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FUNCTIONAL STUDIES OF THE TMEM16B CALCIUM-ACTIVATED CHLORIDE 

CHANNEL IN THE LATERAL SEPTUM 

By Lynn Wang 

 

ABSTRACT 

The lateral septum (LS) plays an important role in regulating aggression. It is well 

recognized that LS lesions lead to a dramatic increase in aggressive behaviors. A better 

understanding of LS neurophysiology and its functional output is therefore important to assess 

LS involvement in regulating aggression. The LS is a heterogeneous structure that maintains 

inputs and outputs with multiple brain regions, and is also divided into subregions that innervate 

one another. Thus, it is challenging to identify the exact cell type and projections for 

characterization. In this study, we determined the expression pattern of the Calcium-activated 

Chloride Channel (CaCC), TMEM16B, in the LS of both male and female mice. We then 

investigated the physiological contribution of CaCC to LS neuronal signaling. By performing 

whole cell patch clamp recording, we showed that TMEM16B regulates spike frequency and 

spike frequency adaptation in subpopulations of LS neurons.  We further demonstrated that loss 

of TMEM16B function leads to lengthened displays of aggressive behaviors by male mice 

during the resident intruder paradigm. In conclusion, our findings suggest that TMEM16B 

function contributes to neuronal excitability in subpopulations of LS neurons and the regulation 

of aggression in male mice.  
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CHAPTER 1: INTRODUCTION 
 

Ion channels are pore-forming structures that reside in the cell membrane, and play a 

fundamental role in regulating physiological functions in the nervous system (Hille, 2001). Ion 

channels are selectively permeable to specific cations or anions, and are categorized based on 

their modes of activation and preferred conducted ionic species. Voltage-gated ion channels are 

activated by changes in membrane potential (Jan and Jan, 1989).  Mechanosensitive channels are 

activated by force and are found in epithelial tissue, auditory cells, and muscle spindle fibers 

(Sackin, 1995). Ligand-gated channels or ionotropic receptors, such as AMPA receptors, open in 

response to the binding of specific ligands, such as neurotransmitters and odorant molecules. In 

the following chapters, I will delineate my thesis work understanding a specific ion channel, the 

calcium-activated chloride channel TMEM16B, and its function in the mouse lateral septum.      

 

The Calcium-activated chloride channel, TMEM16B  

 

Molecular identification of the calcium-activated chloride channel 

For decades, calcium-activated chloride currents were known to be important for a 

variety of physiological functions, including photoreceptor transduction, smooth muscle 

contraction, and airway epithelial fluid secretion (Hartzell et al., 2005). However, the molecular 

identity of the responsible channel remained elusive until recently. During the search for CaCC, 

Bestrophins and Chloride channel accessory proteins (CLCA) were also considered candidates, 

but both were eventually ruled out based on lack thereof and contradicting physiological 

evidence (Huang et al., 2012a). Finally, three independent research groups identified the 

calcium-activated chloride channel (CaCC) responsible for this current to be TransMEMbrane 
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protein of unknown function 16A (TMEM16A), also known as Anoctamin 1 (gene name: Ano1) 

(Caputo et al., 2008; Schroeder et al., 2008; Yang et al., 2008).  Members of the Jan laboratory 

confirmed TMEM16A to be the molecular identity of CaCC using the axolotl oocyte as a 

heterologous expression system for CaCC from Xenopus oocytes (Schroeder et al., 2008), which 

are well known for their endogenous expression of CaCC for polyspermia prevention (Barish, 

1983). They also identified the closely related TransMEMbrane protein of unknown function 

16B (TMEM16B) as a CaCC by expressing mouse TMEM16B in Axolotl oocytes and HEK293 

cells to test its functionality. Following this major breakthrough, the study of TMEM16A and 

TMEM16B function progressed significantly to investigate their biophysical properties 

(Cenedese et al., 2012; Betto et al., 2014; Tien et al., 2014; Peters et al., 2015, 2018), the electron 

cryo-microscopy (cryo-EM) structures of TMEM16A (Dang et al., 2017; Paulino et al., 2017), 

and CaCC function in multiple tissue types and organ systems. 

 

The TMEM16 protein family  

The identification of TMEM16A and TMEM16B as CaCCs also led to the 

characterization of other TMEM16 protein family members. This ten member protein family 

(TMEM16A-K, excluding I) encompasses a wide range of physiological functions, including 

phospholipid scrambling and ion transport (Pedemonte and Galietta, 2014). TMEM16A and 

TMEM16B, along with the Drosophila homologue, Subdued (Wong et al., 2013), are the only 

known CaCCs thus far in the family. TMEM16E, TMEM16F, and the fungal homologues 

nhTMEM16 (Lee et al., 2016) and afTMEM16 (Malvezzi et al., 2013) function as dual channels 

and scramblases (Falzone et al., 2018). TMEM16F specifically is a phospholipid scramblase 

important for blood coagulation (Suzuki et al., 2010; Yang et al., 2012; Fujii et al., 2015; 
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Watanabe et al., 2018). TMEM16F is also expressed in microglia and involved in regulating 

neuropathic pain (Batti et al., 2016). TMEM16C, TMEM16D, TMEM16J, and TMEM16G are 

associated with scramblase activity, but whether these proteins also possess channel functionality 

remains an open question (Suzuki et al., 2013). TMEM16C, in particular, has been shown to 

interact with the sodium-activated potassium channel, Slack, in regulating pain processing in rat 

dorsal root ganglion neurons (Huang et al., 2013). Finally, the functionality of TMEM16K and 

its Drosophila homologue, AXS, remain uncharacterized, but deletion of TMEM16K is 

associated with autosomal recessive cerebellar ataxia (Chamova et al., 2012) while AXS is 

known to be localized to the endoplasmic reticulum (Kramer and Hawley, 2003). 

 

Biophysical properties of TMEM16B  

 Following the molecular identification for CaCCs, subsequent studies demonstrate that 

recordings of HEK293 cells with heterologous expression of TMEM16B show calcium-activated 

chloride currents (Schroeder et al., 2008; Pifferi et al., 2009; Stephan et al., 2009; Stöhr et al., 

2009). By elevating the intracellular calcium concentration and excluding the involvement of 

calmodulin, these groups show that TMEM16B is directly gated by calcium to mediate chloride 

conductance (Pifferi et al., 2009). TMEM16B is characterized by rundown of current after 

repeated stimulation, which is similar to the rundown seen in native olfactory CaCC (Stephan et 

al., 2009). The reversal potential of TMEM16B corresponds to the chloride equilibrium potential 

as expected for a chloride channel. Overall, these findings suggest that TMEM16B is 

characteristic of a calcium-activated chloride channel. 

 Investigation of TMEM16B gating and permeation reveal the following permeability 

ratio sequence for the channel: SCN-> I-> NO3
->Br->Cl->F->gluconate (Betto et al., 2014). These 
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experiments demonstrate that anions that are more permeable reduce the rate of channel 

activation and deactivation to a greater extent, and increase the calcium sensitivity to a greater 

extent as well. In a separate study, site-directed mutagenesis of TMEM16B shows that the 

following residues located in the first intracellular loop, glutamates E367 and 386EEEEE390, 

regulate voltage dependency in TMEM16B (Cenedese et al., 2012).   

 Compared to TMEM16A, TMEM16B has a calcium sensitivity that is ten-fold lower at 

+60 mV and two-fold lower at -60mV (Yang et al., 2008; Pifferi et al., 2009). These findings 

suggest that TMEM16A and TMEM16B each possess unique gating properties downstream of 

calcium binding.  

 

Structure of calcium-activated chloride channels 

 Although high-resolution structural data for TMEM16B does not yet exist, structures for 

related family members have been reported. The X-ray structure of the TMEM16 fungal species 

family member, Nectria haematococca (nhTMEM16), was the first structure paper to reveal the 

conserved calcium binding sites necessary for lipid scrambling (Brunner et al., 2014). While 

nhTMEM16 functions as a calcium-activated lipid scramblase, the residues that take part in 

calcium coordination correspond to those residues involved in TMEM16A binding to calcium 

ions (Tien et al., 2014). The cryo-EM structure for mammalian TMEM16A has been identified 

by two independent groups (Dang et al., 2017; Paulino et al., 2017). TMEM16A is made up of 

two subunits that form a dimer, and each subunit of the dimer functions independently from each 

other (Jeng et al., 2016; Lim et al., 2016);. Each subunit is made up of ten transmembrane 

domains. Each subunit has two calcium binding sites formed by five acidic residues and one 

asparagine (Dang et al., 2017). Based on a comparison of mouse protein sequences from UCSC 
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Genome Browser, TMEM16B shares ~56% sequence identify with TMEM16A. Thus, it is likely 

that the structure of TMEM16B is quite similar to that of TMEM16A.  

 

Calcium-activated chloride channel function in the central nervous system  

Both TMEM16A and TMEM16B are expressed in multiple brain regions in the central 

nervous system (CNS). TMEM16A expression and function has been reported in the trigeminal 

ganglion (Kanazawa and Matsumoto, 2014), brain stem (Cho et al., 2014), retina (Jeon et al., 

2013), vomeronasal organ (Dibattista et al., 2012; Münch et al., 2018a), and cerebellar cortex 

(Zhang et al., 2015). TMEM16B function has been identified in the hippocampus (Huang et al., 

2012b), inferior olive (Zhang et al., 2017) , thalamus (Ha et al., 2016), retina (Stöhr et al., 2009), 

olfactory bulb (Billig et al., 2011; Pietra et al., 2016), vomeronasal organ (Münch et al., 2018b), 

and cerebellar cortex (Zhang et al., 2015). Since neurons require calcium influx for neuronal 

excitability and synaptic transmission, CaCC could assist in maintaining the membrane potential 

below threshold to prevent neurons from becoming hyperexcitable, or in returning the membrane 

to rest following periods of activity. In addition, CaCC function would help amplify signaling in 

neurons with a high internal chloride concentration, as in the case of odorant neuronal cilia. In 

the following section, we will describe the function of TMEM16B in specific brain regions.  

 

Calcium activated chloride channels in photoreceptor cells  

Photoreceptor cells reside in the retina and are essential for visual transduction and our 

perception of the visual world. When depolarized, these cell types depend on Ca2+ influx from L-

type calcium channels to maintain a constant release of glutamate (Nachman-Clewner et al., 

1972). Calcium-activated chloride currents were first identified in the salamander retina to be 
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important for regulating the calcium concentration present in the photoreceptor synaptic 

terminal, also called the photoreceptor ribbon synapse (Bader et al., 1982). Subsequent studies 

also reported the presence of a calcium-activated chloride current at the ribbon synapse (Maricq 

and Korenbrot, 1988; Thoreson et al., 2003; Cia et al., 2005). Soon after the advent of the 

molecular identification of CaCC, TMEM16B was identified to be the channel responsible for 

the endogenous calcium-activated chloride current at the ribbon synapse for negative feedback 

regulation (Stöhr et al., 2009). TMEM16B colocalizes specifically with adaptor proteins PSD95, 

VELI3, and MPP4 to form the presynaptic protein complex responsible for maintaining Ca2+ 

homeostasis at the ribbon synapse. TMEM16B has a C-terminal PDZ binding motif that interacts 

with the PDZ domain of PSD95, for its anchoring at the ribbon synapse.  

  

TMEM16B function in mouse olfaction  

 The presence of calcium-activated chloride current in olfactory sensory neurons (OSN) 

was well established before the functional identification of TMEM16B as the CaCC (Kleene and 

Gesteland, 1991; Firestein, 2001). During odorant sensory transduction, odorant molecules bind 

to olfactory receptors in OSNs, triggering a GPCR signaling cascade leading to activation of 

cyclic nucleotide-gated channels. These channels allow calcium influx, which causes TMEM16B 

activation and chloride efflux (Kleene, 1993; Reisert et al., 2003). Unlike most neurons, OSNs 

contain a high concentration of intracellular chloride, thus chloride would leave the cell 

following CaCC activation. This chloride efflux promotes olfactory signal amplification and 

subsequent olfactory sensation.  

 TMEM16B was first identified as the responsible CaCC in OSNs using proteomic 

screens of the olfactory epithelium (Stephan et al., 2009; Rasche et al., 2010). 
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Immunohistochemistry analysis shows TMEM16B expression in the cilia membrane of OSNs. 

Furthermore, patch clamp recordings of HEK293 cells expressing TMEM16B show a chloride 

conductance following calcium activation (Stephan et al., 2009; Stöhr et al., 2009). 

 Subsequent studies investigating the behavioral implications of TMEM16B function have 

yielded conflicting results. One group detects TMEM16B function at the neuronal level, but 

claims that TMEM16B is dispensable for olfaction in mice (Billig et al., 2011). Using a 

TMEM16B KO mouse line they generated, they show loss of TMEM16B expression in the 

olfactory epithelium and loss of calcium-activated chloride currents in OSNs. However, 

TMEM16B KO mice display no deficits in discrimination tasks for different scents, prompting 

the conclusion that TMEM16B is not essential for olfaction.   

In a recent study, another group examines the same mutant mice while using a different 

olfaction behavioral paradigm, to demonstrate that TMEM16B contributes to the sense of smell 

(Pietra et al., 2016). During an odor-guided food-seeking task, mice are required to locate an 

Oreo cookie hidden in the bedding of a mouse cage. The task is repeated once a day across five 

days and the latency for locating the cookie is measured each day. Mice are returned to a normal 

chow diet for a week, and then exposed to a multitude of odors that included known odors and 

unknown odors. During this assay, TMEM16B KO mice show longer latency for locating the 

cookie during Days 1 and 3 of the first part of the task compared to WT littermates. When 

exposed to the variety of different odors, TMEM16B KO mice take significantly longer time 

than WT littermates to locate odors they were unfamiliar with (peanuts and cheese) but not odors 

they were familiar with (chow and cookies). In addition, patch clamp recordings demonstrate 

that OSNs with current injections show increased spike firing in TMEM16B KO neurons 

compared to WT neurons.  
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In summary, the present literature on TMEM16B function in OSNs suggests that the 

channel contributes to both the firing activity of OSNs and olfactory sensation in mice. While the 

two research groups present contradictory results regarding TMEM16B function in olfaction 

(Billig et al., 2011; Pietra et al., 2016), the chosen behavioral task conducted may have affected 

the outcome. Whereas Billig and colleagues chose an operant conditioning test that tested the 

ability to differentiate between monomolecular odors, Pietra and colleagues chose a task that 

simultaneously exposed mice to multiple odors, thereby activating a larger glomerular response 

(Vincis et al., 2012), and tested for the odor sensitivity without requiring repeated exposures. 

Thus it is possible that the ability of TMEM16 KO mice to learn and master ready detection of 

familiar odors may have obscured their sensory deficiency when they are tested with 

discrimination paradigms that involve repeated exposures during training. 

 

TMEM16B function in the vomeronasal organ 

 The vomeronasal organ (VNO) makes up the accessory olfactory system, and primarily 

responds to pheromones and some odorant molecules (Chamero et al., 2012). Although the 

human VNO is considered a vestigial structure, the rodent VNO plays a critical role in innate 

behaviors. Mice exposed to pheromones from the same species or scents from predators respond 

by engaging in sexual behavior, aggression, or flight, respectively. The VNO is made up of 

vomeronasal sensory neurons (VSNs), characterized as bipolar neurons in the sensory epithelium 

of the VNO. Following activation by pheromones or odorants, VSNs become depolarized and 

generate action potentials that propagate along their axons that innervate the olfactory bulb. In 

VSNs, the chloride co-transporter, sodium-potassium-chloride-cotransporter 1 (NKCC1) 

contributes to their high intracellular chloride concentration (Yang and Delay, 2010). Typically, 
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immature central neurons undergo a transition from high to low intracellular chloride 

concentration during development following the onset of K+-Cl- cotransporter (KCC2) 

expression, which mediates the transport of chloride extracellularly (Luhmann and Prince, 1991; 

Zhang et al., 1991; Rivera et al., 2005). A small population of mature neurons, including VSNs, 

OSNs, and medial habenular neurons (Kim and Chung, 2007), does not express KCC2, thereby 

maintaining the high intracellular chloride concentration and distinguishing them from most 

central neurons in this respect.  

TMEM16B expression has been reported in VSNs (Yang and Delay, 2010; Billig et al., 

2011; Münch et al., 2018b). In addition, inside out patch recordings of VSN dendritic tips detect 

CaCC activity (Yang and Delay, 2010). TMEM16B appears to play only a minor role in 

regulating VSN spike firing (Münch et al., 2018b). In fact, TMEM16A is also expressed in 

VSNs and deletion of TMEM16A has a more significant effect on VSN spike firing (Amjad et 

al., 2015; Münch et al., 2018a). Moreover,TMEM16A/TMEM16B double knockout mice do not 

display deficits in aggressive behaviors compared to control littermates. These results seem to 

suggest that while CaCC may contribute to VSN excitability, there is modest CaCC contribution 

to VSN relevant behaviors, such as aggression. It remains to be determined as to the extent of 

CaCC contribution to other VSN associated behaviors.    

 

TMEM16B function in hippocampal neurons  

 The hippocampus is an essential component of learning and memory (Jarrard, 1993). 

Extensive research has been conducted on hippocampal neurophysiology to better understand its 

molecular machinery. The distinct morphology and organization of hippocampal pyramidal 

neurons has also provided neurophysiologists with an accessible system for understanding 
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central neuron physiology. In rat hippocampal neurons, calcium-activated potassium channels 

are well known to be involved in regulating neuronal signaling through multiple means.  Big-

conductance calcium-activated potassium channels (BK) regulate action potential waveform 

following influx from voltage-gated calcium channels (Lancaster, B., Nicoll, 1987; Storm, 

1987a, 1987b) and neurotransmitter release at the axon terminal  (Hu et al., 2001). Small-

conductance calcium-activated potassium channels (SK) regulate synaptic plasticity at the post-

synaptic side due to their activation by NMDAR-mediated calcium influx (Stackman et al., 2002; 

Ngo-Anh et al., 2005).  

More recently, TMEM16B has also been identified as a novel contributor to the 

regulation of hippocampal neuronal signaling (Huang et al., 2012b). As a CaCC, TMEM16B has 

been shown to modulate action potential halfwidth in CA1 and CA3 neurons. However, evidence 

so far suggests that TMEM16B is not involved in regulation of neurotransmitter release at the 

axon terminal of the Schaffer collateral (CA3-CA1 synapse).  TMEM16B also resides in the 

calcium nanodomain with close proximity of NMDA receptors in the dendritic region of CA1 

neurons, where the CaCC regulates EPSP amplitude, EPSP temporal summation, and EPSP 

spike coupling (Huang et al., 2012b).  Given the functional similarities seen between TMEM16B 

and BK/SK channels, it will be of interest to determine whether TMEM16B also contributes to 

the regulation of long-term synaptic plasticity in the hippocampus.  
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TMEM16B function in thalamocortical neurons 

 The thalamus is comprised of multiple nuclei that make up the major sensory relay center 

of the brain.  This brain region relays input from subcortical structures to various neocortical 

areas responsible for sensory information processing. Since the thalamus passes on this 

information via thalamocortical projections that innervate the cortex, the firing properties of 

thalamocortical neurons have been of great interest in research endeavors to better understand 

sensory processing in the brain (McCormick and von Krosigk, 1992; Le Masson et al., 2002). 

Thalamocortical neurons regulate their firing patterns via spike frequency adaptation (Landisman 

and Connors, 2007). TMEM16B expression in thalamocortical neurons is involved in regulating 

spike frequency adaptation and medium afterhyperpolarization (mAHP) currents (Ha et al., 

2016). TMEM16B activation occurs due to calcium influx from T-type calcium channels 

expressed in thalamocortical neurons.  Furthermore, shRNA knockdown of TMEM16B in 

thalamocortical neurons leads to an increase in spike number, decrease in spike frequency 

adaptation, and decrease in the length of mAHP currents. TMEM16B knockdown in the 

thalamus results in enhanced visceral pain response in mice, suggesting that reducing 

TMEM16B function in thalamocortical neurons could result in behavioral deficits.  

 

TMEM16B regulation of inferior olivary neuronal function  

 The inferior olivary nucleus (IO) is situated in the medulla oblongata and plays an 

essential role in motor coordination and learning (Schweighofer et al., 2013).  IO neurons 

innervate Purkinje cells in the cerebellar cortex via climbing fibers. Dendritic voltage-gated 

calcium channels contribute to the firing characteristics of IO neurons, and these channels are in 

turn regulated by SK channels (Llinás and Yarom, 1981a, 1981b). Dendritic voltage-gated 
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calcium channels contribute to the afterdepolarization (ADP) seen during IO neuron action 

potential firing while SK channels contribute to the mAHP that follows during repolarization. 

 Recently, calcium-activated chloride currents were identified in IO neurons to be an 

additional contributor to neuronal repolarization (Zhang et al., 2017). Using a TMEM16B KO 

mouse model, where a farnesylated mCherry protein followed by a stop codon replaced exon 3 

of the TMEM16B gene, IO neurons show high expression of TMEM16B, but not TMEM16A. 

TMEM16B KO IO neurons display loss of the calcium-activated chloride tail current. In terms of 

their spike firing properties, TMEM16B KO IO neurons display longer ADPs and AHPs 

compared to WT IO neurons. This loss of regulation in the dendritic region carries over to the 

ability of KO IO neurons to fire action potentials; KO IO neurons show reduced frequency of 

spike firing, suggesting that KO IO neurons spend more time in an excitable state and reach a 

repolarized state less frequently. In addition, TMEM16B KO mice demonstrate deficits in 

cerebellar motor learning (Zhang et al., 2017),  suggesting that TMEM16B function in IO 

neurons has behavioral relevance as well.  

 

TMEM16B cerebellar cortex function 

 CaCCs have also been identified in Purkinje cells in the cerebellar cortex (Satoh et al., 

2013; Zhang et al., 2015). TMEM16A is expressed in the cell body of Purkinje cells and 

inhibitory interneurons of the cerebellar cortex while TMEM16B is expressed in the dendritic 

field of Purkinje cells (Zhang et al., 2015).  The authors demonstrate that functionally, 

TMEM16B regulates the number of inhibitory postsynaptic currents (IPSCs) in Purkinje cells. 

TMEM16B KO Purkinje cells display no differences in IPSC frequency before and after 

climbing fibers are activated, while TMEM16B WT Purkinje cells show a significant decrease in 
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IPSC frequency after climbing fiber activation. It remains to be determined as to whether loss of 

TMEM16B function in the cerebellar cortex may also contribute to cerebellar motor learning, as 

seen in the study investigating TMEM16B function in IO neurons (Zhang et al., 2017). 

 

TMEM16B relevance in human disease 

TMEM16B has been reported to be involved in various types of human disease, including 

von Willibrand’s disease (VWD), an autosomal recessive disease involving the mutation of the 

von Willibrand factor (VWF) gene, a protein important for blood coagulation. In 2007, a study 

found that patients with severe Type 3 von Willibrand’s disease (VWD) possessed a large 253 kb 

deletion of the VWF gene and part of the TMEM16B gene, both of which are located on the 

same locus of chromosome 12 (Schneppenheim et al., 2007). This sort of deletion has only been 

identified in Italian and German families. This study did not look into how TMEM16B function 

is affected by this deletion of VWF because this was before the identification of TMEM16A and 

B as CaCCs. However, a subsequent report in 2015 detailed the investigation of an Italian family 

of eight members, four of whom possessed the homozygous 253 kb deletion (Cenedese et al., 

2015). These four family members showed significant decrease in olfactory function compared 

to control unrelated Italian people of similar sex, age, and education as these family members. 

However, the other four members of the family, 3 of whom were heterozygous for the 253 kb 

deletion and 1 who had the wile type gene, did not show significant differences in olfactory 

function compared to their homozygous family members. The authors speculate that other 

factors, such as social cultural differences, could have contributed to this family’s decrease in 

olfactory function. In addition, they suggest that loss of TMEM16B function in these family 

members could have led to channel compensation as well. Since no other studies have been 
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published regarding this disease relevance, it remains to be seen whether these findings with a 

small sample size can be reproduced.  

In a genome-wide association study that sampled a population of 200 Japanese patients 

with panic disorders and 200 control patients, TMEM16B was identified as the location of a 

single nucleotide polymorphism (SNP) significantly associated with panic disorders (Otowa et 

al., 2009). Patients with panic disorders experience panic attacks and anxiety over the thought of 

having future panic attacks. This finding provides intriguing implications into the role of 

TMEM16B in regulating anxiety-related behaviors. Given that TMEM16B is expressed in areas 

of the brain implicated in anxiety-like behaviors, understanding how TMEM16B contributes to 

this behavioral output may shed light for future panic disorder treatments. Currently, no studies 

have been published thus far investigating the role of TMEM16B in anxiety-related behaviors.   

Finally, perhaps most intriguing is the identification of TMEM16B as an autoimmune 

target of multiple sclerosis (MS) (Ayoglu et al., 2016). In this study, plasma samples from over 

2000 MS patients and controls were screened and compared for autoantigens that elicit 

autoantibody responses. Immunohistochemistry conducted on human brain tissue samples show 

increased fluorescent intensity of TMEM16B in samples with MS lesions compared to control 

samples and TMEM16B protein aggregates were observed as well. MS is an autoimmune disease 

that causes inflammation of the CNS and subsequent damage and destruction of myelin sheaths. 

In 2012, the disease affected about 150 in every 100,000 people in the United States alone 

(Dilokthornsakul et al., 2016). There is currently no cure for MS, though treatments do exist to 

mitigate symptoms. Thus, identifying the autoimmune targets of MS could help us better 

understand the mechanisms underlying disease pathology for treatment development.  
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The Lateral Septum  

 The lateral septum (LS) is well established to be heavily involved in emotional and 

mood-related behaviors, including aggression, stress, fear and anxiety, maternal care, and reward 

(Sheehan et al., 2004). Classical studies investigating LS relevance in behavior demonstrate that 

LS lesions lead to exaggerated displays of aggressive and defensive behaviors (Spiegel et al., 

1940; Brady and Nauta, 1953; Albert and Chew, 1980).  However, the heterogeneity of the LS, 

both in terms of its connectivity (Risold and Swanson, 1997a) and expression of 

neurotransmitters and neuropeptides (Risold and Swanson, 1997b), have made it challenging to 

understand the neural circuitry underlying LS-associated behaviors. In this section, we will 

discuss what is known from the literature concerning LS anatomy, LS function, and its roles in 

associated behaviors.  

 

Lateral septum connectivity 

 The LS is located along the midline of the brain, medial to the lateral ventricles, anterior 

to the hippocampus, posterior to the prefrontal cortex, ventral to the neocortex, and dorsal to the 

medial septum. The LS maintains connections with many brain regions associated with the 

limbic system (Figure 1.1). The LS receives major input from the hippocampus, organized 

topographically in the dorsal to ventral direction (Risold and Swanson, 1997a). The LS maintains 

reciprocal connections with the hypothalamus, and LS innervation of the hypothalamus also 

follows a topographical organization.  

 The LS is divided into three subregions, the caudal LS (LSc), rostral LS (LSr), and 

ventral LS (LSv) (Risold and Swanson, 1997a). Each subregion has unique inputs and outputs 

with other brain regions (Sheehan et al., 2004).The LSc receives major input from the CA3 
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region of the hippocampus and synapses on the medial septum and nucleus of diagonal band 

(NDB), and these neurons then project back to the hippocampus. Medial septum complex 

innervation of the hippocampus is important for generating hippocampal theta rhythms (Stewart 

and Fox, 1990; Vertes, 2005; Bender et al., 2015). LS innervation of the medial septum complex 

regulates the generation of theta rhythm oscillations (Stewart and Fox, 1990; Gallagher et al., 

1995; Chee et al., 2015). The LSc also maintains reciprocal connections with the lateral 

hypothalamic area (LHA) and the supramammillary nucleus (Risold and Swanson, 1997a), 

which are involved in aggression (Woodworth, 1971) and arousal (Pedersen et al., 2017).   

 The LSv receives major input from the subiculum and entorhinal cortex and projects to 

anteroventral periventricular nucleus, the medial part of the MPO, the ventral premammilary 

nucleus, and the dorsomedial nucleus (Risold and Swanson, 1997a). These hypothalamic nuclei 

are all interconnected and part of the sexual dimorphic circuit involved in mediating sexual and 

parental behaviors (Simerly and Swanson, 1986; Canteras et al., 1994; Simerly, 2002). 

 The LSr receives major input from the CA1 region and the subiculum and projects to 

hypothalamic regions including the LHA, lateral preoptic area (LPO), anterior hypothalamus 

(AHN), and periaqueductal gray (Risold and Swanson, 1997a). These areas are implicated in 

locomotion and defensive behaviors (Sinnamon, 1992).  Of these output regions, the LSr 

displays the densest projections in the LPO.  The ventral part of the LSr also projects to similar 

regions as the LSv, including the lateral part of the medial preoptic area (MPO), the ventral 

premammilary nucleus, and the tuberal nucleus. The connections suggest that multiple 

subregions of the LS are implicated in sexual and parental behaviors.  

 Finally, LS neurons also innervate each other to form intraseptal connections (Staiger and 

Nurnberger, 1991; Risold and Swanson, 1997a). Related findings indicate that neurons within 
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each LS subregion are interconnected. Moreover, interseptal connections also exist. For example, 

anatomical tracing studies indicate that LSc neurons innervate LSr neurons (Risold and 

Swanson, 1997a). However, much remains to be learned about the details regarding the LS 

microcircuits and how these connections affect overall LS function.    

 

Cellular morphology and heterogeneity of the lateral septum 

 Based on Golgi/electron microscopy (EM) analysis, LS neurons can be characterized 

based on their LS subregion localization and dendritic morphologies (Alonso and Frotscher, 

1989). LSc neurons are grouped into two types. Type I LSc neurons have short, thick dendrites 

extending from a round or oval-shaped soma. These neurons have a dense covering of thick 

spines found all along their dendrites. Type II LSc neurons have long, thin dendrites that 

protrude from an oval- or triangular-shaped soma. Type II dendrites are generally covered with 

fewer spines compared to Type I dendrites. LSr neurons are also grouped into Types I and II. 

Type I LSr neurons have a medium-sized soma with a bi-tufted dendritic field while Type II LSr 

neurons have morphologies similar to those of Type II LSc neurons. All LSr neurons are 

characterized by dendrites with a sparse spine density. Finally, LSv neurons are primarily 

smaller in size with shorter dendrites compared to LSc and LSr neurons.  

 The LS is mostly composed of GABAergic projection neurons (Risold and Swanson, 

1996; Zhao et al., 2013). However, a characterization of LS chemoarchitecture suggests that the 

LS includes multiple subpopulations of neurons that express different types of neurotransmitters, 

neuropeptides, and steroid hormone receptors (Risold and Swanson, 1997b). Neurons in the LSc 

subregion are characterized by expression of somatostatin and mineralocorticoid receptors. 

Subsets of LSc neurons also express Substance P, the androgen receptor, vasopressin, dopamine, 
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and dynorphin. Neurons in the LSv are best identified by mRNA expression of the estrogen 

receptor. Finally, the LSr subregion contains the most diverse expression pattern of markers. 

Most LSr neurons express the neuropeptides enkephalin and neurotensin. Subsets of these 

neurons also express catecholamines, dopamine, noradrenaline/adrenaline, and calcitonin gene-

related peptide (CGRP).  

 The roles of some of these LS neuronal populations have been studied to understand how 

they contribute to LS function. Vasopressin has been identified as a facilitator of excitatory 

synaptic transmission and long-term potentiation (van den Hooff et al., 1989; Excitatory and 

Septum, 1990; Allaman-Exertier et al., 2007). Vasopressin injection into the LS also promotes 

intermale aggression revealed with the resident intruder paradigm (Veenema et al., 2010). 

Activation of the vasopressin receptor, AVPR1b, at CA2 presynaptic terminals at the CA2-LS 

synapse promotes social aggression (Leroy et al., 2018).  In addition, LSr neurons expressing 

type 2 corticotropin-releasing factor receptor (Crfr2), function to regulate anxious behaviors 

(Anthony et al., 2014). Activation of LS Crfr2+ neurons promotes stress-induced behaviors, 

while inhibition of LS Crfr2+ neurons dampens these behaviors. Finally, injection of Substance 

P into the rat lateral septum induced stressful responses during elevated plus maze testing 

(Gavioli et al., 1999).  

 The characterization of LS neurons in terms of their morphology and protein expression 

patterns demonstrates the breadth of cellular heterogeneity found in the LS. These findings can 

be used to better understand how specific subpopulations of LS neurons contribute to overall LS 

neuronal function and relevant behaviors.   
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The lateral septum and its role in aggression 

 An early exploratory study investigating brain function in cats discovered that broad 

lesions of the LS and adjacent brain regions leads to an exaggerated response in aggressive and 

defensive behaviors (Spiegel, Miller, and Oppenheimer 1940). Similar results are seen in rats 

when lesions were performed to the septal region, including the lateral and medial septum 

(Brady and Nauta, 1953, 1955). Increases in “emotional reactivity” and “startle responses” were 

observed in rats following the surgery, especially when researchers were attempting to handle the 

rats.  Lesions of the cingulate cortex served as control experiments, demonstrating the specificity 

of the septal region in regulating the “septal rage” phenotype.  

Subsequent studies demonstrate that inhibiting the LS with an intracranial infusion of 

lidocaine reproduced the septal rage phenotype, while lidocaine infusions to the medial septum 

lead to no detectable changes in behavior (Albert and Richmond, 1976; Albert and Wong, 1978). 

When these rats are introduced to a mouse, the rats are 50-100% more likely to kill the mouse 

(Albert and Brayley, 1979). Moreover, they are also more likely to attack another male or female 

rat (Albert and Wong, 1978).  In a separate study, rats with lesions to the ventromedial 

hypothalamus (VMH) show suppression of aggressiveness and reactivity following electrical 

stimulation of the LS, while electrical stimulation of the medial septum or cingulate cortex does 

not affect the animal’s aggressive state (Brayley and Albert, 1977). Moreover, a recent study 

demonstrates that optogenetic activation of the LS in mice engaged in attack will stop the attack, 

while inhibiting the LS with muscimol, a GABAA agonist, will increase attacks when mice are 

engaged in the resident intruder paradigm (Wong et al., 2016).  In conclusion, these studies 

support the notion that activation of the LS functions suppresses aggression while inhibition of 

the LS promotes aggression.  
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Recently, the classic role of LS function in suppressing aggression has been challenged 

by the discovery of a neural circuit from hippocampal CA2 region to dorsal regions of the LS 

that promotes aggressive behaviors (Leroy et al., 2018). Leroy and colleagues demonstrate that 

the activation of dorsal LS (dLS) neurons by CA2 pyramidal neurons leads to the inhibition of 

ventral LS (vLS) neurons and subsequent disinhibition of the VMH. With channelrhodopsin 

activation of CA2 pyramidal neurons, dLS neurons show an excitatory post-synaptic response, 

while vLS neurons show an inhibitory post-synaptic response. The authors also demonstrate that 

loss of CA2 input leads to a decrease in aggressive attacks during the resident intruder paradigm. 

Overall, these findings begin to shed light on the wiring of neurons in the LS and how the 

complex structure contributes to aggression behaviors. Most studies investigating LS 

contribution to aggression have carried out broad manipulations to the LS, thereby limiting the 

conclusions that can be made about the functional implications of this brain region.  

  

Lateral septum contribution to anxiety-related behaviors 

 Our understanding of how LS function contributes to fear and anxiety-related behaviors 

is based on the classical lesion studies previously discussed (Sheehan et al., 2004). The 

exaggerated aggressive and defensive behaviors displayed following LS lesions have also been 

interpreted to represent a disinhibition of fear, since rats post-surgery exhibit these exaggerated 

responses to non-threatening stimuli (Albert and Chew, 1980). Moreover, lesioned rats that 

undergo contextual fear conditioning also show increased freezing response during testing 

(Sparks and LeDoux, 1995; Vouimba et al., 1998).  

 Corticotropin-releasing hormone receptor 2 (Crfr2) has been identified as an important 

contributor to stress and anxiety (Bale and Vale, 2004). In the LS, a fraction of neurons express 
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Crfr2, and the injection of Crfr2 agonists causes increased anxiety (Radulovic et al., 2000). 

Similarly, optogenetic activation of LS Crfr2+ neurons projecting to the anterior hypothalamus 

promotes anxiety (Anthony et al., 2014). Mice subjected to anxiety-related behavior assays, 

including open field, elevated plus maze, and light-dark box, show increased anxiety when LS 

Crfr2+ neurons are activated compared to when LS Crfr2+ neurons are silent.  

The role of LS function in anxiety-related behaviors has also been studied under the 

context of maternal care, stress, and aggression (protecting pups from threats). Female mother 

mice subjected to a stressful situation during lactation show decreased maternal aggression 

(Gammie and Stevenson, 2006). Increased c-fos expression is also seen in the LS following the 

stressful situation.  To determine the molecular mechanisms at play in the LS, GABAA receptors 

have been identified as playing a role (Lee and Gammie, 2009). Injection of bicuculline, a 

GABAA receptor antagonist, reduced the number of attacks exhibited by lactating female mice 

during displays of maternal aggression. In addition, expression of the oxytocin receptor in the LS 

is negatively correlated with total movement during open field testing and positive correlated 

with the amount of nursing done (Curley et al., 2012).  

 

Lateral septum function in feeding behaviors 

 LS function has also been implicated in feeding behaviors, an innate behavior that is 

often dictated by mood and emotion. The ventral hippocampus (vHC), which maintains 

connections with the LS, is also involved in regulating emotional behavior and memory (Moser 

and Moser, 1998; Fanselow and Dong, 2010). Input from the vHC to the LS regulates feeding 

(Sweeney and Yang, 2015); chemogenetic activation of vHC glutamatergic neurons in CA3 

region and dentate gyrus leads to reduced feeding, while inhibition of LS neurons eliminates 
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vHC-induced reduction of feeding. These results suggest that vHC innervation of LS neurons 

affects LS inputs to downstream brain regions that regulate feeding, including the hypothalamus 

(Betley et al., 2013) and ventral tegmental area (Luo et al., 2011). In addition, the septum 

(including both LS and MS) to lateral hypothalamic area (LHA) pathway is also important for 

food intake regulation (Sweeney and Yang, 2016). Activation of vGAT-expressing septal 

neurons projecting to the LHA caused a reduction in food intake. In summary, these studies 

provide a better understanding of LS contribution to neural circuits underlying feeding and could 

lay the foundation for determining therapeutic targets for eating disorders.   

 

Lateral septum regulation of hippocampal theta oscillations  

The generation of hippocampal theta oscillations in the brain is implicated in learning and 

memory (Buzsáki, 2002; Vertes, 2005; Buzsáki and Moser, 2013). Hippocampal theta 

oscillations are large synchronous EEG signals believed to be important for spatial memory and 

navigation (Winson, 1978; Buzsáki and Moser, 2013), defensive behaviors (Chee et al., 2015), 

and locomotion (Sławińska and Kasicki, 1998; Bender et al., 2015). The hippocampus-septum 

pathway is a critical component of the neural circuit underlying theta oscillation generation 

(Rawlins et al., 1979). The hippocampus projects to the lateral septum (LS) in a topographical 

manner, with CA3 inputs projecting primarily to the caudal subregion of the LS (LSc) (Risold 

and Swanson, 1997a). With innervation by CA3, LSc neurons project to the medial septum (MS) 

and nucleus of the diagonal band (NDB), which in turn project back to CA3 to mediate the 

generation of hippocampal theta oscillations (Winson, 1978; Lawson and Bland, 1993; King et 

al., 1998; Robinson et al., 2016). LS input to the MS is important for the regulation of 

hippocampal theta and acts as a feedback system for the generation of hippocampal theta (Leung 
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et al., 1994; Pedemonte et al., 1998; Chee et al., 2015). 
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Figure 1.1. Lateral septum neural circuitry.  
Schematic of the input and output regions of the LS. Major inputs come from the hippocampus 
and reciprocal connections are maintained with hypothalamic nuclei. Arrows represent the 
direction of innervation. Abbreviations: AMY, amygdala; BNST, bed nucleus of the stria 
terminalis; EC, entorhinal Cortex; HC, hippocampus; HTH, hypothalamus; LS, lateral septum; 
LC, locus coeruleus; MS/NDB, medial septum/ nucleus of the diagonal band; NAc, nucleus 
accumbens; PAG, periaqueductal gray; Raphé, Raphé nuclei; TH, thalamus, VTA, ventral 
tegmental area. 
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CHAPTER 2: TMEM16B REGULATES ACTION POTENTIAL FIRING IN THE 

LATERAL SEPTUM AND AGGRESSION IN MALE MICE 

 

INTRODUCTION 

TransMEMbrane protein of unknown function 16B (TMEM16B, also known as 

Anoctamin-2 or Ano2) is a Calcium-activated Chloride Channel (CaCC) important for regulating 

neuronal signaling throughout the central nervous system, including the hippocampus (Huang et 

al., 2012), inferior olive (Zhang et al., 2017), thalamus (Ha et al., 2016), retina (Stöhr et al., 

2009), and olfactory epithelium (Pietra et al., 2016). Amongst these brain regions, TMEM16B 

regulates excitatory postsynaptic potential (EPSP) amplitude (Huang et al., 2012), spike duration 

(Huang et al., 2012), spike frequency (Pietra et al., 2016; Zhang et al., 2017), and/or spike 

frequency adaptation (Ha et al., 2016). TMEM16B activation, either by calcium influx or release 

of internally stored calcium, leads to chloride currents that help maintain the membrane potential 

below threshold for spike firing (Pifferi et al., 2009; Stephan et al., 2009; Stöhr et al., 2009; 

Sagheddu et al., 2010). Since calcium influx typically accompanies or induces neuronal 

signaling, TMEM16B provides a powerful means of regulating neuronal activity. 

Understandably, elimination of TMEM16B can lead to behavioral deficits. TMEM16B knockout 

mice display impaired motor learning correlated with changes in inferior olivary neuronal spike 

frequency (Zhang et al., 2017), and behavioral deficits in odor-guided food finding indicative of 

CaCC mediation of olfactory sensory neuron signal amplification (Pietra et al., 2016). Mice with 

TMEM16B viral knockdown in the thalamus exhibit increased visceral pain responses and 

decreased spike firing adaptation of thalamocortical neurons (Ha et al., 2016).  
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The lateral septum (LS) is a brain region highly implicated in aggression (Spiegel et al., 

1940; Brady and Nauta, 1953; Albert and Chew, 1980). LS lesions in mammals lead to dramatic 

displays of aggression, first coined as “septal rage,” and characterized by increased biting, 

attacks, and defensive behaviors (Spiegel et al., 1940; Brady and Nauta, 1953, 1955). Similar 

behavioral alterations result from injection of local anesthetics into the LS (Albert and 

Richmond, 1976; Albert and Wong, 1978). In support of these findings, LS input to the 

ventromedial hypothalamus (VMH) is responsible for dampening aggression (Brayley and 

Albert, 1977; Wong et al., 2016). The LS is primarily composed of GABAergic projection 

neurons (Risold and Swanson, 1996). Of the three subregions that comprise the LS— the caudal 

LS (LSc), rostral LS (LSr), and ventral LS (LSv)—the VMH receives input primarily from the 

LSv (Risold and Swanson, 1997; Toth et al., 2010). The hippocampus is a major source of input 

to the LS (Risold and Swanson, 1997). A recent study identified a neural circuit involving 

hippocampal CA2 pyramidal neurons in regulating LS input to the VMH, whereby CA2 

innervation of neurons in the dorsal regions of the LS (including the LSc and LSr) leads to LSv 

inhibition and VMH disinhibition so as to trigger aggression (Leroy et al., 2018). This circuit 

demonstrates the complexity of LS function in regulating aggression.  

A survey of TMEM16B mRNA expression patterns using the Allen Brain Atlas ISH 

Database localizes TMEM16B expression to the LSc and LSr, but not the LSv. We have 

validated TMEM16B expression in these LS subregions with immunohistochemical staining of 

mice with farnesylated mCherry inserted into the TMEM16B locus – which is simultaneously 

knocked out in the process (Zhang et al., 2017)– and these results have led us to speculate that 

TMEM16B channels may play a functional role in regulating LS neural circuitry and aggressive 

behaviors. 
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In this study, we used this TMEM16B mCherry mouse line (Zhang et al., 2017) to 

determine how CaCC contributes to LS neuronal signaling and aggressive behaviors. We found 

that TMEM16B KO mice display prolonged aggressive attacks compared to wildtype (WT) 

control mice. We identified a calcium-activated chloride current in the LS of WT but not KO 

mice, and showed that TMEM16B regulates spike frequency and spike frequency adaptation in 

subpopulations of LS neurons. Collectively, these findings suggest that TMEM16B functions to 

regulate spike firing in LS neurons, and loss of TMEM16B leads to increased spike firing and 

longer displays of aggression in male mice.  

 

RESULTS 

 

TMEM16B is expressed in the mouse lateral septum 

To examine the expression of TMEM16B in the LS, we used a TMEM16B knockout 

mouse line generated in-house (Zhang et al., 2017), wherein a farnesylated mCherry marker 

followed by a stop codon is expressed in-frame at Exon 3. This results in expression of mCherry 

that is associated with the cell membrane in cells normally expressing TMEM16B in 

heterozygous control mice, as well as homozygous mice with loss (KO) of TMEM16B function. 

Using this mouse line, we identified mCherry expression in the LS in a series of slices along the 

anterior-posterior axis (Fig. 2.1A), and observed expression in the LSc and LSr, but not the LSv. 

As revealed by double labeling of TMEM16B KO brain sections with mCherry and the pan-

neuronal marker NeuN (Fig. 2.1B,C), quantification of NeuN+ cells co-labeled with mCherry 

indicates that the great majority (93.91% ± 1.326%; mean ± SEM) of LS neurons are 

TMEM16B-expressing neurons (Fig 2.1D). Double-labeling of mCherry with other cell markers, 
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including GFAP for astrocytes and Iba1 for microglia, showed little overlap, with 5.781% ± 

1.239% of LS astrocytes expressing mCherry and 2.172% ± 0.596% of LS microglial cells 

expressing mCherry, suggesting that TMEM16B expression is restricted to LS neurons (Fig. 

2.2). Based on these results, we conclude that TMEM16B is expressed in neurons and not in 

other cell types in the LS. Furthermore, we were able to determine the output regions of 

TMEM16B-expressing LS neurons based on the farnesylated mCherry expression. We identified 

mCherry nerve fibers in certain brain regions, including the lateral preoptic area (LPO) and 

lateral hypothalamic area (LHA) (Fig. 2.3). Since no TMEM16B mRNA expression was seen in 

these regions, the mCherry expression we observed could be attributed to LS neuronal 

projections that express TMEM16B. Neuronal tracing studies have identified both LSc and LSr 

input to both the LPO and LHA (Risold and Swanson, 1997), consistent with the notion that 

TMEM16B-expressing LS neurons project to these areas of the hypothalamus. We also found 

mCherry nerve fibers in LSv (Fig. 2.3D), indicating that LSv neurons without TMEM16B 

expression receive input from TMEM16B expressing LS neurons. 

 

TMEM16B KO mice spend more time engaged in aggressive behavior  

Given the robust expression of TMEM16B in LS neurons, we hypothesized that loss of 

TMEM16B function may lead to LS-related behavioral deficits. Studies examining LS function 

have identified its role in regulating aggression (Brady and Nauta, 1953; Albert and Chew, 1980; 

Wong et al., 2016; Leroy et al., 2018). Based on this rationale, we wondered whether TMEM16B 

expression in the LS is indicative of a potential involvement in aggression. To look into this 

possibility, we performed a series of behavioral tests designed to examine aggressive behaviors 
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in TMEM16B knockout mice and compared these mutants with WT littermate controls to look 

for behavioral phenotypes (Fig. 2.4).   

Because mouse aggression has typically been studied in male mice, we generated a 

cohort of adult male TMEM16B WT (n = 36) and KO mice (n = 34) for behavioral analysis 

using a resident intruder paradigm, which would be carried out over three consecutive days (Fig. 

2.4A). We found that TMEM16B KO mice spent significantly more time attacking the intruder 

than WT mice on Days 2 and 3 (Fig. 2.4B; repeated measures 2-way ANOVA, sources of 

variation: Day F(2,136) = 4.860, p = 0.0091, Genotype F(1,68) = 8.428, p = 0.005, Interaction F(2,136) 

= 2.853, p = 0.0611; Sidak’s multiple comparison: Day 1 p = 0.9347, Day 2 p = 0.0081, and Day 

3 p = 0.0141). On Day 3, TMEM16B KO mice exhibited attacks of significantly longer duration 

when compared to WT mice (Fig. 2.4C; repeated measures 2-way ANOVA, sources of variation: 

Day F(2,136) = 4.860 (p = 0.009), Genotype F(1,68) = 8.428 (p = 0.005), Interaction F(2,136) = 2.853, 

p = 0.0611; Sidak’s multiple comparison:  Day 1 p = 0.8654, Day 2 p = 0.1093, and Day 3 p = 

0.0015). No significant difference was found in the total number of attacks across all three days 

between TMEM16B WT and KO (Fig. 2.4D; repeated measures two-way ANOVA test; sources 

of variation: Day F(2,134) = 6.763 (p = 0.0016), Genotype F(1,67) = 3.809 (p = 0.0552) Interaction 

F(2,134) = 0.9288 (p = 0.3976); Sidak’s multiple comparison: Day 1 (p = 0.7632), Day 2 (p = 

0.3673), and Day 3 (p = 0.0655)).  These findings revealed that loss of TMEM16B function led 

to an increased duration of aggressive displays towards intruders.  

In order to determine whether the resident intruder paradigm revealed a phenotype in 

aggression rather than a difference in social interaction behavior, we performed additional 

behavioral tests (Fig. 2.5). A subset of the behavioral cohort underwent a direct social interaction 

test, and TMEM16B KO mice showed no significant alteration in the amount of direct 
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interaction time with a social stimulus mouse (Student’s t-test, p = 0.3102, WT n = 13, KO n = 

13). Subjecting the same subset of mice (WT n=16, KO n=14) to the two-chamber social 

approach test also revealed no significant difference between TMEM16B KO mice and WT 

littermate controls (Fig. 2.5).  During the habituation trial, TMEM16B KO mice as well as WT 

controls showed no preference for either side of the chamber with respect to the number of 

sniffing or “interaction zone” bouts (Fig. 2.5B; repeated measures 2-way ANOVA; sources of 

variations: Interaction F(1,28) = 2.288 [p = 0.1416], Genotype F(1,28) = 2.155 [p = 0.1533], and 

Chamber side F(1,28) = 0.4520 [p = 0.5069]; Sidak’s multiple comparisons: WT p = 0.0740, KO p 

= 0.9994), interaction time (Fig. 2.5C; repeated measures 2-way ANOVA; sources of variations: 

Interaction F(1,28) = 1.557 [p = 0.2224], Genotype F(1,28) = 0.1053 [p = 0.7480], and Chamber side 

F(1,28) = 2.790 [p = 0.1060]; Sidak’s multiple comparisons: WT p = 0.0814, KO p = 0.9492), and 

time spent on each side of the chamber (Fig. 2.5D; repeated measures 2-way ANOVA; sources 

of variations: Interaction F(1,28) = 1.101 [p = 0.3030], Genotype F(1,28) = 0.01947 [p = 0.89], and 

Chamber side F(1,28) = 0.6823 [p = 0.4158]; Sidak’s multiple comparisons: WT p = 0.9834, KO p 

= 0.3754). During the social trial, both TMEM16B KO mice and WT controls showed a clear 

preference for the side of the chamber containing the social stimulus mouse with respect to 

interaction bouts (Fig. 2.5E; repeated measures 2-way ANOVA; sources of variations: 

Interaction F(1,28) = 0.5851 [p = 0.4507], Genotype F(1,28) = 2.957 [p = 0.0966], and Chamber side 

F(1,28) = 105.3 [p < 0.0001]; Sidak’s multiple comparisons: WT p < 0.0001, KO p < 0.0001), 

interaction time (Fig. 2-1F; repeated measures 2-way ANOVA; sources of variations: Interaction 

F(1,28) = 0.1643 [p = 0.6883], Genotype F(1,28) = 0.4747 [p = 0.4965], and Chamber side F(1,28) = 

152.2 [p < 0.0001]; Sidak’s multiple comparisons: WT p < 0.0001, KO p < 0.0001), and time 

spent on each side of the chamber (Fig. 2.5G; repeated measures 2-way ANOVA; sources of 
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variations: Interaction F(1,28) = 0.5545 [p = 0.4627], Genotype F(1,28) = 1.455 [p = 0.2378], and 

Chamber side F(1,28) = 57.52 [p < 0.0001]; Sidak’s multiple comparisons: WT p < 0.0001, KO p < 

0.0001). Taken together, these results suggest that TMEM16B KO mice do not show any deficits 

in social approach behavior and thus the phenotype observed in the resident intruder paradigm 

cannot be explained by confounding variables due to impaired social behavior.    

As an additional control experiment, we determined how the single housing set up during 

the resident intruder paradigm affected anxiety levels in TMEM16B WT and KO littermates. We 

administered various anxiety-related behavioral tests and found no deficits in anxiety-related 

behaviors (Fig. 2.6). A subset of the cohort (WT n = 16, KO n = 14) underwent the elevated plus 

maze test (Fig. 2.6A), which showed no significant difference in the percent of time spent in the 

open arms (Student’s t-test, p = 0.7947, see Table 2.1) or the fraction of distance traveled in the 

open arms compared to the total distance traveled (Student’s t-test, p = 0.7103). These singly 

housed TMEM16B KO mice also displayed no anxiety-related behavior phenotypes during the 

light-dark box test (Fig. 2.6B). No significant difference was detected in the percent of time spent 

on the light side of the box (Student’s t-test, p = 0.4621) nor the percent of entries into the light 

side of the box (Student’s t-test, p=0.2200).  All mice in the cohort also underwent the open field 

test (Figure 2.6C; WT n = 35, KO n = 34), which revealed no significant difference in the 

fraction of movement in the center compared to the total movement (Student’s t-test, p = 

0.8232).  In addition, no significant difference in rearing (Student’s t-test, p = 0.6361) or fine 

movement (Student’s t-test, p = 0.0773) were detected. TMEM16B KO mice did however, 

display small but significant increases in ambulatory movement (Student’s t-test, p = 0.0156). A 

minute-by-minute comparison of total movement detected significance during specific time 

points of the test (multiple Student’s t-test, p values see Table 2.1).   
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Since TMEM16B is expressed in photoreceptor cells, we decided to test whether the 

observed aggression phenotype involves alteration of TMEM16B function in the retina. We ran a 

subset of the cohort  (WT n = 16, KO n = 13) through the Morris Water Maze cued platform 

training test (MWM) (Fig. 2.7). During MWM, TMEM16B KO mice displayed no deficits in 

visual function compared to WT littermates with respect to the latency to reach the platform (Fig. 

2.7A; multiple Student’s t-test, see Table 2.2), distance traveled to reach the platform  (Fig. 2.7B; 

multiple Student’s t-test, see Table 2.2), and swim speed (Fig. 2-2C; multiple Student’s t-test, see 

Table 2.2). In addition, all mice underwent the visual placing response, a basic neurological 

assessment of vision. All mice in the cohort displayed a visual response. Overall, these 

observations support the notion that TMEM16B KO mice display more aggressive behavior. 

 

Major excitatory synaptic inputs to the lateral septum are maintained in TMEM16B KO 

mice 

Based on the results from the resident intruder paradigm, we reasoned that TMEM16B 

may contribute to the function of LS neurons involved in regulation of aggression.  In the 

hippocampus, TMEM16B resides within the nanodomains (Augustine et al., 2003) of excitatory 

glutamate receptors and regulates EPSP amplitude in CA1 neurons (Huang et al., 2012). We 

therefore tested whether TMEM16B affects excitatory post-synaptic responses in LS neurons. 

To determine whether synaptic responses of LS neurons are altered in the TMEM16B 

KO mice, we utilized optogenetics to stimulate projections from specific input regions (Fig. 

2.8A). The LS receives inputs from a variety of brain regions associated with the limbic system 

(Sheehan et al., 2004). We chose to focus on two major input regions: the hippocampus and the 
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hypothalamus (Swanson and Cowan, 1979; Staiger and Nürnberger, 1991b, a; Risold and 

Swanson, 1996, 1997).  Based on the high mCherry expression we observe in the LSc, we chose 

hippocampal CA3 region and the lateral hypothalamic area (LHA) as injection sites because 

these brain regions innervate the LSc (Risold and Swanson, 1997). Using a stereotaxic technique, 

we gave unilateral injections of the AAV5-CAMKII-hChR2(H134R)-EYFP virus into either 

CA3 or LHA. This allowed us to express channelrhodopsin (ChR2) specifically in excitatory 

projection neurons that innervate LS neurons. Following stereotaxic injections, brains were 

sliced and prepared for whole cell recordings in ACSF solution with 100 µM PTX.   

ChR2 at the axon terminals of presynaptic neurons from the input region with viral 

injection was activated by blue light filtered through 1 mm thick 470/40 nm excitation filters 

with 1 ms light pulses, and the evoked excitatory post-synaptic potentials (EPSPs) were recorded 

from LS neurons (Fig. 2.8B). When examining evoked EPSPs due to one input source alone, we 

found no significant differences in EPSP peak amplitude (Fig. 2.8C; ordinary 2-way ANOVA; 

sources of variations: Interaction F(1,82) = 1.044  [p = 0.3098], Genotype  F(1,82) = 0.0045 [p = 

0.9465], brain region  F(1,82) = 27.78 [p < 0.0001]; Tukey’s multiple comparisons: WT LHA vs 

WT CA3 p = 0.0003, WT LHA vs KO LHA p = 0.8855, WT LHA vs KO CA3 p = 0.0019, WT 

CA3 vs KO LHA p = 0.0020, WT CA3 vs KO CA3 p = 0.8893, KO LHA vs KO CA3 p = 

0.0117), or EPSP halfwidth (Fig. 3D; ordinary 2-way ANOVA; sources of variations: Interaction 

F(1,100) = 3.874  [p = 0.0518], Genotype  F(1,100) = 0.8975 [p = 0.3457], brain region  F(1,100) = 

21.07 [p < 0.0001]; Tukey’s multiple comparisons: WT LHA vs WT CA3 p = 0.2797, WT LHA 

vs KO LHA p = 0.8754, WT LHA vs KO CA3 p = 0.0008, WT CA3 vs KO LHA p = 0.0599, 

WT CA3 vs KO CA3 p = 0.2009, KO LHA vs KO CA3 p < 0.0001) between TMEM16B KO 

and WT neurons.  However, when we compared evoked EPSPs due to CA3 input with evoked 
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EPSPs due to LHA input, we found that CA3-evoked EPSPs showed a greater peak amplitude 

compared to that of LHA-evoked EPSPs (Fig. 2.8C).  This was the case in both WT neurons and 

TMEM16B KO neurons, suggesting that these excitatory synaptic inputs to the LS are 

maintained in the TMEM16B KO mice.  

 We verified the viral injection into hippocampus and lateral hypothalamic area via 

immunofluorescence (Fig. 2.8A); CA3 as well as CA2 neurons express ChR2-EYFP and could 

correspond to the optogenetically activated neurons that excite LS neurons in the dorsal regions 

including LSc and LSr (Leroy et al., 2018). Immunofluorescence images of ChR2-EYFP 

expression in the LS were also characterized (Fig. 2.8E), revealing bilateral and dense 

hippocampal projections in contrast to the unilateral and sparse projection from LHA. Overall, 

these results suggest that synaptic connections to the LS are maintained and unaffected in 

TMEM16B KO mice.  

 

Calcium-activated chloride currents are present in LS neurons of WT but not TMEM16B 

KO mice 

 To test whether TMEM16B channels are functional in LS cell bodies, we recorded 

calcium-activated tail currents in voltage clamp mode (Fig. 2.9). To isolate the contribution of 

calcium-activated chloride currents, we used ACSF where NaCl was replaced with NMDG-Cl, 

which also contained TEA-Cl and 4-AP to block K+ channels. The internal solution included 

CsCl and TEA-Cl in lieu of KCl to eliminate outward currents due to K+ efflux. Cl- 

concentrations were high in both solutions to generate a theoretical ECl of 0 mV. Cells were held 

at -70 mV and pulsed to 0 mV for 1 s to allow for activation of voltage-gated calcium channels 

and Ca2+ influx (Fig. 2.9A, black traces). Cells were then pulsed down to -90 mV to elicit tail 
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currents at a potential with a large outward driving force for Cl- to induce efflux. As a same cell 

negative control, cells were then pulsed from -70 mV to +100 mV to activate Cav channels but 

eliminate the inward driving force for Ca2+ ions, with the goal of reducing the intracellular 

concentration of Ca2+ available to activate CaCCs (Fig. 2.9A, blue traces).  Using this protocol, 

we found that WT LS neurons displayed CaCC tail current of 523.9 ± 88.51 pA (mean ± SEM) 

with a 0 mV prepulse, which decreased significantly to 76.41 ± 13.8 pA with a +100 mV 

prepulse. In contrast, TMEM16B KO LS neurons displayed a mean CaCC tail current of 90.26 ± 

30.81 pA with a 0 mV prepulse and 59.47 ± 10.09 pA with a +100 mV prepulse (Fig. 2.9B; 

repeated measures 2-way ANOVA, sources of variation: Interaction F(1,25) = 24.49 [p < 0.0001], 

Genotype  F(1,25) = 25.39 [p < 0.0001], and Membrane potential  F(1,25) = 32.26 [p < 0.0001] ; 

Sidak’s multiple comparisons: WT p < 0.0001, KO p = 0.8273). These results suggest that LS 

neurons express functional CaCCs that can be eliminated by KO of TMEM16B.  

 

TMEM16B regulates spike frequency in subpopulations of LS neurons  

 Once we confirmed the presence of a functional CaCC in WT LS neurons but not 

TMEM16B KO LS neurons, we investigated the contribution of TMEM16B to neuronal 

excitability in these cells. TMEM16B has previously been shown to regulate spike frequency 

and/or spike frequency adaptation in various brain regions, including the inferior olivary nucleus 

(Zhang et al., 2017), thalamacortical neurons (Ha et al., 2016), and the olfactory bulb (Pietra et 

al., 2016). Hence, we compared spike firing properties between LS neurons of TMEM16B KO 

mice and WT controls (Fig. 2.10).  

LS neurons were recorded in current clamp mode and given 1 s current injections of 

increasing amplitude. The ACSF included 100 µM PTX and 1 mM kynurenic acid to block all 
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synaptic inputs. We found that LS neurons exhibited variability in their spike firing 

characteristics and we could functionally categorize the neurons into three easily distinguishable 

types, which we denoted as “tonic cells” (Fig. 2.10A; WT n = 29, KO n = 38), “phasic cells” 

(Fig. 2.10B; WT n = 32, KO n = 37), and “burst cells” (Fig. 2.10C; WT n = 17, KO n = 22). Our 

identification of subpopulations of LS neurons is consistent with previously published studies, 

which describe LS neurons with similar firing patterns (Gallagher et al., 1995; Kodirov et al., 

2014). Tonic cells were characterized by regular and repetitive firing throughout the pulse 

duration. As current injection amplitude was elevated, tonic KO neurons showed increased spike 

frequency compared to tonic WT neurons (Fig. 2.10A; multiple Student’s t-test, for p values see 

Table 2.3). Tonic TMEM16B KO cells also displayed a significant increase in instantaneous 

frequency in the first few spikes fired during the current pulse as compared to WT (Fig. 2.10D; 

multiple Student’s t-test, for p values see Table 2.4), suggesting that TMEM16B plays a role in 

regulating the instantaneous frequency of spike firing immediately after depolarization. Phasic 

cells were characterized by action potential firing exclusively at the beginning of the pulse 

duration, followed by quiescence, which could only be relieved by removal of the current 

injection. With elevated current injection amplitude, phasic KO neurons also showed increased 

spike frequency compared to Phasic WT neurons (Fig. 2.10B; multiple Student’s t-test, see Table 

2.3).  A third cell type, which we denoted as “burst cells”, demonstrated cyclic spike firing (Fig. 

2.10C). No significant difference in spike frequency or spike frequency adaptation was detected 

in burst cells in TMEM16B KO vs WT (Fig. 2.10C, multiple Student’s t-test, for p values see 

Table 2.3; Fig. 2.8E, multiple Student’s t-test, for p values see Table 2.4). In conclusion, our 

findings suggest that TMEM16B regulates spike frequency and spike frequency adaptation in 

subpopulations of LS neurons.   
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DISCUSSION 

 In this study, we found that a majority of neurons in the LSc and LSr are marked by 

mCherry in a TMEM16B mCherry KO mouse line (Zhang et al., 2017), indicative of TMEM16B 

expression in these dorsal regions of LS. We investigated male aggression in mutant mice with 

loss of TMEM16B function, and found that TMEM16B regulates the length of time mice are 

engaged in aggressive behaviors. Furthermore, we found that activation of voltage-gated calcium 

channels in LS neurons resulted in a calcium-activated chloride tail current, which was 

eliminated in mutants with loss of TMEM16B function. Consistent with this finding of CaCC 

activation following calcium influx through calcium channels, we identified TMEM16B function 

in regulating spike frequency and spike frequency adaptation in LS neurons.  

 Our results suggest that the loss of the ostensibly inhibitory chloride currents through 

TMEM16B channels increases the neuronal excitability of subpopulation of LS neurons and 

increases aggressive behaviors in male mice. Our findings are in agreement with the neural 

circuit for regulating aggression via hippocampal CA2 innervation of the LS (Leroy et al., 2018). 

This recent study demonstrates that the dorsal LS, which overlaps with LS regions we refer to as 

the LSc and LSr (Risold and Swanson, 1997), receives excitatory input from CA2 as well as 

CA3; activation of dorsal LS inhibits downstream LSv neurons, thus silencing their inhibitory 

input to the VMH. Consequently, silencing CA2 reduces aggression in male mice during the 

resident intruder paradigm. Given our finding that loss of TMEM16B function leads to increased 

spike firing in dorsal LS neurons, TMEM16B KO mice likely have strengthened inhibition of the 

LSv neuron by other LS neurons that normally express TMEM16B, leading to disinhibition of 

the VMH and an increase in aggressive behaviors as we observed.  
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 In conclusion, our findings support the notion that activation of dorsal regions of the LS 

promotes aggression (Leroy et al., 2018). Although the classical understanding attributes LS 

function to suppressing aggression, many of these studies involved broadly manipulating the LS, 

either via lesions (Spiegel et al., 1940; Brady and Nauta, 1953; Albert and Richmond, 1976), 

electrical stimulation (Brayley and Albert, 1977), or optogenetic activation (Wong et al., 2016). 

Thus, these studies do not take into account the complex LS microcircuitry that has only begun 

to be elucidated (Leroy et al., 2018). Connections between LS subregions are known to be 

organized in such a way that LS neurons within an individual subregion maintain connections 

with one another, while also projecting in dorsoventral and mediolateral directions to 

neighboring LS subregions (Alonso and Frotscher, 1989; Staiger and Nürnberger, 1991b; Risold 

and Swanson, 1997). Further investigation of the mechanisms underlying LS microcircuit 

function is necessary to better understand its regulation of aggression.  

Whereas our study supports the notion that TMEM16B expressing LS neurons in dorsal 

regions are excited by hippocampal neurons to cause disinhibition of VMH leading to aggressive 

behaviors, it remains possible that additional hypothalamic nuclei are involved in regulating 

aggression. We identified mCherry expression of LS axon terminals in downstream 

hypothalamic regions, namely the LHA and LPO (Fig. 1-2). These results are consistent with LS 

connectivity studies revealing innervation of the LHA and LPO by both the LSc and LSr (Risold 

and Swanson, 1997). Notably, electrical stimulation of the LHA leads to increased aggressive 

behavior (Smith et al., 1970; Woodworth, 1971; Koolhaas, 1978; Kruk et al., 1983), and 

reciprocal connections exist between the VMH and LHA (Canteras et al., 1994). Moreover, the 

LPO maintains reciprocal connections with the medial preoptic area (MPO), another 
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hypothalamic nucleus implicated in aggression (Chiba and Murata, 1985; Albert et al., 1986). 

Therefore, LS input to the LHA and LPO may contribute to regulating aggression as well.   

Future study of the brain regions that receive innervation of TMEM16B-expression LS 

neurons, whether it be the LSv or downstream hypothalamic nuclei, would be instrumental in 

understanding how LS neurons are integrated within the broader neuronal circuitry underlying 

aggressive social behaviors. It seems likely that the change in spike frequency and spike 

frequency adaptation detected in subpopulations of LS neurons lacking TMEM16B would 

correlate with changes in postsynaptic activity in downstream neurons. Moreover, examination 

of the specific projections of the TMEM16B expressing LS neurons may provide additional 

insight regarding the circuits involved in regulating aggressive behaviors. 

 In summary, our study of TMEM16B in the lateral septum provides the first 

demonstration of the presence and function of calcium-activated chloride channels in this brain 

region. Our investigation of the role of TMEM16B at the physiological and behavior levels 

provides insight into how TMEM16B regulates LS neuronal excitability. Our study raises 

intriguing questions regarding how LS function and regulation may contribute to aggressive 

behavior. It also provides an example as to how different subregions of the LS in this complex 

neural circuit may have different channel compositions for activity modulation and vary in their 

contributions to the regulation of aggression and related behaviors.  
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MATERIALS AND METHODS 

 

ANIMALS 

 All experimental mice used in this study were bred from the TMEM16B mCherry KO 

mouse line (Zhang et al., 2017). All animal experiments were done in strict accordance with the 

Guide for the Care and Use of Laboratory Animals by the National Institutes of Health. All 

animal protocols used in this study were approved by the Institutional Animal Use and Care 

Committee at the University of California San Francisco.  

 

ACUTE BRAIN SLICE PREPARATION  

Male and female TMEM16B WT and KO mice ages 16- 32 weeks old were anesthetized 

using isoflurane and perfused with ice-cold NMDG-based cutting solution (in mM): 93 NMDG, 

2.5 KCl, 1.2 NaH2PO4, 20 HEPES, 25 glucose, 5 Sodium Ascorbate, 2 Mannitol, 3 Sodium 

Pyruvate, 10 MgSO4, 0.5 CaCl2, pH ~7.3-7.4, ~300-310 mOsm.  Brains were immediately 

removed and submerged in ice-cold NMDG cutting solution. Brains were sliced into 350 µm 

sections using a Leica VT 1000S vibratome (Leica Biosystems, Buffalo Grove, IL). Slices were 

placed in a holding chamber in NMDG-based cutting solution at 33OC for 15 minutes, then 

transferred to a second holding chamber at room temperature containing HEPES-based ACSF 

solution (in mM): 92 NaCl, 2.5 KCl, 1.2 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 

Sodium Ascorbate, 2 Mannitol, 3 Sodium Pyruvate, 2 MgSO4, 2 CaCl2, pH 7.3-7.4, ~300-310 

mOsm. All solutions were equilibrated with 5% CO2 + 95 % O2. Slices were held at room 

temperature for at least 45 minutes before being used for recordings.  

 



	 41	

SLICE ELECTROPHYSIOLOGY AND OPTOGENETIC RECORDINGS 

Whole-cell patch clamp recordings were performed on prepared brain slices and 

continuously perfused with ACSF using a peristaltic pump and equilibrated with 5% CO2 + 95 % 

O2.  For EPSP and action potentials recordings, slices were perfused with ACSF using the 

following recipe (in mM): 127 NaCl, 1.8 KCl, 26 NaHCO3, 12 KH2PO4, 1.3 MgSO4, 2.4 CaCl2, 

15 glucose. The pH was adjusted to within a range of 7.3-7.4 using HCl.  Osmolarity was 

adjusted to a range of 300-305 mOsm. A K-Methanesulfonate-based internal solution was used 

(in mM): 135 K-Methanesulfonate, 6.5 KCl, 2 MgCl2, 4 Na-ATP, 0.2 EGTA, 10 HEPES, pH 

~7.2 with KOH, ~290-300 mOsm. The slice chamber was kept at 33OC during recordings.  

For tail current recordings, slices were perfused with an NMDG-Cl ACSF solution (in 

mM): 120 NMDG, 20 HEPES, 1.3 MgSO4, 2.5 CaCl2, 5 TEA-Cl, 15 glucose. A CsCl-based 

internal solution was used (in mM):  135 CsCl, 10 HEPES, 10 TEA-Cl, 2 MgCl2, 0.1 EGTA, pH 

~7.2 with Cs OH, ~290-300 mOsm.  The slice chamber was kept at room temperature during 

recordings.  

All recordings were done using the patch clamp amplifier, MultiClamp700B (Molecular 

Devices, San Jose, CA), the data acquisition system Digidata 1322A (Molecular Devices, San 

Jose, CA), Axioskop2 FS plus upright microscope (Carl Zeiss Microscopy, Jena, Germany), and 

Clampex9 (Molecular Devices, San Jose, CA).  Neurons were visualized with a CCD Camera 

(Hamamatsu, Hamamatsu City, Japan). Pipette tips were pulled the day of use with a P-1000 

Pipette Puller (Sutter Instruments, Novato, CA) with seal resistances of 4-9 MΩ. Pipette tips 

were made of thick/standard wall borosilicate glass (ID 0.86 mm, OD 1.50 mm). Optogenetic 

recordings were done using a Lambda DG4 light source (Sutter Instruments, Novato, CA). 

Neutral density filters were used to regulate light intensity and determine the threshold amount of 
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light necessary for EPSP activation. Pharmacological drugs used include 100 µM Picrotoxin 

(Tocris), 1 mM Kynurenic Acid (Sigma Aldrich), 5 mM 4-Aminopyridine (Sigma Aldrich), and 

10 mM TEA-Cl (Sigma Aldrich). All drugs were dissolved in the ACSF solution. All 

electrophysiology data was analyzed using Clampfit10 and Graphpad Prism 6 (GraphPad Prism, 

RRID: SCR_002798).. Only cells with access resistance < 40 MΩ were analyzed. Passive leak 

was subtracted from tail current recordings offline prior to subsequent analysis.  

 

IMMUNOHISTOCHEMISTRY 

Male and female TMEM16B KO mice 4-5 weeks old were anesthetized using isoflurane 

and perfused with 1x phosphate buffered saline (PBS), followed by 4% Paraformaldehyde (PFA) 

in 1x PBS. After brain dissection, brains were placed in 4% PFA for 4 hours followed by 30% 

sucrose for two days. Brains were frozen in OCT and sectioned into 30 um thick coronal sections 

using a Leica CM3050 S cryostat (Leica Microsystems, Buffalo Grove, IL). Brain sections not 

used immediately were stored in cryoprotectant solution at -20oC (40% 1X PBS, 30% ethylene 

glycol, 30% glycerol).  

Brain sections underwent free-floating immunohistochemistry (IHC) for antibody 

labeling. Sections were washed in 1x PBS for 5 min, and then placed in boiling citrate buffer 

solution (0.05% Tween 20, 114 mM sodium citrate, pH 6.0) for 5 min to perform antigen 

retrieval. Following two 3 min 1x PBS washes for cool-down, sections were incubated in 

blocking solution (0.3% Triton, 3% Normal Goat Serum in 1x PBS) for one hour at room 

temperature. Sections were incubated in primary antibodies diluted with blocking solution 

overnight at 4OC. Primary antibodies used include mouse monoclonal anti-NeuN 

1:500 (Millipore Cat# MAB377, RRID: AB_2298772), rabbit polyclonal anti-DsRed-Express 
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1:2500 (Clontech Laboratories, Inc. Cat# 632496, RRID: AB_10013483), rabbit polyclonal anti-

GFAP 1:100 (Sigma-Aldrich Cat# G9269, RRID: AB_477035) Rabbit polyclonal anti-Iba1 

1:1500 (Wako Cat# 019-19741, RRID: AB_839504), and chicken polyclonal anti-mCherry 

1:4000 (Novus Cat# NBP2-25158, RRID: AB_2636881). Sections underwent three 10 min 1x 

PBS washes. Secondary antibodies diluted with blocking solution were applied to sections for 1 

hour at room temperature.  Secondary antibodies include Goat Anti-Mouse IgG (H+L) Alexa 488 

1:1000 (Thermo Fisher Scientific Cat# A-11001, RRID: AB_2534069), Goat Anti-Rabbit IgG 

(H+L) Alexa 568 1:1000 (Molecular Probes Cat# A-11036, RRID: AB_143011), Goat Anti-

Rabbit IgG (H+L) Alexa488 1:1000  (Molecular Probes Cat# A-11008, RRID: AB_143165), and 

Goat Anti-Chicken IgY# (IgG)(H+L) Cy3 1:1000 (Jackson ImmunoResearch Labs Cat# 103-

165-155, RRID: AB_2337386). Next, sections underwent three 10 min 1x PBS washes. Sections 

were mounted onto Superfrost Plus Microscope Slides (Thermo Fisher Scientific, Waltham, 

MA). Glass coverslips were placed on top of the slides using 150 µl DAPI Fluoromount-G 

mounting media (SouthernBiotech, Birmingham, AL).  

 

MICROSCOPY AND CELL COUNT ANALYSIS 

All fluorescent imaging was done using a Leica SP5 or Leica SP8 confocal microscope 

(Leica Microsystems, Buffalo Grove, IL). Tile scan images were taken at 20x magnification. LS 

cell count images were taken at 63x magnification. The LS was divided into 6-7 equal areas 

based on the location of mCherry expression. Z-stack confocal images with 3 um z-step sizes 

were taken of each LS area and cells double-labeled for mCherry and the specific cell type 

marker were manually counted throughout the entire stack using ImageJ (ImageJ, RRID: 

SCR_003070). The number of double-labeled cells was summed up across all areas of the LS 
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from both brain hemispheres. The sample size for the cell count analysis was n=5. For each 

sample, two 30 µm sections were selected for cell count analysis. 	

 

BEHAVIORAL ASSAYS 

Male TMEM16B WT and KO mice 20-33 weeks of age were transferred to the Gladstone 

Behavioral Core and acclimated to new housing at least 2 weeks prior to any testing. Researchers 

conducting all behavioral tests were blinded to the mouse genotype during testing and analysis. 

Statistical analysis for all behavioral tests was completed using Graphpad Prism 6 (GraphPad 

Prism, RRID: SCR_002798).  

 

Resident intruder paradigm  

Resident mice included male TMEM16B WT and KO mice. C57B6 male mice 16 weeks 

of age were purchased from Jackson Laboratories (https://www.jax.org/strain/000664) and 

served as intruder mice. All intruder mice were group housed 5 per cage and identified with ear 

punch(s). Resident mice were identified with a tattoo on their hindpaw toes.  

All mice were brought to the testing room and allowed to acclimate 1 hour prior to 

testing.  For three consecutive days, a novel intruder mouse was placed into the home cage (10” 

x 7” x 6.5”) of the resident mouse for a maximum of 10 minutes. Each intruder mouse was tested 

only once per day and each resident mouse was introduced to a different intruder mouse each 

day. The cohort was split in half and tested over the span of two weeks. The resident-intruder 

social interaction was video recorded for later analysis.  Videos were analyzed for the number 

and duration of “attacks” exhibited by the resident mouse. An “attack” was defined as any 

moment when a resident mouse was seen biting the intruder mouse. Any attack lasting 30 
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seconds or longer was immediately terminated and the remainder of the testing session for that 

resident was also terminated. For statistical analysis, resident mice that exhibited these types of 

prolonged “attacks” were given a maximum value equal to the 3rd Quartile + 1.5(Interquartile 

Range) for the calculated measurements of total time and numbers of attacks based on the 

genotype-specific population values. This equation was based on the assumption that these mice 

would be considered outliers in a normally distributed sample set.  

 

Open field test  

Mice were brought into the testing room to acclimate 1 hour prior to testing in normal 

light. Mice were placed in the middle of clear acrylic enclosures (41 x 41 x 30 cm) that were 

housed inside larger sound and light attenuating cubicles (Lafayette Instruments, Lafayette, IN). 

All mice were allowed to freely explore the enclosure for 15 minutes. The Flex-field/Open Field 

Photobeam Activity System (San Diego Instruments Inc., San Diego, CA) was used to track 

ambulatory and fine movements as well as rearing behavior using infrared photobeam arrays 

placed just outside the enclosure. The box was cleaned with 70% ethanol between mice.  

 

Elevated plus maze test  

Mice were brought into the testing room to acclimate in dim light 1 hour prior to testing. 

Mice were placed in the center of an elevated plus maze (Kinder Scientific Inc., Poway, CA) at 

the start of testing and allowed to freely explore the maze for 10 minutes. The elevated plus maze 

was situated 63 cm above the ground and was comprised of two “closed” arms (38 x 5 x 5 cm) 

with high walls (16.5 cm) and two “open” arms (38 x 5 x 5 cm) without any walls. The software 
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recorded time and distance traveled as well as the entries into each arm using infrared photobeam 

breaks. The maze was cleaned with 70% ethanol between mice.  

 

Light-dark box test  

Mice were brought into the testing room to acclimate 1 hour prior to testing in normal 

light. The light-dark box apparatus consisted of a clear acrylic enclosure (41 x 41 x 30 cm) that 

was divided into two equal halves by inserting a smaller dark box (20.5 x 20.5 x 30 cm) into one 

end of the enclosure (San Diego Instruments, San Diego, CA). The light-dark box enclosures 

were housed inside larger sound and light attenuating cubicles (Lafayette Instruments, Lafayette, 

IN). At the start of testing, mice were placed on the “light” side of the enclosure. Mice were 

allowed to freely explore both sides of the enclosure for 10 minutes. An archway opening at the 

bottom and middle of the dark box allowed mice to go between the “light” and “dark” sides of 

the enclosure. The Flex-Field/Open Field Photobeam Activity System recorded the movement 

and time spent in each side of the light-dark box with an infrared photobeam array placed just 

outside the enclosure. The chamber was cleaned with 70% ethanol between mice.  

 

Direct social interaction test  

Mice were transferred to the testing room 1 hour prior for acclimation. One experimental 

mouse and one social stimulus mouse were placed into a novel home cage (10” x 7” x 6.5”) 

absent of any bedding and allowed to directly interact with one another for 10 minutes. C57B6 

male mice 16 weeks of age from Jackson Laboratories (https://www.jax.org/strain/000664) were 

used as social stimulus mice. Stimulus mice were labeled on their back with an odorless marker 

to differentiate between the stimulus and experimental mice.  Each stimulus mouse was used up 
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to three times per day, each time with a different experimental mouse. Interactions were video 

recorded and analyzed by hand for the total amount of time mice spent directly interacting with 

one another.  Interactions included perioral contact, anogentical contact, rough play, etc... The 

novel home cage was cleaned in between mice with 70% ethanol. 

 

Two chamber social approach test  

The two-chamber social approach test measures sociability by determining the amount of 

time experimental mice spend and interact with a social stimulus mouse on the “social side” 

versus the “non-social side” of the chamber. The test was conducted using white acrylic boxes 

(24” x 16” x 8.75”) that were placed inside larger light and sound attenuating cubicles (Lafayette 

Instruments, Lafayette, IN). The boxes were split in half using a clear acrylic divider with an 

archway opening in the bottom middle that allowed access between the two sides of the box. The 

upper left and right corners of each chamber contained two small enclosures, one of which 

housed the social stimulus mouse. C57B6 male mice 16 weeks of age from Jackson Laboratories 

(https://www.jax.org/strain/000664) were used as the social stimulus mice. 

Mice were transferred to the testing room 1 hour prior to start of testing. Prior to social 

approach testing, the social stimulus mice were habituated to the enclosure space for two 15 

minute sessions. Between sessions, the stimulus mice were returned to their home cage for an 

approximately 20 minute intertribal interval. On the day of social approach testing, the 

experimental mice first underwent a 10 minute habituation trial, where they were allowed to 

freely explore the chambers and empty enclosures.  Next, the experimental mouse was blocked 

on the non-social side of the chamber while the social stimulus mouse was placed into the small 

enclosure on the “social side”. The social approach trial was then immediately conducted with 
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the experimental mouse again being allowed to freely explore the chambers and enclosures for 

an additional 10 minutes. Chambers were cleaned with 70% ethanol between each experimental 

mouse tested. All trials were video recorded with cameras mounted from above. Videos were 

later analyzed using CleverSys TopScan software (CleverSys Inc., Reston, VA) for the total 

number of bouts and time spent on the “social” and “non-social” sides of the chamber, and 

within a 2 cm “interaction” zone around the “social” and “non-social” enclosures. 

 

Morris water maze cued platform training test 

Mice underwent testing using the cued platform version of the Morris water maze task. 

The training was conducted using a pool (122 cm diameter, 50 cm high) filled with opaque water 

with the addition of white, non-toxic tempra paint in order to test visual procedural learning 

ability. The testing consisted of two phases: pretraining and cued platform testing. The 

pretraining phase took place on day 1 in which the mice learned to swim to a hidden platform 

submerged under the water in the middle of a rectangular training track (15 cm x 122 cm) that 

spanned the length of the pool.  Once mice located the platform, they were allowed to remain 

there for 10 seconds before being removed by the experimenter. Mice that jumped off the 

platform were guided back by the experimenter’s hand. Mice underwent ten consecutive trials, 

with each successive trial starting from the opposite end of the track during the pretraining phase.  

Next, the cued platform training took place on days 2-4. During each trial, mice were 

placed into the pool facing the wall and allowed 60 seconds to find the cued platform, which was 

submerged 1.5 cm underwater but visually “cued” by the black and white striped mast (15 cm 

tall) placed in its center. Mice were allowed to remain on the cued platform for an additional 10-

20 seconds before being removed from the pool. The drop location was consistent for all animals 
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but varied from trial to trial while the cued platform location was consistent for all mice but 

varied per session amongst the four different pool quadrants. Each testing session consisted of 

two trials, with a 15 minutes intertrial interval and two sessions were conducted each day with an 

approximately 3 hour intersession interval. All sessions were recorded and measurements were 

with EthoVision video tracking system (Noldus Information Technology, Lessburg, VA).  

 

Visual placing response  

The visual placing response of each mouse was determined by suspending them by the 

tail and lowering them toward a solid surface such as a countertop. If the mouse lifts its head and 

reached its forelimbs towards the object, it was considered to have a normal visual placing 

response. 

 

STEREOTAXIC SURGERY  

Mice were anesthetized with 2% vaporized isofluorane with O2 and administered a 

mixture of ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg) via intraperitoneal (IP) injection 

and subcutaneous (SC) injections of meloxicam (5-10 mg/kg), buprenorphine (0.05-01 mg/kg), 

and ampicillin (10-20 mg/kg). Mice were prepped for surgery by shaving and cleaning the head 

and skull with alcohol wipes and iodine. Surgeries were done using a Robot Stereotax (Neurostar 

Stereotaxic, Tubingen, Germany), Olympus SZ61 microscope, and a constant flow of 1% 

vaporized isofluorane with O2. Mice were injected using a Hamilton syringe with 500 nl of 

AAV5-CAMKII-hChR2(H134R)-EYFP with titer ≥ 1×10¹³ vg/mL (Penn Vector Core, 

Deisseroth Lab). Coordinates used for experiments include: CA3 region (-2.18 AP, -2.14 ML, 

2.21 DV) and the LHA (-1.46 AP, -0.85 ML, 5.1 DV). 
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 On Post-Surgical Day 1, mice were given SC injections of meloxicam (5-10 mg/kg) and 

ampicillin (10-20 mg/kg). Mice were also given SC injections of buprenorphine (0.05-01 mg/kg) 

if pain was observed. Mice were monitored four days post surgery and weight measurements 

were recorded. 17-21 days after surgery, mice were prepped for whole cell patch clamp 

physiology experiments according to the “acute slice preparation” section.  

 

EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS 

This study used TMEM16B WT and KO mice bred from the TMEM16B mCherry KO 

mouse line (Zhang et al., 2017). All data were analyzed using Graphpad Prism 6 and all values 

reported are Mean ± SEM. For electrophysiology data, a repeated measures two-way ANOVA 

statistical analysis with multiple comparisons was conducted for statistical analysis of EPSP, tail 

current, and spike firing data. The EPSP data site used a Tukey’s multiple comparison test while 

the tail current and spike firing data utilized a Sidak’s multiple comparison test with an alpha 

value of p<0.05. Multiple Student’s t-test analysis was used for Input-Output curves generated 

from the LS neuron subpopulation dataset with an alpha value of p<0.05. For cell count data, the 

column statistics were calculated to determine the mean ± SEM of the percentage of double-

labeled cells. For behavioral data, a repeated measures two-way ANOVA statistical analysis with 

Sidak’s multiple comparisons test was conducted for the resident intruder paradigm and two-

chamber social approach test. An alpha value of p<0.05 was used for detecting statistical 

significance. Student’s t-test analysis or multiple Student’s t-test analysis were conducted for 

Direct Social Interaction Test and Morris Water Maze cued platform training with an alpha value 

of p<0.05.  
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Figure 2.1. TMEM16B is expressed in lateral septum neurons.  
A, Schematic of sagittal mouse section with location of LS (left), with depiction of LS subregion 
locations (top), TMEM16B mRNA (middle), and TMEM16B protein (bottom) expression from 
the anterior to posterior end of the LS. LS subregion images and in situ hybridization images of 
TMEM16B (gene name: Ano2) in WT mice are modified from the Allen Brain Reference Atlas 
and Allen Brain ISH database (experiment# 71587834) respectively. Fluorescence images are 
from TMEM16B knockout mice with a simultaneous in-frame knock in of a farnesylated 
mCherry marker. LS subregions include caudal LS (LSc), rostral LS (LSr), and ventral LS (LSv). 
Scale bars: 200 µm. Sagittal mouse brain diagram credit: Jonas Töle, Creative Commons 
License.  B, Fluorescent double labeling for NeuN and mCherry in TMEM16B KO LS sections 
shows mCherry expression along the membrane of TMEM16B expressing neurons. Tile scan 
20x image with stitching. Scale bar: 200 µm. C, 63x IHC image for NeuN and mCherry shows 
overlapping expression (arrowheads) of mCherry in NeuN+ cells. Scale bar: 15 µm.  
D, Quantification of mCherry+/NeuN+ cells indicates most LS neurons express mCherry. Mean 
± SEM: 93.91% ± 1.326%, n = 5.   
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Figure 2.2. No TMEM16B expression in non-neuronal cells of the lateral septum. 	
 A, Representative images of TMEM16B KO coronal sections with fluorescence labeling of (top) 
astrocyte marker, GFAP, and mCherry and (bottom) microglia marker, Iba1, and mCherry in the 
LS. Tile scan images 10x with stitching, scale bar 200 µm.  B, Representative 63x images; 
arrowheads point to mCherry+, DAPI+, GFAP- cells (top) or mCherry+, DAPI+, Iba1- cells 
(bottom); arrows point to mCherry-, DAPI+, GFAP+ cells (top) or mCherry-, DAPI+, Iba1+ 
cells (bottom); scale bar 15 µm. DAPI staining was used to identify cell bodies of GFAP+ and 
Iba1+ cells. C, Quantification of mCherry+/GFAP+ cells (top; Mean ± SEM: 5.781% ± 1.239%; 
n=5) and mCherry+/Iba1+ cells (bottom; Mean ± SEM: 2.172% ± 0.596%; n=5) indicates LS 
astrocytes and microglia do not express mCherry.  
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Figure 2.3. LS neurons with TMEM16B expression project to the ventral lateral septum 
and lateral hypothalamic regions. TMEM16B-expressing LS neurons project to lateral 
preoptic area (LPO) and lateral hypothalamic area (LHA). A, Modified Allen Brain Reference 
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Atlas images with locations of LPO (top) and LHA (bottom) delineated by black border. B, 
Modified Allen Brain ISH images for TMEM16B mRNA (gene name: Ano2) (experiment# 
71587834) (right). Black border delineates absence of TMEM16B mRNA expression in LPO 
(top) and LHA (bottom), suggesting that mCherry expression are from LS nerve fibers projecting 
to these hypothalamic regions. Arrows point to the specific brain region. C, mCherry 
fluorescence images in coronal section of TMEM16B KO mouse brain, large white border 
delineates location of mCherry axon fibers in LPO (top) and LHA (bottom). Small white borders 
delineate the caudal LS (LSc), which is part of the dorsal regions of the LS, and the ventral LS 
(LSv). Arrows point to the specific brain region. D, 63x magnification image of the LSv with 
DAPI and mCherry labeling. mCherry labels the nerve fibers in the LSv but not the cell 
membranes surrounding DAPI-labeled cell bodies. E. 63x magnification image of the LSc with 
DAPI and mCherry labeling. mCherry puncta localized to the cell membranes surrounding 
DAPI-labeled cell bodies (see arrowheads). Scale bar for 63x images: 20 µm. Scale bars for all 
coronal section images: 1000 µm. 
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	
	



	 56	

	
	
	
Figure 2.4. TMEM16B KO mice display longer bouts of aggression compared to WT 
littermates. A, Experimental timeline for resident-intruder paradigm. Experimental mice were 
introduced to a new intruder mouse each day of testing. B, TMEM16B KO mice display 
increased total attack time compared to WT littermates on day 2, (p = 0.0081) and day 3 (p = 
0.0141). 2-way ANOVA with Sidak’s multiple comparisons. C, TMEM16B KO mice display 
increased time per attack compared to WT littermates on Day 3 (p = 0.0015). 2-way ANOVA 
with Sidak’s multiple comparisons; mean ± SEM. D, TMEM16B KO mice do not show 
significant difference in total number of attacks compared to WT littermates. 2-way ANOVA 
with Sidak’s multiple comparisons. Sample size: WT n = 35, KO n = 34. Error bars show the 
SEM. 
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Figure 2.5. TMEM16B KO mice show no difference in sociability compared to WT 
littermates. A, No significant difference detected during Direct social interaction test between 
TMEM16B KO and WT littermates. Student’s t-test conducted, p = 0.3102. Sample size: WT n = 
13, KO n = 13. B, Schematic of Two chamber social approach test. C-E, Habituation Trial: both 
TMEM16B WT and KO mice show no preference for either side in terms of interaction bouts 
(C), interaction time (D), or side time (E). 2-way ANOVA with Sidak’s multiple comparisons. 
Sample size: WT n = 16, KO n = 14. F-H, Social Trial: Both TMEM16B WT and KO mice 
show a significant preference for the social side of the chamber in terms of interaction bouts (F; 
p < 0.0001), interaction time (G; p < 0.0001), and side time (H; p < 0.0001). 2-way ANOVA 
analysis with Sidak’s multiple comparisons. Sample size: WT n = 16, KO n = 14. Error bars 
show the SEM. 
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Figure 2.6. Comparison of TMEM16B WT and KO during anxiety-related behavioral tests. 
A, All TMEM16B KO mice and WT littermates underwent the Open Field test. TMEM16B KO 
mice show increased total movement (p = 0.0166) and ambulatory activity (p = 0.0156) 
compared to WT. No significant differences detected in total fine movement, center/total 
movement, and rearing.  Student’s t-test conducted, sample size WT n = 36, KO n = 34. Units 
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are “arbitrary units” (au), determined by the software as number of infrared beam breaks. B-C, 
Subset of TMEM16B WT and KO mice underwent Elevated Plus Maze (EPM) and Light Dark 
Box (LD). B, No significant difference detected between TMEM16B KO and WT in % time 
spent in the EPM open arm and the fraction of distance traversed in the open arm compared to 
the total distance. Student’s t-test, p > 0.05.  C, No significant difference detected between 
TMEM16B KO and WT in % time spent on the light side during LD and the proportion of 
entries into the light side. Student’s t-test, p > 0.05. Sample size: WT n = 16, KO n = 14. All 
error bars show the SEM.  
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Figure 2.7. TMEM16B KO mice show normal visual function.  
TMEM16B WT and KO littermates were assessed for latency to reach platform (A), distance 
traveled to reach platform (B), and swim speed (C) in the Morris Water Maze (MWM) Visual 
Cue Learning Test.. A, No significant difference in latency to reach platform seen between 
TMEM16B KO mice and WT controls for most trials, except trial 9 (p = 0.0286).  B, No 
significant difference in distance traveled to reach platform, except trials 7 (p = 0.0428) and 9 (p 
= 0.0177). C, No significant difference in swim speed. Multiple Student’s t-test analysis. Sample 
size: WT n = 16, KO n = 13.  
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Figure 2.8. Major excitatory synaptic inputs to the lateral septum are maintained in 
TMEM16B KO mice.   
A, AAV5-CamKII-hChR2(H134R)-EYFP was stereotaxically injected into two major excitatory 
LS input regions: CA3 region of the hippocampus and the lateral hypothalamic area (LHA). 
Coronal image modified from Allen Brain Reference Atlas. Scale bars: 200 µm. B, 
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Representative traces of evoked EPSP responses from optogenetic stimulation of ChR2 in the 
LS. 1 ms pulse of blue light was flashed onto LS neurons.  C, TMEM16B KO mice show no 
difference in evoked EPSP amplitude compared to WT, regardless of input region. CA3 evoked 
EPSPS show higher amplitude compared to LHA evoked EPSPs. 2-way ANOVA analysis with 
Tukey’s multiple comparisons. *p < 0.05, **p < 0.01, ***p < 0.001. Sample size: LHA WT n = 
27, LHA KO n = 29, CA3 WT n = 22, CA3 KO n = 26. Error bars show the SEM. D, 
TMEM16B KO mice show no difference in evoked EPSP halfwidth compared to WT, regardless 
of input region. However, CA3 evoked EPSPs display longer halfwidths in TMEM16B KO 
compared to LHA evoked EPSPs in TMEM16B WT (p = 0.0008) and KO (p < 0.0001) mice. 2-
way ANOVA analysis with Tukey’s multiple comparisons. Sample size: LHA WT n = 27, LHA 
KO n = 29, CA3 WT n = 22, CA3 KO n = 26. Error bars show the SEM. E, Histological images 
of fixed LS coronal sections following unilateral AAV injection show expression of ChR2-EFYP 
in CA3 and LHA from the rostral to caudal end of the LS. Scale bars: 200 µm. 
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Figure 2.9. TMEM16B KO mice show loss of calcium-activated chloride current.   
A, Representative traces of Cl- tail currents in WT and TMEM16B KO LS neurons. Whole cell 
recordings were performed in voltage clamp mode and tail currents were measured 100 ms 
following a pulse to -90 mV (red arrow). Black traces represent pulses given from -70 mV to 0 
mv, blue traces represent pulses given from -70 to 100 mV.  B, WT LS neurons display a tail 
current at -90 mV following an activating pulse to 0 mV that is significantly smaller when the 
neuron is activated to 100 mV instead (p < 0.0001).  TMEM16B KO LS neurons exhibit reduced 
tail current amplitudes following a 0 mV activating pulse that are not significantly affected by 
pre-activation at 100 mV (p = 0.8273). 2-way ANOVA with Sidak’s multiple comparisons. 
Sample size: WT n = 14, KO n = 18. All error bars show the SEM.  
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Figure 2.10. TMEM16B regulates action potential firing in LS neurons.  Representative 
traces of three distinct firing behaviors, denoted “tonic cells” (A), “phasic cells” (C), and “burst 
cells” (E) are shown during 150 pA current injections.  A, TMEM16B KO tonic cells show 
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significant increase in spike number compared to WT at 150 pA (p = 0.0197). Student’s t-test. B, 
Input-output curve of mean spike number in tonic cells with varying amounts of current 
injection.  TMEM16B KO tonic cells show significant increase in spike number compared to 
WT with current injections ≥90 pA. Multiple Student’s t-test, p < 0.05 for current injections from 
90 pA to 200 pA. C, TMEM16B KO phasic cells show significant increase in spike number 
compared to WT at 150 pA (p = 0.0478). Student’s t-test. D, Input-output curve of mean spike 
number in phasic cells with varying current injection amounts.  TMEM16B KO phasic cells 
show significant increase in spike number compared to WT with current injections of ≥150 pA. 
Multiple Student’s t-test, p < 0.05 for current injections of 150 pA, 190 pA, and 200 pA. E, 
TMEM16B KO burst cells show no significant difference in spike number compared to WT at 
150 pA (p = 0.1037). Student’s t-test. F, Input-output curve of mean spike number in burst cells 
with varying amounts of current injection.  TMEM16B KO burst cells show no significant 
difference in spike number compared to WT. Multiple Student’s t-test conducted, p > 0.05. G-H, 
Instantaneous frequency for tonic and burst cells calculated at 150 pA current injection. 
TMEM16B KO tonic cells show increased instantaneous frequency at the first (p = 0.0468), 
second (p = 0.0408), and fourth (p = 0.0307) spikes fired compared to WT. Multiple Student’s t-
test.  TMEM16B KO burst cells show no significant difference in instantaneous frequency 
compared to WT. Multiple Student’s t-test, p > 0.05. Sample size: tonic cells WT n = 29, KO n = 
28; phasic cells WT n = 32, KO n = 37; burst cells WT n = 17 KO n = 22. Error bars show the 
SEM. 
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Table 2.1. Statistical analysis for anxiety related behavioral tests.  
The p values for Multiple Student’s t-test analysis of total movement during the open field test 
and elevated plus maze (EPM) % open arm time. Asterisks denote significance. 
 

Open Field Total 
Movement Analysis   

 EPM % Open Arm 
Time Analysis 

Minute P-value  Minute P-value 

1 0.163655  1 0.232254 

2 0.521693  2 0.413838 

3 0.116607  3 0.803273 

4 0.13791  4 0.225041 

5 0.203352  5 0.747015 

6 0.199521  6 0.511086 

7 0.86201  7 0.431376 

8 0.492491  8 0.439873 

9 0.551073  9 0.777845 

10 0.163465  10 0.375252 

11 0.17845    

12* 0.0335608    

13* 0.0366699    

14 0.455168    

15 0.0618719    
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Table 2.2. Statistical analysis for Morris Water Maze visual cue test. The p values for 
Multiple Student’s t-test analysis of measurements made during the Morris Water Maze visual 
cue test, including latency, distance, and swim speed.  Asterisks denote significance. 
 
Latency  Distance  Swim Speed 

Trial P-value Trial P-value Trial P-value 

1 0.707858 1 0.866146 1 0.204474 

2 0.317528 2 0.460162 2 0.200265 

3 0.269249 3 0.293357 3 0.96448 

4 0.942984 4 0.89208 4 0.406821 

      
5 0.54492 5 0.392889 5 0.42009 

6 0.86965 6 0.817209 6 0.684543 

7 0.0940686 7* 0.0428105 7 0.543795 

8 0.299984 8 0.370813 8 0.482329 

      
9* 0.028603 9* 0.0177375 9 0.566761 

10 0.0812904 10 0.0702795 10 0.966371 

11 0.251495 11 0.282269 11 0.893004 

12 0.766386 12 0.908166 12 0.730769 
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Table 2.3. Multiple Student’s t-test analysis of spike numbers for LS neurons.  
 
Tonic 
Cells 

 Phasic 
Cells 

 Burst 
Cells 

 

Current 
(pA) 

P-value Current 
(pA) 

P-value Current 
(pA) 

P-value 

10 0.326316   10 0.753898 

20 0.136209 20 0.501596 20 0.551474 

30 0.133778 30 0.792451 30 0.5241 

40 0.124442 40 0.768352 40 0.524635 

50 0.0633547 50 0.84916 50 0.632056 

60 0.0823391 60 0.132884 60 0.721776 

70 0.0605713 70 0.264344 70 0.527415 

80 0.0629321 80 0.144574 80 0.524173 

90* 0.0331175 90 0.126257 90 0.448703 

100* 0.0313988 100 0.360978 100 0.326154 

110* 0.025 110 0.0538242 110 0.226357 

120* 0.0265525 120 0.0752733 120 0.138915 

130* 0.0275906 130 0.125782 130 0.189543 

140* 0.0219545 140 0.187951 140 0.166013 

150* 0.0197438 150* 0.0477679 150 0.103679 

160* 0.0248827 160 0.0832959 160 0.13429 

170* 0.0133304 170 0.133099 170 0.1858 

180* 0.0064734 180 0.0656934 180 0.107527 

190* 0.0116971 190* 0.0112352 190 0.12456 

200* 0.0205249 200* 0.0252302 200 0.198944 
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Table 2.4. Statistical analysis of instantaneous frequency for LS subpopulations of neurons.  
The p values for Multiple Student’s t-test analysis of instantaneous frequency at specific spikes 
fired during the current injection for tonic cells and burst cells. Asterisks denote significance.  
 

Tonic cells  Burst cells  

Spike Number P- value Spike 
Number 

P- value 

1* 0.0467645 1 0.930386 

2* 0.0407847 2 0.999246 

3 0.0606201 3 0.947354 

4* 0.0307293 4 0.681213 

5 0.129868 5 0.973329 

6 0.0919546 6 0.244878 

7 0.138767 7 0.841689 

8 0.154045 8 0.602018 

9 0.309136 9 0.486127 

10 0.232467 10     0.404894 
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CHAPTER 3: STUDIES CONCERNING TMEM16B FUNCTION IN THE 

HIPPOCAMPUS-SEPTUM PATHWAY 

 

INTRODUCTION 

The calcium-activated chloride channel (CaCC), Transmembrane protein of unknown 

function 16B (TMEM16B), plays an important role in regulating neuronal signaling throughout 

the central nervous system (Stöhr et al., 2009; Huang et al., 2012b; Ha et al., 2016; Pietra et al., 

2016; Zhang et al., 2017) and behavior (Ha et al., 2016; Pietra et al., 2016; Zhang et al., 2017). In 

Chapter 2, we discussed the characterization of TMEM16B function in the lateral septum (LS), a 

brain region implicated in emotional and mood-related behaviors, and how CaCC regulation of 

LS spike frequency correlates with male mice aggression. In this chapter, we will continue 

exploring the function of TMEM16B in the dendritic region of LS neurons and the role of CaCC 

at the synapse of hippocampal axon terminals and septal neurons.  

The lateral septum receives major innervation from the hippocampus organized in a 

topographical manner (Risold and Swanson, 1997a). In particular, the CA3 region of the 

hippocampus innervates the caudal subregion of the LS (LSc). This pathway is part of the neural 

circuit responsible for the generation of hippocampal theta oscillations, a brain wave activity 

implicated in learning and memory (Buzsáki and Moser, 2013). While much work has been done 

to understand the neural circuitry of theta rhythm generation (Rawlins et al., 1979; King et al., 

1998), the contribution of ion channels to theta oscillation remains a work in progress (Buzsáki, 

2002). Ion channels regulate both the postsynaptic potentials and membrane potentials of 

neurons, and thus can contribute to the local field potentials of a brain region. For example, the 
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activity of voltage-gated sodium channels in entorhinal cortex neurons are known to regulate 

theta rhythms (Alonso and Llinas, 1989).  

 TMEM16B is important for regulating neuronal signaling in brain regions involved in the 

neural circuit of hippocampal theta oscillations, including the hippocampus, where it regulates 

action potential duration and EPSP amplitude (Huang et al., 2012b), and the lateral septum (see 

Chapter 2), where it regulates action potential frequency and spike frequency adaptation. A 

better understanding of TMEM16B function at the synapse between hippocampal and septal 

neurons can elucidate how CaCCs contribute to the regulation of an important synaptic 

connection in the theta oscillation circuit and how CaCC function could affect theta generation 

and associated behaviors.   

 In this study, we investigated the function of TMEM16B in the dendritic region of LS 

neurons, and found no detectable role of TMEM16B in the regulation of excitatory post-synaptic 

potentials (EPSPs) and excitatory post-synaptic currents (EPSCs). We next explored TMEM16B 

contribution to pre-synaptic hippocampal axon terminals at the synapse onto septal neurons, and 

found TMEM16B regulation of neurotransmitter release from the CA3 axon terminal. Finally, 

we showed that the number of synaptic connections formed between CA3 axons and LS 

dendrites is unaffected by loss of TMEM16B. In conclusion, these results suggest that 

TMEM16B functions only at the pre-synaptic side of the hippocampal-septal synapse.  
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RESULTS 

 

Loss of TMEM16B function does not affect spontaneous or evoked excitatory post-synaptic 

activity  

 In the hippocampus, TMEM16B functions within close proximity of NMDA receptors to 

regulate excitatory post-synaptic amplitude of CA1 neurons (Huang et al., 2012b). Given the 

precedence set for TMEM16B function at the post-synaptic side, we recorded spontaneous EPSC 

activity in TMEM16B WT and KO LS neurons and looked for differences in EPSC peak 

amplitude and halfwidth (Fig. 3.1A-B). Our results show no significant differences in 

spontaneous EPSC frequency between TMEM16B KO and WT LS neurons (Fig. 3.1A; p=8041, 

Student’s t-test). In addition, we observed no difference in mean EPSC peak amplitude (Fig. 

3.1B, middle; p=0.2877, Student’s t-test) or mean EPSC halfwidth (Fig. 3.1B, right; p=0.2796, 

Student’s t-test). We also saw no difference in the frequency distribution for EPSC peak 

amplitude values between TMEM16B WT and KO LS neurons (Fig 3.1C, left). We observed a 

slight shift in the frequency distribution for EPSC halfwidth values, with significance detected 

for EPSC halfwidth durations of 18 ms (p=0.0363), and 24-28 ms (p=0.0241, p=0.0212, 

p=0.0300) (Fig. 3.1C, right; multiple Student’s t-test). These results suggest that there may be 

slight increase in duration of EPSCs in TMEM16B KO LS neurons compared to WT. However, 

the effect does not appear systematic at all higher halfwidth values, and the mean EPSC 

halfwidths do not provide supporting evidence. Moreover, optogenetic stimulation of LS neurons 

in TMEM16B WT and KO brain slices do not show any differences in evoked EPSP amplitude 

or halfwidth (see Chapter 2).  
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 Since TMEM16B is activated by calcium, we performed an additional experiment to 

maximize the amount of calcium influx through repeated stimulation of the cell. We recorded 

EPSP temporal summation from TMEM16B WT and KO LS neurons (Fig. 3.1D). Neurons were 

stimulated using optogenetic activation of channelrhodopsin that was introduced via an AAV5-

CAMKII-ChR2-EYFP virus injected stereotactically into the CA3 region of TMEM16B WT and 

KO mice 17-21 days prior to recording. Our results show no significant differences in mean 

EPSP peak amplitude for each consecutive EPSP recorded during the summation (Fig. 3.1D, 

bottom left, Multiple Student’s t-test, p>0.05 for all comparisons) and no significant differences 

in the ratio of EPSPs (Fig. 3.1D, bottom right, Multiple Student’s t-test, p>0.05 for all 

comparisons). Overall, these results suggest that even with an increase in calcium influx through 

temporal summation there was no significant differences in excitatory post-synaptic activity in 

TMEM16B KO LS neurons compared to WT LS neurons. In summary, TMEM16B function 

does not contribute to regulation of excitatory post-synaptic potentials in the dendritic region of 

LS neurons.  

  

Loss of TMEM16B function detected at the pre-synaptic hippocampal axon terminal of the 

synapse on septal neurons  

 We investigated miniature EPSC (mEPSC) activity at the hippocampal-septal synapse to 

look for differences in single vesicle release between TMEM16B WT and KO LS neurons (Fig. 

3.2). Previous studies suggest that TMEM16B is also expressed in hippocampal neurons (Huang 

et al., 2012b), however currently no evidence supports a role for TMEM16B function at the axon 

terminals.  
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To detect mEPSCs, whole-cell voltage clamp recordings were performed with 100 µM 

PTX and 1 µM TTX in the ACSF bath solution. Our results indicate that TMEM16B KO LS 

neurons show significant increases in mEPSC frequency compared to TMEM16B WT LS 

neurons (Fig. 3.2A; p=0.0245, Student’s t-test). However, we see no significant difference in 

mEPSC peak amplitude (Fig. 3.2B; p=0.2377, Student’s t-test) or mEPSC halfwidth (Fig. 3.2C; 

p=0.4902, Student’s t-test), with respect to the frequency distributions or mean values. In 

summary, our results suggest that TMEM16B functions in the axon terminals of presynaptic 

neurons that innervate the LS to regulate the frequency of spontaneous glutamate release. Since 

the LS receives major excitatory input from the hippocampus, it is likely that most of the 

mEPSCs we observed are due to glutamate release from hippocampal pyramidal neurons.  

 Next, we investigated the paired pulse ratio in TMEM16B KO compared to WT LS 

neurons since paired pulse ratios are another determinant of pre-synaptic function (Debanne et 

al., 1996). By optogenetically stimulating two major LS input regions, the LHA and 

hippocampal CA3 region, we observe no paired pulse facilitation (PPF) or paired pulse 

depression (PPD) with LHA innervation, but we see an increase in PPF with CA3 innervation in 

mice lacking TMEM16B (Fig. 3.2D; Student’s t-test; LHA WT vs KO: p=0.4405, WT n=14, KO 

n=13; CA3 WT vs KO: p=0.0029, WT n=21, KO n=25). These results suggest that TMEM16B 

function in CA3 axon terminals may regulate transmitter release.  

In summary, the results from these sets of experiments suggest that TMEM16B function 

in CA3 axon terminals regulates both spontaneous quantal release and evoked neurotransmitter 

release.   
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Loss of TMEM16B expression does not affect synapse number at the hippocampal-septal 

synapse  

 To determine if differences seen in excitatory post-synaptic activity in TMEM16B KO 

mice were due to lack of channel function or changes in development due to TMEM16B 

deletion, we quantified the number of synapses in TMEM16B KO mice and WT littermates (Fig. 

3.3).  Based on high TMEM16B expression we observed in the LSc (see Chapter 2), we chose to 

target major LSc afferents, including the CA3 region of the hippocampus and the LHA. We 

injected the retrograde neuronal tracer, Cholera Toxin Subunit B (CTB) conjugated to Alexafluor 

488, into the LSc (Fig. 3.3A) and observed no CTB expression in the LHA, but high CTB 

expression in CA3 (Fig. 3.3B). Based on these observations, we chose to continue investigating 

the synapse quantity at the CA3-LSc synapse. We observed CTB labeling of CA3 neurons along 

the anterior to posterior axis of the hippocampus (Fig. 3.3C). We counted the number of CTB+ 

cells in CA3 and found no significant difference in CTB+ cells between TMEM16B WT 

neurons, with a count of 1385±276 (mean ± SEM) CTB+ cells, and KO neurons, with a count of 

970±142 (mean ± SEM) CTB+ cells (Fig. 3.3D; Student’s t test, p=0.1795, WT n=4, KO n=6). 

Based on these results, we conclude that differences seen in mini EPSC frequency and paired 

pulse facilitation are due to TMEM16B function rather than altered innervation of LSc neurons 

by CA3 pyramidal projections.  

 

DISCUSSION 

 In this study, we investigate the function of TMEM16B in the dendritic region of LS 

neurons. Unlike TMEM16B function in hippocampal neurons, TMEM16B function in LS 

neurons does not affect their evoked excitatory postsynaptic potentials. Surprisingly, we identify 
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TMEM16B function in the axon terminals of CA3 pyramidal neurons; loss of TMEM16B leads 

to increased paired pulse facilitation and increased miniature EPSC frequency, suggesting that 

TMEM16B contributes to the regulation of neurotransmitter release at the hippocampal-septal 

synapse. Finally, we also demonstrate that changes seen in pre-synaptic function at the 

hippocampal-septal synapse are not due to a change in the number of these synapses in 

TMEM16B mutants.  

 The findings from this study provide further insight into TMEM16B function at the axon 

terminals of CA3 hippocampal neurons. In a previous study, it was reported that TMEM16B 

function did not contribute to neurotransmitter release of CA3 neurons at the Schaffer collateral, 

based on a pharmacological approach to inhibit TMEM16B function with niflumic acid in 

wildtype mice at the Schaffer collateral (Huang et al., 2012b). In our study, we investigated the 

CA3-LS synapse using the recently generated TMEM16B knockout mouse model (Zhang et al., 

2017) and detected alterations of spontaneous and evoked excitatory postsynaptic potentials.  

The possibility that TMEM16B could selectively affect transmitter release from a specific subset 

of CA3 axon terminals remains intriguing, and recent evidence investigating the function of CA2 

pyramidal neurons at the axon terminal suggest that activation of the arginine vasopressin 

receptor 1b (AVPR1b) at the CA2-dLS synapse increases postsynaptic potentials, but no effect is 

seen on postsynaptic potentials at the CA2-CA1 synapse (Leroy et al., 2018). Thus, there appears 

to be some evidence suggesting that transmitter release might be selectively affected based on 

the axon terminals destination of innervation. However, in the context of the results concerning 

TMEM16B function, it is more likely this discrepancy reflects differences in experimental 

approach and the limitations of using a non-specific pharmacological blocker for TMEM16B.  

 Future directions include looking for changes in hippocampal theta oscillations in 
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TMEM16B KO mice compared to WT littermates. It would be interesting to see if the 

physiological changes we observe in the LS and hippocampus correlate with changes in theta 

oscillations. Moreover, it would be interesting to see how changes in theta oscillations in 

TMEM16B KO mice correlate with any phenotypic differences in behaviors associated with 

hippocampal theta, such as learning and memory and spatial navigation. In conclusion, our work 

investigating TMEM16B function at the hippocampal-septal synapse provides further insight 

into CaCC contribution in these brain regions. Our findings pave the way for better 

understanding how TMEM16B function contributes to physiology at the neuronal, circuit, and 

behavioral levels.  

 

MATERIALS AND METHODS 

 

ANIMALS 

 All experimental mice used in this study were bred from the TMEM16B mCherry KO 

mouse line (Zhang et al., 2017). All animal experiments were done in strict accordance with the 

Guide for the Care and Use of Laboratory Animals by the National Institutes of Health. All 

animal protocols used in this study were approved by the Institutional Animal Use and Care 

Committee at the University of California San Francisco.  

 

ACUTE BRAIN SLICE PREPARATION  

Male and female TMEM16B WT and KO mice ages 3-4 months old were anesthetized 

using isoflurane and perfused with ice-cold NMDG-based cutting solution (in mM): 93 NMDG, 

2.5 KCl, 1.2 NaH2PO4, 20 HEPES, 25 glucose, 5 Sodium Ascorbate, 2 Mannitol, 3 Sodium 
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Pyruvate, 10 MgSO4, 0.5 CaCl2, pH ~7.3-7.4, ~300-310 mOsm.  Brains were immediately 

removed and submerged in ice-cold NMDG cutting solution. Brains were sliced into 350 µm 

sections using a Leica VT 1000S vibratome. Slices were placed in a holding chamber in NMDG-

based cutting solution at 33OC for 15 minutes, then transferred to a second holding chamber at 

room temperature containing HEPES-based ACSF solution (in mM): 92 NaCl, 2.5 KCl, 1.2 

NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 5 Sodium Ascorbate, 2 Mannitol, 3 Sodium 

Pyruvate, 2 MgSO4, 2 CaCl2, pH 7.3-7.4, ~300-310 mOsm. All solutions were equilibrated with 

5% CO2 + 95 % O2. Slices were held at room temperature for at least 45 minutes before being 

used for recordings.  

 

SLICE ELECTROPHYSIOLOGY AND OPTOGENETIC RECORDINGS 

Whole-cell patch clamp recordings were performed on prepared brain slices and 

continuously perfused with ACSF using a peristaltic pump and equilibrated with 5% CO2 + 95 % 

O2.  For spontaneous EPSP recordings, slices were perfused with ACSF using the following 

recipe (in mM): 127 NaCl, 1.8 KCl, 26 NaHCO3, 12 KH2PO4, 1.3 MgSO4, 2.4 CaCl2, 15 

glucose. The pH was adjusted to within a range of 7.3-7.4 using HCl.  Osmolarity was adjusted 

to a range of 300-305 mOsm. A K-Methanesulfonate-based internal solution was used (in mM): 

135 K-Methanesulfonate, 6.5 KCl, 2 MgCl2, 4 Na-ATP, 0.2 EGTA, 10 HEPES, pH ~7.2 with 

KOH, ~290-300 mOsm. The slice chamber was kept at 33OC during recordings.  

All recordings were done using the patch clamp amplifier, MultiClamp700B (Axon 

Instruments), the data acquisition system Digidata 1322A (Axon Instruments), Axioskop2 FS 

plus upright microscope (Zeiss Microscopy), and Clampex9 (Molecular Devices).  Neurons were 

visualized with a CCD Camera (Hamamatsu). Pipette tips were pulled the day of use with a P-
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1000 Pipette Puller (Sutter Instruments) with seal resistances of 4-9 MΩ. Pipette tips were made 

of thick/standard wall borosilicate glass (ID 0.86 mm, OD 1.50 mm). Optogenetic recordings 

were done using a Lambda DG4 light source (Sutter Instruments) and neutral density filters to 

regulate light intensity. Pharmacological drugs used included 100 µM Picrotoxin (Tocris) and 1 

µM Tetrodotoxin (Tocris). All drugs were added to the ACSF solution. All electrophysiology 

data was analyzed using Clampfit10 and Graphpad Prism 6. Only cells with access resistance < 

40 MΩ were analyzed. Passive leak was subtracted from tail current recordings offline prior to 

subsequent analysis.  

 

STEREOTAXIC SURGERY  

Mice were anesthetized with 2% vaporized isofluorane with O2 and administered a 

mixture of ketamine (80-100 mg/kg) and xylazine (5-10 mg/kg) via intraperitoneal (IP) injection 

and subcutaneous (SC) injections of meloxicam (5-10 mg/kg), buprenorphine (0.05-01 mg/kg), 

and ampicillin (10-20 mg/kg). Mice were prepped for surgery by shaving and cleaning the head 

and skull with alcohol wipes and iodine. Surgeries were done using a Robot Stereotax 

(Neurostar, Tubingen, Germany), Olympus SZ61 microscope, and a constant flow of 1% 

vaporized isofluorane with O2. For studies using channelrhodopsin, mice were injected using a 

Hamilton syringe with 500 nl of AAV5-CAMKII-ChR2(H134R)-EYFP with titer ≥ 1×10¹³ 

vg/mL (Penn Vector Core, Deisseroth Lab). Coordinates used for experiments included: CA3 

region (-2.18 AP, -2.14 ML, 2.21 DV) and the LHA (-1.46 AP, -0.85 ML, 5.1 DV). For 

retrograde tracing studies, mice were injected using a Hamilton syringe with 500 nl of Cholera 

Toxin subunit B (Molecular Probes, Eugene, OR) into the LS (0.14 AP, -0.22 ML, 2.6 DV).  
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 On Post-Surgical Day 1, mice were given SC injections of meloxicam (5-10 mg/kg) and 

ampicillin (10-20 mg/kg). Mice were also given SC injections of buprenorphine (0.05-01 mg/kg) 

if pain was observed. Mice were monitored four days post surgery and weight measurements 

were recorded. 17-21 days after surgery, mice were prepped for whole cell patch clamp 

physiology experiments according to the “acute slice preparation” section.  

 

MOUSE PERFUSIONS  

Male and female TMEM16B KO mice 4-5 months old injected with Cholera Toxin 

subunit B were anesthetized using isoflurane and perfused with 1x phosphate buffered saline 

(PBS), followed by 4% Paraformaldehyde (PFA) in 1x PBS. After brain dissection, brains were 

placed in 4% PFA for 4 hours followed by 30% sucrose for two days. Brains were frozen in OCT 

and sectioned into 30 um thick coronal sections using a Leica CM3050 S cryostat. Brain sections 

not used immediately were stored in cryoprotectant solution at -20oC (40% 1X PBS, 30% 

ethylene glycol, 30% glycerol).  

Sections were mounted onto Superfrost Plus Microscope Slides (Fisherbrand). Glass coverslips 

were placed on top of the slides using 150 µl DAPI Fluoromount-G mounting media 

(SouthernBiotech).  

 

MICROSCOPY AND CELL COUNT ANALYSIS 

All fluorescent imaging was done using a Leica SP8 confocal microscope. Tile scan 

images were taken at 20x magnification. Cholera Toxin B+ cells in the CA3 region were 

manually counted using ImageJ (ImageJ, RRID: SCR_003070).  
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EXPERIMENTAL DESIGN AND STATISTICAL ANALYSIS 

This study used TMEM16B WT and KO mice bred from the TMEM16B mCherry KO 

mouse line (Zhang et al., 2017). All data were analyzed using Graphpad Prism 6 and all values 

reported are Mean±SEM. Spontaneous EPSCs were collected from recording files using 

Clampfit10 (Molecular Devices, San Jose, CA), miniature EPSCs were collected from recording 

files using Mini Analysis Program (Synaptosoft Inc., Fort Lee, NJ). For statistical analysis of 

data from electrophysiology and CTB+ cell count experiments, Student’s t-test or Multiple 

Student’s t-test was conducted with an alpha value of p<0.05.  
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Figure 3.1. TMEM16B function does not regulate spontaneous or excitatory post-synaptic 
firing in LS neurons. A, Representative traces of spontaneous EPSC recordings in TMEM16B 
WT and KO LS neurons (left). All recordings were done with 100 µM PTX in bath solution. No 
significant differences in spontaneous EPSC firing frequency are detected (p=0.8041, Student’s 
t-test). B, Representative traces of a single spontaneous EPSC in TMEM16B WT and KO LS 
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neurons (left). No differences in EPSC peak amplitude (p=0.2877, Student’s t-test) or EPSC 
halfwidth (p=0.2796, Student’s t-test) detected. C, No significant differences detected in 
frequency distribution of spontaneous EPSC peak amplitude (left; Multiple Student’s t-test, 
p>0.05 for all peak amplitude values). TMEM16B KO LS neurons show increased frequency of 
spontaneous EPSCs with halfwidths of 18 ms (p=0.0363), and 24-28 ms (p=0.0241, p=0.0212, 
p=0.0300) (right; Multiple Student’s t-test). A-C, Sample size: WT n=7, KO n=7. D, 
Representative traces of evoked EPSP temporal summations from TMEM16B WT and KO LS 
neurons with optogenetic stimulation, five 1 ms pulses with 50 ms intervals (top). No significant 
differences seen in EPSP amplitudes (left; Multiple Student’s t-test, p>0.05 for all comparisons) 
or EPSP ratios (right; Multiple Student’s t-test, p>0.05 for all comparisons). Sample size: WT 
n=22, KO n=23. All error bars show SEM. 
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Figure	3.2:	TMEM16B function contributes to neurotransmitter release at the 
hippocampal-septal synapse. A, Representative traces of miniature excitatory post-synaptic 
current (mEPSC) whole cell recordings of LS neurons in TMEM16B WT and KO mice (left). 
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All recordings were done with 100 µM PTX and 1µM in ACSF bath solution. Quantification of 
the number of mEPSCs show increased mEPSC frequency in TMEM16B KO LS neurons 
compared to WT LS neurons (right) (p=0.07, Student’s t-test). B, No significant differences seen 
in the frequency distribution of mEPSC peak amplitude values (left) and mean mEPSC peak 
amplitude (right) between TMEM16B WT and KO LS neurons (p=0.2377), Student’s t-test. C, 
No significant differences seen in the frequency distribution of mEPSC halfwidth values (left) 
and mean mEPSC halfwidth (right) between TMEM16B WT and KO LS neurons (p=0.4902), 
Student’s t-test. Sample size: WT n=5, KO n=7. D, Representative traces of EPSP paired pulse 
ratio recordings with two 1 ms pulses of light, 120 ms interval, via optogenetic stimulation of LS 
inputs from the lateral hypothalamic area (LHA) and CA3 region of the hippocampus (left). 
Paired pulse ratios: WT LHA =1.063, KO LHA = 0.9685, WT CA3  = 1.176, KO CA3= 1.462 
(right). 2-WAY ANOVA, Sidak’s Multiple Comparisons. Sample sizes: WT LHA n=14, KO 
LHA n=13, WT CA3 n=21, KO CA3 n=25. All error bars show SEM.  
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Figure 3.3. TMEM16B KO mice show no difference in the number of CA3 inputs 
innervating the LSc.  Injection of Cholera Toxin B with Alexa Fluor 488 conjugation into the 
LSc (A) shows high CTB expression in the CA3 region of the hippocampus and low CTB 
expression in the lateral hypothalamic area (B). C, A comprehensive characterization of CTB 
expression in CA3 shows broad expression along the anterior to posterior axis. D, Quantification 
of the number of CTB+ cells in CA3 between TMEM16B WT and KO mice show no significant 
difference (p= 0.1795). Student’s t test, WT n=4, KO n=6. Scale bars, 200 µm. All error bars 
show SEM.  
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CONCLUSIONS AND FUTURE DIRECTIONS  

 

 The work described in the previous chapters provides novel insight into the function of 

the calcium-activated chloride channel, TMEM16B, and its role in lateral septum (LS) 

physiology, circuitry, and behavior. 

 In Chapter 2, we discussed the role of TMEM16B in regulating action potential firing of 

LS neurons and its modulation of aggressive behaviors in male mice.  We identified high 

TMEM16B expression in neurons of the LS, which led us to investigate its role in regulating 

behaviors associated with LS function. We found that TMEM16B KO mice engaged in 

aggressive behaviors spend more time engaged in attack compared to their WT littermates. 

However, TMEM16B KO mice showed no differences in direct social interaction or anxiety-

related behaviors compared to WT littermates. Using whole cell recordings, we identified the 

presence of calcium-activated chloride currents in LS neurons. We identified three LS neuronal 

subpopulations based on their firing characteristics, and found that subpopulations of LS neurons 

show increased spike frequency and spike frequency adaptation in TMEM16B KO LS neurons. 

We further demonstrated that synaptic connections between the LS and its inputs regions are 

maintained despite loss of TMEM16B function.  

In Chapter 3, we further investigated the function of TMEM16B at the hippocampal-

septal synapse, an important connection with implications in the regulation of hippocampal theta 

oscillation generation. We demonstrated that TMEM16B is not required for the regulation of 

spontaneous or evoked excitatory post-synaptic activity in the dendritic region of LS neurons. 

However, we unexpectedly found that TMEM16B function is present in the axon terminals of 

the hippocampal CA3 region, where it is involved in regulating neurotransmitter release at the 
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hippocampus-lateral septum synapse.  

In summary, these studies shed light on TMEM16B function in a previously unreported 

region, the mouse lateral septum. Based on our findings, it is evident that TMEM16B regulates 

LS neuronal excitability and aggressive behaviors. It would be interesting to continue exploring 

the neural circuitry underlying the aggression phenotype we observed in the TMEM16B KO 

mouse model. The proposed neural circuit regulating aggression from CA2 to the LS (Leroy et 

al., 2018) complements our findings regarding LS regulation of aggression, and provides a 

framework with which to approach future study of TMEM16B function in the LS given that we 

observe major input from the adjacent hippocampal region, CA3 to areas of the LS that express 

TMEM16B.  

In addition, we also found the brain regions where we observe mCherry fibers in the 

TMEM16B KO mouse to be very striking. These regions include the medial septum (MS), 

nucleus of the diagonal band (NDB), lateral preoptic area (LPO), and lateral hypothalamic area 

(LHA). The MS and NDB are important in generating hippocampal theta oscillations in the 

brain, while the LPO and LHA are known to be involved in aggressive and defensive behaviors 

and locomotion. Further evidence from the literature suggest that hippocampal theta oscillations 

also help to regulate these behaviors (Bender et al., 2015; Chee et al., 2015). Thus, it’s possible 

that TMEM16B functions to regulate the firing of neurons underlying theta oscillation regulation 

and its corresponding effects on aggressive behaviors. Investigating the candidate output regions 

of TMEM16B-expressing LS neurons would help elucidate the effect of LS function on these 

neural circuits. Moreover, a thorough investigation of TMEM16B contribution to hippocampal 

theta oscillations could help us better understand how these synchronous brain waves affect the 

circuits associated with emotional and mood-related behaviors.  
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One potential caveat regarding the implications of our findings is the fact that TMEM16B 

is expressed in hippocampal pyramidal neurons (Huang et al., 2012b) and LS neurons. Given 

that our mouse model is a full knockout of TMEM16B, LS contribution to the aggression 

phenotype we observe may be confounded by TMEM16B contribution to hippocampal function. 

However, given that we observed a difference in neuronal excitability between TMEM16B KO 

and WT neurons, it’s likely (although speculative) the difference in spike firing would still 

correlate with a difference in aggression at the behavioral level.  

 Understanding TMEM16B’s role in LS function could also shed light on its role in neural 

circuits underlying mental illnesses and psychiatric disorders (Sheehan et al., 2004). Many of 

these illnesses, such as depression, schizophrenia, and anxiety disorders, remain poorly 

understood. Currently, no cures exist for these illnesses and treatments are limited. People who 

suffer from these illnesses are often stigmatized and can be, to some extent, marginalized by 

society. It’s imperative that we work to study the neural circuits underlying these diseases. 

TMEM16B function in the LS provides a means to elucidate some of these mechanisms. This 

will lead to a better understanding of LS contribution, in both healthy and abnormal settings.  
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