studies (Hendrickson et al., 

2008; Ben-Shaul et al., 2010; Meeks et al., 2010; Tolokh et al., 2013). Consistent 

with previous results, dilute female mouse urine and feces stimulated strong global 

activity that began soon after stimulus delivery. Stimulation-evoked ΔF/F typically 

reached a peak within the first 2 seconds of an 8 s VNO stimulus delivery and 

displayed slow decay kinetics (decay time 8 – 12 s after the peak). Because the 

decay kinetics of GCaMP6f (Chen et al., 2013) are much faster than previous 

measurements of spike frequency decay, the slowness of GCaMP6f offset times 

likely reflects the slow cessation of spiking activity in AOB MCs (Luo et al., 2003; 

Wagner et al., 2006; Hendrickson et al., 2008; Ben-Shaul et al., 2010; Meeks et al., 

2010; Mohrhardt et al., 2018).  
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Figure 7. Chemosensory tuning of MCs. (A). Averaged response traces from an 
example MC. Traces were smoothed by local polynomial regression fitting. The 
shaded regions represent 95% confidence intervals. (B). Upper panel: heat map plot 
of normalized ΔF/F for 266 MCs. Lower panel: binary heat map plot of MC 
responsiveness; red tiles indicate a stimulus response that passed statistical criteria. 
 
 
        Of the 266 MCs I studied, 242 (91.0%) responded to at least 1 of the 

naturalistic stimuli, 199 (74.8%) responded to at least 1 monomolecular sulfated 

steroid ligand, and 125 (47.0%) were responsive to at least 2 sulfated steroids (Fig. 

7, 8). I also observed a substantial number (24 of 266, 9%) of Pcdh21+ cells that 

were exclusively responsive to one or more sulfated steroids (Fig. 7, 8). Cluster 

analysis of MC stimulus responses revealed stereotyped patterns of steroid 

sensitivity that were consistent with previous spiking-based measurements, 
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suggesting that MC GCaMP6f measurements accurately reflect MC activity (Fig. 

7B)(Meeks et al., 2010).   

 

Figure 8. Distribution of MC tuning. Left: histogram showing the number of 
effective stimuli per cell. Recorded cells are classified into 3 color coded groups 
based on their responsivity. Right: pie chart showing the composition of recorded 
MC populations. 
 

AOB juxtaglomerular cells show a slight bias towards naturalistic stimuli 

        AOB MCs activity is shaped at multiple levels by inhibitory interneurons. The 

first stage of MC inhibition occurs in the glomerular layer, where AOB JGCs reside 

and release GABA onto MC dendrites and VSN presynaptic terminals (Mohrhardt et 

al., 2018). Because there have not been any systematic recordings of AOB 

interneuron tuning, I first sought to measure tuning in a general population of AOB 

GABAergic interneurons. I therefore expressed GCaMP6f in AOB interneurons by 

stereotaxically injecting AAV9.CAG.Flex.GCaMP6f into the AOB of Gad2-IRES-Cre 

transgenic mice (Taniguchi et al., 2011). A large population of neurons and dendritic 

arbors in the AOB glomerular layer and the superficial external cellular layer were 

strongly labeled and visible under the 2-photon microscope. The density of 
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GCaMP6f labeling in the deeper ECL, where EGC somas and IGC dendrites reside, 

paradoxically precluded the identification of well-resolved neuronal recordings. 

However, neurons in the GL and superficial ECL were readily observed that had 

small soma size (~10 µm) and compact dendrites that ramified within the glomerular 

layer, consistent with anatomical descriptions of JGCs (Larriva-Sahd, 2008).  

        JGCs reside in the glomerular layer and sense glutamate released by VSN 

axons and MC dendrites (Jia et al., 1999; Castro et al., 2007). As with MCs, 

following VNO chemosensory stimulation I observed large, reliable GCaMP6f 

responses over multiple randomized trials (Supplementary video 2). Noticeably, JGC 

GCaMP6f signals showed clear glomerular patches specific to the stimulus (Fig. 9A). 

Dilute BALB/c feces and urine were the two most potent JGC activators. 198 of 203 

(97.5%) recorded JGCs showed reliable response towards female mouse feces or 

urine (Fig. 9B, C). In the JGC dataset, 300-fold diluted female mouse feces triggered 

stronger global activity than 100-fold diluted female mouse urine (Fig. 9B), which 

may at least be a partial consequence of the most accessible imaging region being 

in the lateral/anterior quadrant of the AOB. Of 113 (55.7%) sulfated steroid-

responsive JGCs, 93 (45.8%) were responsive to no more than 2 different sulfated 

steroids and 9 (4.4%) were responsive to more than 4 sulfated steroids (Fig. 9C). 

The response patterns of AOB JGCs to this panel were largely similar to MCs, but a 

slightly lower percentage of JGCs responded to both naturalistic stimuli and 

monomolecular ligands than AOB MCs (Fig. 8, Fig. 9C), suggesting that, as 
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expected based on their restricted glomerular innervation patterns, JGCs perform 

less excitatory integration than MCs. 

 

Figure 9. The tuning profile of AOB JGCs. (A). Example GCaMP6f images of the 
AOB Gad2+ JGCs under chemostimulation. Activated glomeruli are circumscribed 
by dashed lines. The scale bar marks 50 μm. (B). Average ΔF/F traces for 3 
example JGCs. Traces were smoothed by local polynomial regression fitting. The 
shaded regions indicate 95% confidence intervals. (C). Upper panel: heat map of 
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normalized ΔF/F for 203 JGCs. Lower panel: heat map of JGC stimulus 
responsiveness. (D). Left: histogram showing the number of effective stimuli per cell. 
Recorded cells were classified into 3 color coded groups by their selectiveness. 
Right: pie chart showing the composition of recorded JGC responsivities. 
 

EGC GCaMP6f imaging indicates remarkably sparse chemosensory tuning 

        In primary chemosensory circuits, a common inhibitory motif involves broadly-

integrating interneurons that perform divisive normalization or gain scaling (Wilson et 

al., 2012; Kato et al., 2013; Jeanne and Wilson, 2015). In the MOB, PV-EPL 

interneurons have been shown to perform these functions, but it is unknown whether 

analogous cells exist in the AOB. EGCs seemed well-matched to the morphological 

and physiological features of MOB PV-EPL neurons (Larriva-Sahd, 2008; 

Maksimova et al., 2019). Many EGCs are labeled in Cort-Cre transgenic mice 

(Maksimova et al., 2019), a fact which I exploited here to specifically target EGCs for 

viral infection (Fig. 10A). I drove GCaMP6f expression in Cort+ EGCs via 

AAV9.CAG.Flex.GCaMP6f injection into the AOB, followed by 2-photon Ca2+ 

imaging in ex vivo preparations.  
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Figure 10. AOB Sagittal section from a Cort-Cre transgenic mouse mated to a 
cre-dependent tdTomato reporter line. 
 
 
        GCaMP6f expression was concentrated in the AOB ECL (> 80 um from the 

AOB surface), but basal fluorescence intensity was extremely low compared to AOB 

cells infected with AAVs in both Pcdh21-Cre and Gad2-Cre mice (principal neurons 

and JGCs, respectively). Baseline GCaMP6f intensity was so low in most infected 

EGCs that they were not detectable above background until the AOB was activated 

by VNO stimulation (Fig. 10B, Supplementary video 3). Identified GCaMP6f-

expressing cells had small soma size, unipolar or bipolar arborizations, and in cases 

where GCaMP6f fluorescence was extremely high (presumably due to loss of 

membrane integrity/cell death), I observed large arborizations dense in synaptic 

spines or gemmules, all of which were consistent with previous descriptions of EGCs 

(Larriva-Sahd, 2008; Maksimova et al., 2019).  

        I next investigated the chemosensory tuning properties of Cort+ EGCs towards 

the stimulus panel. The imaging field was focused on the anterior AOB, where the 

V1R sensory neurons project to. To my surprise, these EGCs showed evidence of 
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extremely sparse, rather than broad, tuning to the panel of chemosensory cues (Fig. 

11B, C). Of the 65 recorded EGCs, 41 (63.0%) were activated only by naturalistic 

stimulation but not by sulfated steroids. Just 24 (37.0%) out of 65 Cort+ EGCs were 

responsive to sulfated steroids at all, with only 4 (6.2%) of the recorded cells 

exclusively activated by sulfated steroids (Fig 11B, C). This small population of cells 

showed broad sulfated steroid tuning, but also showed above-normal baseline 

fluorescence and spontaneous activity, perhaps suggesting that these cells may 

have been unhealthy (or are perhaps members of a rare Cort+ cell subtype). These 

experiments indicated that Cort+ EGCs have unique features that keep basal 

GCaMP6f fluorescence low and revealed that EGCs are sparsely tuned to chemical 

cues, which was contrary to my hypothesis that they, like PV-EPL interneurons in 

the MOB, are more broadly tuned than their upstream MC inputs.  
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Figure 11. Chemosensory tuning of EGCs. (A). Averaged ΔF/F traces of the 3 
cells shown in B. Traces were smoothed by local polynomial regression fitting. 
Shaded regions represent 95% confidence intervals. (B). Upper panel: heat map of 
normalized ΔF/F for 65 recorded EGCs. Lower panel: binary heat map of EGC 
stimulus responsiveness; red tiles represent the pairs that passed the statistical 
criteria. (C). Left: Histogram of EGC responsivity, with tuning classified into 3 color-
coded subgroups. Right: Pie chart of EGC response classes. 
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Chemosensory tuning comparisons between MC, JGCs and EGCs 

        To more directly investigate cell type-specific tuning in the AOB, I assessed 

tuning breadth to all stimuli and monomolecular steroids across all of the cell types 

studied. (see Methods; Fig. 12). The distributions of effective stimuli with (Fig. 12A) 

or without (Fig. 12B) naturalistic stimuli per cell indicated that MCs demonstrated the 

broadest tuning to this panel of chemosensory cues, with 103 of 266 (38.7%) being 

responsive to no less than 4 stimuli (Fig. 12A), and 125 of 266 (47.0%) are 

responsive to no less than 3 sulfated steroids. In contrast, the majority of EGCs (47 

of 65, 72.3%) were responsive to 2 or fewer stimuli and 41 of 65 (43.1%) were not 

responsive to any sulfated steroids tested. Gad2+ JGCs demonstrated intermediate 

tuning in both with and without naturalistic stimuli cases. The broadness of MC 

tuning is consistent with heterotypic integration of VNO inputs by AOB MCs (Wagner 

et al., 2006; Meeks et al., 2010). When natural ligand blends were included, the 

cumulative distributions of effective stimuli showed significant tuning differences 

between each interneuron type and MCs (EGC vs JGC, p = 0.37; EGC vs MC, p = 

1.5e-4; JGC vs MC, p = 4.9e-5; Kolmogorov–Smirnov test; Fig. 12A). When 

naturalistic stimuli were excluded (Fig. 12B) these effects were even more 

pronounced (EGC vs JGC, p = 0.063; EGC vs MC, p = 6.1e-7; JGC vs MC, p = 3.3e-

5; Kolmogorov–Smirnov test). EGCs, JGCs and MCs have similar distribution 

pattern across monomolecular steroid stimuli (Fig. 12C). For example, A6940, 

P3817, Q1570 and Q3910 activated the largest number of neurons in all three cell 

populations, while A7010, E0893, E1050 and E4105 activated the least number of 
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neurons. Overall, the tuning patterns observed to monomolecular sulfated steroids in 

all cell types were consistent with previous studies (Meeks et al., 2010; Turaga and 

Holy, 2012; Hammen et al., 2014).   

        JGC and EGC responses to natural ligand blends were overrepresented 

compared to MCs (Fig. 8, 9D, 11C). Specifically, 63.0% of EGCs (Fig. 11C), and 

44.3% of JGCs (Fig. 9D) responded exclusively to natural ligand blends, compared 

to 25.2% for MCs (Fig. 8). Conversely, 9% of MCs are exclusively activated by 

sulfated steroids, compared to 6.2% of EGCs and 2.5% of JGCs. These differences 

in the proportion of responsive neurons may reflect complex network effects. 

However, they may more simply reflect differences in activation thresholds; previous 

studies indicated that MCs have higher signal/noise ratios and lower effective 

thresholds for activation than their VSN inputs (Meeks et al., 2010). 
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Figure 12. Comparison of 3 different cells’ chemosensory distribution. (A). 
Left: histograms of the number of effective stimuli for EGCs, JGCs, and MCs. The 
shaded regions indicate Gaussian kernel densities. Right: cumulative distribution of 
the number of effective stimuli for each cell type. EGC vs MC, p = 1.5e-4; EGC vs 
JGC, p = 0.37; MC vs JGC, p = 4.9e-5, K-S test. (B). Same as in (A), with dilute 
urine and feces stimuli excluded. EGC vs MC, p = 6.1e-7; JGC vs MC, p = 3.3e-5; 
EGC vs JGC, p = 0.063, K-S test. (C). Percentage of EGCs, JGCs, and MCs that 
responded to each stimulus in the panel. 
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GCaMP6f performance is not sufficient to explain the sparseness 

        The observation that EGCs’ chemosensory tuning is much sparser than MCs 

was contrary to my initial hypothesis. One possible explanation for this observation 

is that EGC GCaMP6f signals more weakly reflect spiking activity than in MCs. A 

standard method to verify the reporting efficiency is to perform simultaneous 

GCaMP6f imaging and whole-cell recording. To study spiking-GCaMP6f 

relationships, I first performed 2-photon guided whole-cell patch clamp recordings on 

EGCs and MCs while recording their GCaMP6f signals in acute brain slices. I first 

found that resting membrane potentials in EGCs (– 86.0 mV ± 1.0 mV, n = 22) were 

significantly hyperpolarized compared to MCs (-63.7± 1.0 mV, n=18), confirming 

earlier results (Gorin et al., 2016; Maksimova et al., 2019).  

        I investigated the GCaMP6f performance under the current clamp and the 

voltage clamp mode (Fig. 13). 
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Figure 13. Assess GCaMP6f performance in EGC and MC using whole-cell 
patch clamp recording. (A). The diagram of the experiment setup. (B). Example 
GCaMP6f signals of EGC and MC under current clamp and voltage clamp pulsive 
stimulation. 
 
In current clamp, both EGC and MC can reach to equally high peak ΔF/F level at 10-

second 10 Hz and 20 Hz pulsive stimulation. However, under the voltage clamp 10-

second 20 Hz depolarization pulse train, there are some noticeable differences. First 

of all, for both voltage and current clamp experiments, MCs showed faster rising 

dynamics than EGCs. Under voltage clamp, the ΔF/F of most of MCs (20 out of 22) 

showed a sigmoidal stimulus-response relationship, reaching a plateau by the end of 

the 10 s stimulation session (Supplementary video 4). In contrast, a significant 

fraction of EGCs (6 out of 17) did not reach a plateau in these same conditions 

(Supplementary video 5). Secondly, the peak ΔF/F value is statistically higher in 

MCs than EGCs (Fig. 14). 
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Figure 14. The peak ΔF/F levels of MCs are significantly higher than EGCs. 
 
        I then tested the GCaMP6f performance with step current injection under 

current clamp mode. Standardized ramps of current injection resulted comparable 

maximal spike frequencies in EGCs (N = 6, M = 27 Hz, SE = 1.53 Hz) and MCs (N = 

4, M = 25 Hz, SE = 3.70 Hz; Fig. 15). I also observed that EGCs received high levels 

of excitatory synaptic input from MCs (Maksimova et al., 2019).  
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Figure 15. Standardized current injection protocols elicit similar frequencies of 
action potentials in example MC and EGCs. Left: Example step current injection 
tests of MC and EGC. Right: Input-output function of EGC and MC. 
Semitransparent line plots on the background are current-output plots of individual 
cells (EGC: N = 6; MC: N = 4). The solid line plots are the average of the EGC and 
MC. 
 
I then delivered a step current that reliably evoke ~10 Hz firing for 10 s (Fig. 16, 

right. MC: N = 4, M = 9.64 Hz, SE = 0.131 Hz; EGC: N = 6, M = 10.07 Hz, SE = 

0.256 Hz; p = 0.11, student t test).  
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Figure 16. GCaMP6f signals under step current injection and ~10 Hz firing. 
Left: The ΔF/F-number-of-spikes relationship under ~10 Hz firing (p = 5.06e-36, 
main effect of cell type, two-way ANOVA). Right: Firing rate of EGC and MC 
(Student’s t test, p = 0.35). 
 
 
Unlike the pulse stimulation under voltage clamp, at the end of the stimulation 

session both cell types reached equally high peak ΔF/F (MC: M = 3.68, SE = 0.267; 

EGC: M = 3.27, SE = 0.692). I reason that the differences of my observations 

between voltage clamp and current clamp could be due to the different soma size 

(MC ~20 μm vs EGC ~10 μm)(Larriva-Sahd, 2008) and higher input resistance of 

EGCs (Maksimova et al., 2019). I analyzed the ΔF/F-spike relationship of the first 20 

spikes (Fig. 16, left). Both cell types showed near-linearity. Consistent with the faster 

rising dynamics of MCs, I observed a larger slope in MCs (p = 5.01e-28, two-way 

ANOVA). However, the measured reporting efficiency of GCaMP6f in EGCs is not 

low enough to fully account for the complete sparseness, let alone that the 

approximated spike-ΔF/F relationships are underestimation of the actual 
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relationships because my estimation does not take the delayed rising dynamics into 

account. 

        Patch-clamp based approaches for evaluating GCaMP6f-to-spiking 

relationships are common  (Dana et al., 2019; Inoue et al., 2019; Wei et al., 2019), 

but have several important caveats. For example, whole-cell patch clamp disrupts 

cytoplasmic Ca2+ buffering environment. Moreover, stimulating spiking through the 

somatic patch clamp electrode does not activate these cells via the natural 

progression of synaptic excitation experienced in vivo (or the ex vivo preparation). In 

order to evaluate GCaMP6f performance during more natural waves of synaptic 

activation, I performed simultaneous GCaMP6f Ca2+ imaging and loose-seal cell-

attached recordings while electrically stimulating the AOB glomerular layer (EGC: N 

= 8; MC: N = 12, Supplementary video 6, 7). In these recordings, both MCs and 

EGCs sometimes fired spontaneously, eliciting clear single-spike-triggered 

GCaMP6f responses (Fig. 17). 

 

Figure 17. Assess GCaMP6f performance in EGC and MC using loose-seal cell-
attached recording and local field stimulation. (A). The diagram of the 
experiment setup. (B). Example fluorescence traces showing spontaneous single 
spike evoked signals. 
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I also successfully recorded evoked postsynaptic action potentials in MCs and EGCs 

(Fig. 18. MC: N = 12, M = 8.76 Hz, SE = 1.87 Hz; EGC: N = 8, M = 12.63 Hz, SE = 

3.50 Hz).  

 

Figure 18. GCaMP6f signals under local field stimulation. (A) Example 
stimulation-evoked fluorescence response of EGC. Insets show the enlarged first 2 
seconds after the onset of the stimulation. (B). Left: The ΔF/F-number-of-spikes 
relationship measured by loose-seal cell-attached recording (p = 4.1e-3, two-way 
ANOVA). Right: the number of action potentials required to pass ΔF/F = 0.3 
(Student’s t test, p = 0.66).   
 
Local field stimulation GCaMP6f in both cell types showed comparably high 

sensitivity (Fig. 18). On average, both cell types need around 4 spikes to surpass the 

ΔF/F criteria I used in determining the responsiveness in the ex vivo imaging 

experiments (Fig. 18B, EGC: N = 8, M = 4.13, SE = 0.52; MC: N = 12, M = 3.83, SE 

= 0.39; p = 0.66, student t test). 

         In summary, my whole-cell patch clamp and loose-seal cell attached 

recordings in EGCs and MCs have proved that the difference of GCaMP6f in these 

two cell types, if any, is not sufficient to explain the tuning sparseness of the EGCs.  
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Ex vivo EGC whole cell recordings reveal broad subthreshold responsiveness 

        Measuring the relationships between spiking and ΔF/F in MCs and EGCs did 

not account for the sparseness of observed EGC tuning. Another possible 

explanation for EGC tuning sparseness could be EGCs’ highly hyperpolarized 

resting  membrane potentials, which my data and previous studies indicated is ~15-

20 mV more hyperpolarized compared to other AOB neurons (Maksimova et al., 

2019). This extreme resting hyperpolarization could prevent EGC spiking in all but 

the strongest stimulation conditions, potentially preventing the observation of robust 

GCaMP6f signals. I therefore performed 2-photon fluorescence-guided whole-cell 

patch clamp recordings on Cort+ EGCs in the ex vivo preparation (Fig. 19). I 

performed these experiments in Cort-T2A-Cre mice crossed to a cre-dependent 

tdTomato reporter line (Madisen et al., 2010), which improved my ability to identify 

EGC somata at rest. Using techniques similar to (Häusser and Margrie, 2013), I 

achieved the whole-cell configuration, then maintained each cell in current clamp 

near its initial resting potential via DC current injection. EGC resting membrane 

potentials in the ex vivo preparations, measured immediately after break-in, were 

depolarized compared to AOB slices (-63.7 ± 2.0 mV, n = 18). The reasons for the 

discrepancy were not clear, given that the internal and external solutions were 

identical to those in slice experiments. Nevertheless, I decided to maintain patched 

EGCs at these relatively depolarized potentials because they more likely reflected 

the state of EGCs in this ex vivo preparation. Importantly, the observation that EGCs 
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had relatively depolarized resting membrane potentials in the ex vivo preparation 

suggests that, if anything, EGCs in this preparation might be much closer to action 

potential threshold than was suggested by resting potentials measured in slice 

experiments.  

 

Figure 19. Ex vivo patch clamp recording of an example EGC. This example cell 
showed reliable subthreshold response to Q1570, Q3910, P8168 and the mixture of 
all sulfated steroids. The cell fired action potentials to feces and urine.  
 
        
        I proceeded recording EGC responses while I stimulated the VNO with the 

same panel of chemical cues used in GCaMP6f (Fig. 19). Consistent with GCaMP6f 

results, action potentials were reliably triggered in EGCs following VNO stimulation 

with dilute mouse urine or feces (natural ligand blends) but not by any 



54 

 
 

monomolecular ligands in the stimulation panel (Fig. 19). The spiking responses to 

peripheral stimulation typically included burst firing early in the stimulus presentation 

(11.90 ± 2.56 Hz, n = 20) followed by a long-lasting subthreshold decay period that 

extended well beyond the stimulation window (mean 90-10% decay time = 9.689 ± 

0.436 s, n = 76 cell-stimulation pairs). The depolarization decay kinetics are 

comparable for naturalistic stimuli (mean 90-10% decay time = 10.255 ± 0.493 s, n = 

31 cell-stimulation pairs) and monomolecular ligands (mean 90-10% decay time = 

9.299 ± 0.651 s, n = 45 cell-stimulation pairs). Importantly, I observed broad 

subthreshold responses to many monomolecular steroid ligands (Fig. 19). These 

subthreshold responses were tightly coupled to the onset of chemostimulation and 

were reliable across repeated trials (Fig. 19). The overall envelope of depolarization 

was consistent with the time course of activation of MC GCaMP6f activity (Fig. 6, 7) 

(mean 90-10% decay time = 8.085 ± 0.0644s, n = 978 cell-stimulation pairs) and 

previous studies (Wagner et al., 2006; Hendrickson et al., 2008; Meeks et al., 2010; 

Yoles-Frenkel et al., 2018).  
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Figure 20. The heatmap summarization of 18 cells’ response to the 
chemostimulation. (A). Heatmap of average voltage changes of 18 recorded 
EGCs. (B). Heatmap of the spiking responses of the same 18 EGCs. 
 
        Investigating the patterns of EGC subthreshold responsiveness revealed much 

broader MC integration than was indicated by GCaMP6f imaging experiments (Fig. 
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20). Out of 18 responsive EGCs, 13 showed reliable subthreshold or action potential 

activity evoked by monomolecular sulfated steroids (Fig. 20A, p < 0.05 compared to 

the vehicle control, Wilcoxon rank sum test). Comparing the summed sub- and 

suprathreshold tuning to suprathreshold-only tuning in this group of patched cells 

revealed the major source of discrepancy between MC and EGC tuning (Fig. 20A, 

B). For example, 4 of the 18 recorded cells, despite clear subthreshold responses to 

these stimuli, did not spike at all, and presumably would have been deemed 

completely unresponsive in GCaMP6f imaging experiments. Of the 14 cells that 

spiked in response to these stimuli, the majority (9/14) spiked only in response to 

naturalistic ligand blends, in agreement with GCaMP6f-based results (Fig. 11B). 

When I included subthreshold activation into my criteria for stimulus responsivity, the 

distribution of EGC tuning was significantly right skewed (broader) than EGC 

distribution determined by the GCaMP6f imaging signal (p = 2.2e-4, Kolmogorov–

Smirnov test), and became statistically indistinguishable from MCs (p = 0.21, 

Kolmogorov–Smirnov test; Fig. 21).  
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Figure 21. The distribution of MC and EGC responsiveness as revealed by Ca2+ 
imaging and ex vivo patch clamp.  
 

These results help to explain my ex vivo Ca2+ imaging observations and support the 

hypothesis that EGCs broadly integrate from MCs (Fig. 22).  

 

Figure 22. The integrative circuit model of EGC and MC. 
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However, these data also show that Cort+ EGCs are only effectively driven to spike 

by stimuli that collectively elicit a large fraction of AOB mitral cells (in this stimulus 

panel, dilute mouse urine and feces). Collectively, these results suggest that AOB 

EGCs perform fundamentally different roles in the AOB than PV-EPL interneurons 

play in the MOB. Though these cells are broad integrators, they are sparsely tuned 

at the level of spiking, suggesting that their activity is only stimulated in conditions in 

which a large ensemble of MCs is simultaneously activated.  

 
The activation of EGCs under behavioral contexts 

        In the previous sections, I tried to answer the question of when and how the 

EGCs are recruited to fire at the level of the neural circuitry. Yet the complete 

answer to this question should also address the condition of EGC’s activation in real-

world behavioral contexts. To investigate this problem, I performed immunostaining 

to c-Fos, the protein product of the immediate early gene c-fos, after exposing the 

animal to the stimuli. Cort-Cre mice crossed with the tdTomato reporter line were 

used so that EGCs are marked with endogenous tdTomato. By quantifying the 

colocalization of c-Fos and tdTomato, the proportion of the activated EGCs is 

assessed.  

        In a pilot experiment, I investigated the effect of natural scent encounter on the 

EGC activation using the resident-intruder test. The resident female mouse was 

single-housed for 48 hours prior to the test. On the test day, the experimental female 

was presented 10 g bedding of adult BALB/c males (Exp, n = 1) for 45 min. The 
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control groups were presented either the resident’s own bedding collected previously 

(Ctrl#1, n = 1) or fresh new bedding (Ctrl#2, n = 1).  

 

Figure 23. Immunostaining of c-Fos (green). The dashed curves mark the lateral 
olfactory tract (LOT). A & P represent the Anterior and Posterior respectively. Ctrl#1 
is resident’s own bedding; Ctrl#2 is fresh new bedding; Exp is male BALB/c bedding. 
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        The overall AOB c-Fos level of the mouse exposed to her own bedding is 

significantly lower than the experimental group (Fig. 23). The c-Fos expression is 

concentrated at the internal cell layer. However, to my surprise, the fresh bedding 

also elevates the expression of c-Fos to the level comparable with the experimental 

group. These results suggest that the fresh bedding likely contains certain cues that 

would activate the AOS. Most of the AOB cells marked by the tdTomato sparsely 

distribute in the ECL along the LOT. These cells have visible lateral and apical 

dendrites, matching the morphological features of the EGC. Comparable proportion 

of these cells were c-Fos positive in Exp (69 of 304, 22.7%) and Ctrl#2 (29 of 127, 

22.8%) (Fig. 24).   

 

Figure 24. Percentage of c-Fos+ cells in the AOB tdTomato+ cells. 
 
 
        Interestingly, the Ctrl#2 also displays higher percentage of c-Fos positive 

neurons than the experiment groups. This result appears to be contradictory to the 

fact that the posterior AOB MCs receive inputs from V2R neurons, which mainly 
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detect protein and peptides, ligands not supposed to exist in the fresh new bedding. 

This could be explained by pollution of the fresh new bedding, or the validity of using 

c-Fos as the indicator of the neuron’s recent activity.  

        Next, I investigated the effect of social interaction (Fig. 25). The male mice 

were single housed for two days prior the experiment. On the experiment day, the 

male mice were subject to different social stimulations. In the experiment groups, the 

male animals were placed into the home cage of a BALB/c female mouse. The male 

was allowed to interact with either a constrained BALB/c female (Exp#1, n = 1) or a 

freely moving BALB/c female (Exp#2, n = 1) for 75 min. The control male mouse was 

placed in a fresh new cage.  
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Figure 25. Immunostaining of c-Fos (green). The dashed curves mark the lateral 
olfactory tract (LOT). A & P represent the Anterior and Posterior respectively. Ctrl#1 
is fresh new cage; Exp#1 is interacting with restrained BALB/c female; Exp#2 is 
freely interacting with BALB/c female. 
 
 
        c-Fos staining is concentrated in the ICL in all 3 groups. Not surprisingly, the 

control group in this experiment also displays a considerable level of c-Fos 

expression, but both experimental groups manifest much higher c-Fos level. 

Noticeably, in both Ctrl and Exp#1, the c-Fos staining seemingly biases towards the 
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anterior ICL whereas the Exp#2 has a uniformly high staining level in posterior ICL 

as well. This could be explained by that free interaction allows the male to be 

exposed to more chemical cues. It is also possible that extra physical interactions, 

such as attempts to mount, promotes the engagement of these cells. 

 

Figure 26. Percentage of c-Fos+ cells in the AOB tdTomato+ cells. 
 
 
        Nonetheless, such difference is not reflected in the tdTomato+ cells (Fig. 26). 

The percentage of c-Fos+ cells in Ctrl is even higher than that of the two 

experimental groups in this experiment. Although the difference can be explained by 

individual variance, this result is particularly intriguing with the premise that the c-Fos 

level in the ICL suggests a lower engagement of the AOS in the Ctrl group. This 

seemingly contradictory result may suggest that the EGCs are not as strongly 

reflecting the behavioral context as the IGCs.  

        Next, I probed whether directly applying the selected ligands activates the 

EGCs. The mice were subjected to intranasal stimuli feed. They were allowed to 
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freely move in their home cage for one hour before being perfused and fixed. Again, 

c-Fos was used as the marker for the activated neurons. Ex vivo recordings have 

revealed that naturalistic blends are strong stimulations and Q1570 is a relatively 

potent monomolecular ligand. Hence, for the experimental groups I applied either 

undiluted female BALB/c fecal extract (Exp#1, 20 μL) or Q1570 (Exp#2, 100 mM in 

VNO Ringer’s solution, 25 μL). VNO Ringer’s solution (30 μL) was used in the 

control group. Because of the special ligand intake mechanism of the VNO, the 

intranasal administration was not consistent across trials. Mice handling in this 

process also potentially introduced certain impactful factors. Consequently, the c-

Fos staining results showed large individual variation (data not shown).  

 

 



 

65 

CHAPTER FOUR 
Conclusions and Recommendations 

 

Cell type-specific functional studies in the AOB ex vivo preparation 

        Our knowledge of interneuron function in the AOB is generally lacking due to 

persistent technical challenges in recording from these neurons during VNO 

stimulation. For example, the AOB’s precarious position beneath the rhinal sinus and 

opposed to the prefrontal cortex creates a physical barrier for direct access to AOB 

neurons. The ex vivo preparation of the early mouse AOS, which allows optical 

access to the AOB while preserving VNO-AOB functional connectivity, overcomes 

some of the major hurdles to performing cell type-specific investigations of 

chemosensory tuning. The results of ex vivo studies do come with their own 

limitations. For example, the ex vivo preparation eliminates the influence of potential 

feedback neuromodulation from downstream brain areas, which is clearly important 

for AOB circuit function (Oboti et al., 2018). Despite this significant limitation, by 

removing some in vivo complexities, the ex vivo approach has clear advantages for 

dissecting the basic structure and function of the AOB circuit.  

        By combining ex vivo methods with 2-photon microscopy and genetic tools for 

cell-type specific manipulation in the nervous system, I was able to perform the first 

studies of chemosensory tuning in genetically-defined AOB interneuron subsets. The 

specific cell types explored in this study, namely MCs, JGCs, and EGCs, represent 3 

of the 4 major neuronal classes (with the remaining major class being the internal 

granule cells, or IGCs). These studies allowed us to produce quantitative 
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comparisons of each cell type’s stimulus-response characteristics, and to do so 

across multiple randomized stimulus trials to reduce the possible impact of 

spontaneous activity (Holy et al., 2000; Nodari et al., 2008; Meeks et al., 2010). The 

utility of this combination of techniques for studying AOB circuit function is thus 

clear, and the results of these experiments allowed me to reveal key differences in 

the function of AOB EGCs compared to superficially-similar PV-EPL interneurons in 

the MOB (Kato et al., 2013; Miyamichi et al., 2013). 

 

AOB EGCs are broadly innervated, but sparsely tuned to chemosensory 

stimuli 

        AOB MCs are capable of integrating excitatory input from VSNs that express 

different sensory vomeronasal receptors (Wagner et al., 2006) and are differentially 

tuned to sensory input (Meeks et al., 2010). As such, observing a high amount of 

tuning diversity in MCs to both naturalistic stimulation and a well-characterized panel 

of monomolecular sulfated steroids (Fig. 7) was expected. The specific patterns of 

integration by MCs adds to a growing list of studies indicating that these cells 

support the encoding of the identity of a chemosignal-emitting animal (Luo et al., 

2003; Hendrickson et al., 2008; Ben-Shaul et al., 2010; Tolokh et al., 2013). The 

high degree of activation of MCs by the monomolecular sulfated steroid ligands in 

this panel also further supports the notion that these cells possess higher coding 

robustness than their VSN inputs, a feature shared by principal neurons in other 
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sensory circuits and species (Bhandawat et al., 2007; Meeks et al., 2010; Zhu et al., 

2013).  

        My a priori hypothesis was that AOB EGCs were functionally analogous to 

MOB PV-EPL interneurons, so I was surprised to observe significantly sparser 

chemosensory tuning in EGCs compared to their upstream MCs inputs. While many 

EGCs were reliably activated by female BALB/c mouse urine or fecal extracts, few 

showed responsiveness to monomolecular ligands (Fig. 11). This result was 

counterintuitive, given that EGCs have extensive spinous dendritic arborizations in 

the ECL and receive a constant barrage of strong glutamatergic excitation from 

MCs, even in the absence of VSN activation (Maksimova et al., 2019). Ca2+ 

indicators, being a secondary reporter of the cells’ electrophysiological activities, 

have drawn broad attention on their efficacy, reliability and methodologies of 

retrieving activities from the optical data (Huang et al., 2019; Ledochowitsch et al., 

2019; Wei et al., 2019). Therefore, it is necessary to validate the possibility that 

performance difference would account for the sparseness. I delineated a 

comprehensive picture of GCaMP6f performance using whole-cell patch clamp 

recording and loose-seal cell-attached recording. Whole-cell patch clamp did reveal 

certain subtle differences. Voltage-clamp depolarization tests revealed that EGCs’ 

GCaMP6f signals had much slower dynamics, and lower peak intensities (Fig. 13, 

14), presumably because of the smaller soma size and higher input resistance of 

EGCs (Maksimova et al., 2019). Current-clamp current injection test is a standard 

procedure in benchmarking Ca2+ indicators (Chen et al., 2013; Inoue et al., 2019). 
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The slower fluorescence dynamics persisted in EGCs (Fig. 16), but the peak 

fluorescence change was around the similar level (EGC: 3.27 ± 0.69, n = 6; MC: 

3.65 ± 0.26, n = 4). The physiological mechanisms underlying differential GCaMP6f 

signaling can be difficult to experimentally pinpoint, but may include variable 

expression of cytosolic Ca2+ buffers (Schwaller, 2010), presence or absence of 

somatic Ca2+-permeant ion channels or differential activation of calcium-induced 

Ca2+ release from intracellular stores (Verkhratsky and Shmigol, 1996). GCaMP6f 

performance could vary with physiological conditions. In the whole-cell patch clamp 

configuration, the dialysis of intracellular medium and direct artificial current injection 

introduced unwanted factors. Loose-seal cell-attached recording with local field 

stimulation at the glomerular layer to mimic the excitatory should provide a more 

ideal reference. I recorded clear fluorescence signal evoked by single action 

potential in both EGCs and MCs (Fig. 17). A comparison of spike-ΔF/F relationships 

showed that EGC-GCaMP6f performed at least equally well (Fig. 18). It is worth 

mentioning that due to the nature of local field stimulation, the timing is less well 

controlled in this experiment. Nonetheless, these results suggest that EGCs and 

MCs do differ in GCaMP6f performance in certain contexts, but the difference is too 

trivial to explain the tuning differences. Regardless of the mechanisms underlying 

this phenomenon, these results provide important insights into the use of GCaMP6f 

as an activity reporter in AOB EGCs. 

        The differential GCaMP6f performance in EGCs and MCs is apparently not 

sufficient to account for EGCs’ sparseness. EGCs were previously noted and 
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confirmed in this study for having extremely hyperpolarized resting membrane 

potentials (Maksimova et al., 2019), which suggested that EGCs may possess very 

high thresholds for action potential generation from resting states. Whole-cell patch 

clamp studies of EGCs in the ex vivo preparation revealed that, despite using the 

same internal and external solutions as in slice experiments, EGC resting membrane 

potentials were more depolarized in the ex vivo preparation than in slices. This could 

be the result of incomplete perfusion of the relatively low [K+]o in the aCSF (2.5 mM), 

or perhaps due to an overall higher excitatory tone in this preparation (or both). 

Importantly, these resting membrane potential measurements were made in the 

same conditions in which EGC GCaMP6f chemosensory tuning measurements were 

made, suggesting that EGC resting hyperpolarization has a less dramatic impact on 

tuning sparseness than expected based on slice results. In these ex vivo whole-cell 

recordings, I measured chemosensory tuning responses and observed rich 

subthreshold sulfated steroid-evoked activity, but little spiking except in response to 

stimulation with urine or feces (Fig. 19, 20). Thus, despite mildly depolarized resting 

membrane potentials in the ex vivo preparation, EGCs demonstrate resistance to 

action potential generation unless a very large MC ensemble is simultaneously 

active (as is the case when the VNO is stimulated with mouse urine and feces). The 

broad subthreshold inputs indicate a broad connectivity, but we still lack the direct 

assessment of the relationship between the innervation broadness and the extent of 

the dendritic arbor. These two are inversely correlated in cortical PV interneurons 

(Runyan and Sur, 2013). The high firing threshold of the EGC could be the result of 
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weakness of the synaptic inputs from individual MC channel and its special intrinsic 

properties. Physiological mechanisms that could contribute could include selective 

expression of leak channels on EGC dendrites and shunting inhibition by other 

interneurons (Chamberland and Topolnik, 2012). Future studies will be needed to 

investigate the source of high EGC spiking thresholds.  

        It is worth also noting that although the Cort-T2A-Cre transgenic mice used in 

these studies selectively labels AOB EGCs, the Cort+ EGC population likely 

represents a fraction of the total EGC population (Maksimova et al., 2019). As such, 

it is possible that the chemosensory tuning I observed represents a specific 

subgroup of Cort+ EGCs. This seems unlikely, given that no differences were found 

between EGC morphologies, intrinsic, and synaptic features across several 

transgenic lines that label these cells (Maksimova et al., 2019). Also, even though 

Cort+ EGC labeling spans the anterior AOB (sensitive to sulfated steroids and many 

urinary and fecal cues) and posterior AOB (sensitive to urinary proteins and exocrine 

gland-secreted peptides), my optical recordings were largely confined to portions of 

the anterior AOB where responsiveness to the cues in my panel is most prominent 

(Meeks et al., 2010; Doyle et al., 2014). As such, it may be the case that EGCs in 

the posterior AOB have different tuning qualities than are indicated in this study. 

        Another issue worthy of addressing is the stimulation. Mice have ~300 VRs. 

The panel of 11 monomolecular ligands in this study, all sulfated steroids, only 

covers a small restricted portion of the entire ligand space. Therefore, my dataset 

likely has a limited coverage as well. In my analysis, only cells that are activated by 
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at least one of the stimuli were counted. These factors potentially lead to a bias 

towards the subpopulation that is either restricted to the sulfated steroids or simply 

more excitable in general. This system bias is unavoidable with the current 

experimental design. Importantly, it does not weaken the main conclusion that EGCs 

are much more sparsely tuned than MCs. However, a future panoramic study with a 

larger stimulation panel consisting of ligands from different chemical families could 

possibly reveal certain chemical-family-specific properties of the EGC.     

  

Implications for models of AOB information processing 

        The complex physiological properties of EGCs and their chemosensory tuning 

are becoming clearer, but the impacts of EGC activation on MC function remain 

unclear. Many EGCs are labeled in Gad2-IRES-Cre transgenic lines (Maksimova et 

al., 2019), consistent with a GABAergic phenotype. EGCs are axonless and have 

spinous dendrites that closely appose MC dendrites, and AOB MCs are known to 

form reciprocal dendro-dendritic synapses with other AOB interneurons (Jia et al., 

1999; Taniguchi and Kaba, 2001; Castro et al., 2007; Larriva-Sahd, 2008). 

Seemingly analogous PV-EPL interneurons in the MOB have been shown to be 

broadly inhibitory (Kato et al., 2013; Miyamichi et al., 2013). All of these pieces of 

evidence point to a reciprocal inhibitory function for EGCs, and future studies will be 

able to further elucidate EGCs’ impact on MC function and information flow through 

the AOB.  
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        Regardless of the specific mechanisms underlying EGCs’ specific 

chemosensory tuning features, the observation that EGCs rarely spike in the 

absence of a naturalistic ligand blend has important implications for AOB circuit 

function. First, these results suggest that EGCs have unique roles in AOB 

processing that are different from PV-EPL interneurons in MOB. Despite their 

superficially similar circuit architectures, seemingly analogous neural types in the 

MOB and AOB have repeatedly been shown to have fundamentally different 

physiological properties (Shipley and Adamek, 1984; Jia et al., 1999; Araneda and 

Firestein, 2006; Wagner et al., 2006; Castro et al., 2007; Smith et al., 2015). In the 

MOB, PV-EPL interneurons are activated by many monomolecular odorants with low 

thresholds, resulting in chemosensory tuning that is close to a simple linear addition 

of input MCs’ tuning maps (Kato et al., 2013). This quality benefits unbiased 

monitoring of MC activity and supports divisive normalization of MCs based on the 

overall population response (Kato et al., 2013; Miyamichi et al., 2013). In contrast, 

AOB EGCs appear to have extremely high effective thresholds despite receiving 

synaptic input from many MCs, which may strongly bias their activity away from 

monomolecular ligands and towards the blends of ligands found in natural excretions 

(Nodari et al., 2008). Because natural vomeronasal social cues are only known to 

exist in the form of such complex blends, this sparseness difference between AOB 

EGCs and MOB PV-EPL interneurons and AOB EGCs might reflect macroscopic 

differences in the natural statistics of ligand sampling between these two 

chemosensory pathways. It may also be the case that MC inhibition by EGCs takes 



73 

 
 

place locally at reciprocal dendrodendritic synapses independent of somatic action 

potentials, as has been observed in the MOB (Isaacson and Strowbridge, 1998; 

Schoppa et al., 1998; Chen et al., 2000; Halabisky et al., 2000; Isaacson, 2001; 

Egger et al., 2005; Huang et al., 2013; Bywalez et al., 2015; Lage-Rupprecht et al., 

2018). It would be interesting to investigate this possibility using dendritic Ca2+ or 

voltage imaging. AOB EGCs thus appear to be, at a minimum, operating in a 

manner that is strikingly different than PV-EPL interneurons in the MOB, and tend 

not to be strongly active in the absence of broad AOB activation, raising questions 

about their in vivo roles in sensory processing. Several studies have reported 

individual vomeronasal ligands capable of evoking significant behavioral effects 

through the AOS (Chamero et al., 2007; Haga et al., 2010; Papes et al., 2010). If my 

results hold for the ligands that drive these behaviors, it seems unlikely that these 

particular chemosensory exposures engage EGCs, which may have important 

implications for information flow through the AOB towards its downstream targets in 

the limbic system (Martinez-Marcos, 2009; Gutiérrez‐Castellanos et al., 2014; 

Stowers and Liberles, 2016). 

        An interesting perspective comes from placing EGCs in a big picture of 

inhibitory interneurons. Canonically, inhibitory interneurons are thought to be more 

broadly tuned than the principal cells, as have been observed in multiple sensory 

areas (Sohya et al., 2007; Niell and Stryker, 2008; Kato et al., 2013; Znamenskiy et 

al., 2018). The broadness is attributed to the dense connection between a relatively 

small number of inhibitory interneurons and a large number of principal cells (Hofer 
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et al., 2011; Packer and Yuste, 2011; Miyamichi et al., 2013). However, several 

studies challenged this view by showing that inhibitory interneurons in certain cases 

have the similar encoding capacity as the principal cells (Moore and Wehr, 2013; 

Gritton et al., 2019; Najafi et al., 2019), suggesting a diversity of connection patterns. 

Apparently, EGCs are different from the broadly tuned inhibitory interneurons, and 

their encoding space is not as capacious as the MCs either. They might represent a 

unique category that directly implements logic computations such as the AND gate.    

        In sum, these experiments contribute a wealth of information about 

chemosensory tuning of specific AOB cell types, adding important quantitative 

constraints on the role of inhibitory interneurons on AOB circuit function. 

 

Other questions and future directions 

        My experimental results suggest that EGCs bias to the natural blends of the 

stimulation. A natural conjecture is that it might respond to an artificial blend of 

multiple ligands more strongly than to a singular ligand stimulus with same 

concentration. In other words, the integrative inputs make EGCs more sensitive to 

the variety of ligands than to the concentration. During my experiments, I pilot-tested 

a mixture of all steroids at 4 μM individually, hence 44 μM sulfated steroid in total. In 

GCaMP6f imaging experiments, all mixture responsive EGCs responded to at least 

one of the 10 μM steroids. In ex vivo patch clamp recordings, I did not observe any 

superlinear summation either (data not shown). Future scrutiny on this question 

requires a more carefully designed stimulation formula. The stimulation 
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concentration should be controlled to avoid evoking non-specific activities, and 

ligands outside of the steroid family should be included in the blends.  

        Another important question not touched in this research is the model of the 

inhibition imposed by the EGCs. My initial hypothesis was that EGCs impose divisive 

inhibition onto the MCs via their reciprocal synapses, resembling the EPL-PV 

neurons in the MOB. However, because EGC tuning profile displayed substantial 

disparity to the EPL-PV neurons, their functional role in the AOB circuit remains 

open to other possibilities. To probe this aspect, one needs to record MCs while 

manipulating EGC activities. Given the exceptionally sparse firing of EGCs, a 

promising direction would be to measure the activated EGCs’ impact on MCs. The 

insights about the circuitry functions of EGCs could be a stepstone for linking them 

with the animal behavior. However, because local inhibitory interneurons usually are 

not directly involved in information encoding and projection, this goal could be 

challenging. The functional role of EGCs can be highly situational. In my pilot studies 

(Fig. 23, 25), the activation of EGCs as indicated by the expression of the immediate 

early gene c-Fos did not show as clear selectivity towards the behavioral contexts as 

the IGCs. The other major drawback is that our experiment design is currently 

limited by the lack of reliable fast-readout paradigms for complicate AOB-dependent 

animal behaviors. These behaviors include immediate or ‘releaser’ responses and 

the long-lasting ‘primer’ responses that could require largely different testing 

strategies (Dulac and Torello, 2003). The test of the mating memory using the 

pregnancy block effect is robust (Lloyd-Thomas and Keverne, 1982; Matsuoka et al., 
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2004), but this test only covers one of the many social behaviors that the AOS 

governs. I expect that an experiment as simple and versatile as the place preference 

test would facilitate our investigation on this problem (Becker and Hurst, 2009). 

        Another interesting question is the plasticity of EGC-MC connection. Synaptic 

plasticity has been proven to be the key to the neural computation and information 

storage in classic studies of hippocampus, cerebellum and many other brain areas. 

In the closely related MOB, the plasticity of granule cells has been shown important 

for olfactory discrimination and olfactory learning by myriad studies (Abraham et al., 

2010; Livneh and Mizrahi, 2012; Moreno et al., 2012; Gschwend et al., 2015; Huang 

et al., 2016). The AOB was shown to be responsible for the formation and 

maintenance of mouse mating memory. The prevailing model attributes the 

formation of mating memory to the MC-interneuron plasticity (Brennan, 2009). 

Existing studies have revealed the importance of GABAergic transmission in the 

Bruce effect (pregnancy block) (Brennan et al., 1995; Brennan and Binns, 2005). 

Indeed, the remodeling of AOB reciprocal synapses after long-term mating memory 

formation has been reported previously (Matsuoka et al., 2004). Recent scrutiny 

revealed the change of intrinsic properties of AOB IGCs after social encounter 

(Cansler et al., 2017). Although, to my knowledge, no direct observations regarding 

to the EGC contextual plasticity have been reported, it is possible that certain social 

contexts might change the strength of EGC-MC synaptic connections, or the intrinsic 

properties of EGCs and result an altered tuning integration outcome in EGCs. EGCs’ 

high threshold cutoff could be a gating mechanism that only allows the naturalistic 
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information-carrying stimuli such as urine, feces and other odorant-rich animal 

secretions to trigger the circuitry remodeling, hence improves the system’s noise 

robustness. A potential experiment to verify this hypothesis is to measure the 

responsivity of EGCs of female mice after mating. I expect behavioral contexts like 

mating would give rise to potentiated MC-EGC communication, and significantly 

change the tuning profile of EGCs. If this is true, then a comparison between EGCs’ 

responsivity to the mating partner and that to a stranger male, should reveal 

interesting insights about the neuronal mechanisms of the AOB-dependent mating 

memory (Fig. 27). 

 

Figure 27. Measure EGCs’ responsivity after mating. 
 

        The roles of various neuromodulators in regulating EGC activities are important 

too. The MOB granule cells are state-dependent (Kato et al., 2012; Cazakoff et al., 

2014), strongly affected by the noradrenaline (NA) (Moreno et al., 2012). NA is also 
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considered as an important part of the AOB plasticity because its surge was 

observed upon the formation of mating memory (Brennan et al., 1995) and was 

considered to reduce the GABA transmission and facilitate metabotropic glutamate 

receptor (mGluR) activation. Though NA has been shown to be important for the 

mating memory formation (Rosser and Keverne, 1985; Kaba and Keverne, 1988), its 

function in modulating circuitry signal was shown to be heterogenous (Doyle and 

Meeks, 2017). Additionally, oxytocin was also reported to be part of the AOB 

plasticity (Fang et al., 2008). Testing the modulatory effect of these neuromodulators 

as well as other unreported ones would be necessary to obtain a full picture of 

EGCs. 

        The developmental traces of EGCs as well as other AOB interneurons are not 

completely clear. Like the granule cells in the MOB, the AOB interneurons are also 

constantly functionally replenished by the adult-born neurons (Peretto et al., 2001; 

Nunez-Parra et al., 2011). The mature and immature MOB granule cells could have 

distinct tuning broadness and have different contributions to the olfactory 

discrimination (Quast et al., 2017; Li et al., 2018; Alonso et al., 2019). The 

maturation and the connectivity are also experience-dependent (Livneh and Mizrahi, 

2012; Moreno et al., 2012; Sailor et al., 2016; Quast et al., 2017; Mandairon et al., 

2018; Forest et al., 2019). Likewise, the adult neurogenesis of AOB granule cells is 

also regulated by the experience (Nunez-Parra et al., 2011). I did not address the 

maturity of the EGCs in this study, but it is possible that mature and immature EGCs 

can also be functionally distinguished.    
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Concluding remarks 

        Here I described the first targeted study of one major AOB inhibitory 

interneuron subtype, EGC. Experimental results showed that EGCs paradoxically 

are much narrowly tuned than MCs, apparently contradictory to their broad synaptic 

connections. Patch clamp recordings revealed broadly innervated subthreshold 

activities in EGCs, suggesting that the sparseness is caused by the high threshold of 

somatic firing. I proposed that this discovery suggests a different information 

processing logic of the AOB EGC-MC circuit, relative to the MOB PV-MC circuit, 

particularly suiting the processing of pheromones which are often found in body 

fluids with complex composition. This pioneering study revealed important insights of 

AOB EGCs, and also raised more key questions for future researchers. What is the 

modulatory function of EGCs on the AOB circuit? Do they contribute to the AOB-

dependent animal behaviors such as the formation of mating memory? Answering 

these questions would help us understand the AOB’s role in guiding mouse social 

behaviors.      
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