
 

 

 

 

 

  



 

 

 
 

 

Abstract 

The lack of Short Stature Homeobox Gene, SHOX, caused several symptoms in 

humans including the short stature, skeletal abnormalities, heart diseases and 

cognitive problems. To understand the role of SHOX and SHOX2 in humans, the study 

of homolog gene Shox2 in mice has been applied. Previous researches have revealed 

that Shox2 has important role in bone, palate, heart and hindbrain development. 

Especially, Shox2 is critical for the development of heart pacemaker cells. In this 

dissertation, we studied the role of Shox2 in the thalamus of young adult mice. 

Our results indicated that Shox2 expression during development in the forebrain 

is relatively limited in the thalamus. To study the role of Shox2 in thalamic properties 

and functions, we conducted tamoxifen inducible knock out (KO) in RosaCreERt/+, 

Shox2f/f mice. Our behavioral studied showed that Shox2 KO impairs mice total activity, 

somatosensory function and learning and memory process, suggesting Shox2 is critical 

for thalamus-related behaviors. To investigate the underlying mechanism, we 

conducted electrophysiological experiment to test physiological properties of thalamic 

neurons. Our results showed that Shox2 KO caused changes in intrinsic properties 

including decreased cell excitability. Besides, our TUNEL staining results revealed 

Shox2 inducible KO in midline thalamus οf Gbx2CreERt/+, Shox2f/f mice caused increased 

cell death in the midline thalamus. We further investigate whether pacemaking related 

ion channels are involved in cellular properties impairments caused by Shox2 KO. The 

following experiments revealed a decrease in mRNA and protein expression of Cav3.1 



 

 

 
 

and T-type calcium current density, and in mRNA and protein expression of HCN2 and 

HCN4 channels and HCN current. The similar enriched genes related to T-type calcium 

and HCN channels with heart pacemaker cells and the specific down-regulation of 

these genes by Shox2 KO suggested the critical role of Shox2 in maintenance of 

thalamic pacemaking properties and behavioral functions. Our mRNA sequencing 

results indicated that enriched differently expressed genes (DEGs) in gene ontology 

(GO) terms of cell death, neuron projection development and response to stimulus 

between CR and KO samples and thalamus specifically enriched genes are highly 

regulated by Shox2 KO, suggesting Shox2 is important for thalamic identity and survival. 
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Chapter I: Introduction 

1.1 Introduction of SHOX and SHOX2 

 SHOX, the human short stature homeobox gene, and the homologous 

gene, SHOX2, also called paired-related homeobox protein SHOT or 

homeobox protein Og12X, are transcription factors that are involved in 

development of several organs in vertebrate species (Clement-Jones et al., 

2000). In humans, SHOX is located on the pseudoautosomal region 1 of the 

sex chromosome X (Rosin, Abassah-Oppong, & Cobb, 2013). While SHOX2 is 

located on chromosome 3 (De Baere, Speleman, Van Roy, De Paepe, & 

Messiaen, 1998). Shox2 orthologues are detectable in almost all vertebrate 

species, while Shox exists in human but has not been detected in rodents, fish 

and frog. SHOX and SHOX2 are highly conserved. Human SHOX and SHOX2 

have 79% amino acid identity and the same DNA-binding domain and putative 

phosphorylation sites. Importantly, the functional redundancy in the regulation 

of heart pacemaker cells differentiation between human SHOX and mouse 

Shox2 has been demonstrated in mouse models (Liu et al., 2011). The 

extraordinary conservation of Shox2 among species, 99% amino acid identity 
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between human SHOX2 protein and mouse Shox2 protein, and the ubiquitous 

existence of Shox2 among vertebrate species indicates an indispensable role 

of Shox2 during development and evolution. Therefore, Shox2 function in 

mouse is studied to reveal the role of human SHOX and SHOX2. 

 In humans, mutation or lack of SHOX causes several diseases or 

symptoms in humans. The haploinsufficiency of SHOX contributes to the short 

stature and skeletal abnormalities of Turner Syndrome, which is caused by the 

complete or partial loss of the X chromosome (Kosho et al., 1999; Seo et al., 

2015). The mutation or haploinsufficiency of SHOX also causes other types of 

skeletal abnormality diseases, such as Leri-Weill dyschondrosteosis (Belin et 

al., 1998; Hirschfeldova & Solc, 2017), Langer syndrome (Barca-Tierno et al., 

2011; Robertson et al., 2000) and Mayer-Rokitansky-Kuster-Hauser syndrome 

(Gervasini et al., 2010). These abnormalities manifest in similar manners and 

patients share the same short and malformed forearms and lower legs as well 

as other bone development problems. Turner syndrome occurs in 1 of every 

2000 to 5000 females (Lippe, 1991), and together with all other SHOX-related 

syndromes, approximately 1 in every 1000 to 5000 humans may be affected 

(Rosin et al., 2013). 
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 SHOX2 mutations are not found in adult diseases, and it is believed to be 

because SHOX2 is critical for early heart development. A specific SHOX2 

mutation is lethal in early embryonic stage (Espinoza-Lewis et al., 2009), and a 

study of 2149 adults revealed that SHOX2 single nucleotide polymorphisms 

(SNP) variants had the strongest association with heart rate irregularities 

measured in electrocardiography (ECG), and these variants are an indicator for 

several abnormal heart conditions (Kofler et al., 2017), suggesting the 

involvement of SHOX2 in cardiac functions. 

 

1.2 Shox2 has critical roles in the development of bone, palate 

and joint in mouse. 

     Studies in mouse models also revealed that Shox2 has a critical role in 

bone development. The Shox2 conditional KO in mouse limbs caused almost 

total loss of humerus and femur (Cobb, Dierich, Huss-Garcia, & Duboule, 2006), 

and Shox2 can affect transcription of several chondrocyte proliferation and 

differentiation regulators, including Tbx4 (Glaser et al., 2014), natriuretic 

peptide B (NPPB) (Aza-Carmona et al., 2014), and bmp4/RUNX2 (Bobick & 

Cobb, 2012; Cobb et al., 2006). In addition, Shox2 knock out (KO) studies 

demonstrated that Shox2 is critical for the development of anterior palate (Yu 
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et al., 2005) and temporomandibular joint (Gu, Wei, Yu, Fei, & Chen, 2008). 

These findings in the mouse model explained the mechanisms of the short 

stature and skeletal abnormalities detected in SHOX insufficiency diseases in 

human.  

 

1.3 Shox2 is critical for the development of heart pacemaker 

nodal-like cells in mouse.  

Most neurons and working myocytes fire action potentials because of 

external signal through electrical and chemical synapses, ligand-gated 

receptors or even physical stimulation. However, some cells, called pacemaker 

cells, have automaticity and they can generate action potentials or action 

potential bursts without any external stimulation at a specific rate, similar to an 

internal clock. The most typical example is pacemaker cells in the sinoatrial 

node (SAN) of the heart which have automaticity and are important to 

synchronize working myocytes in a stable firing rate (Greisas & Zlochiver, 2016). 

Brain areas also exhibit synchronized oscillatory functions, and neurons of 

the thalamus spike in a synchronized burst status at a specific rate and 

underlie conditions such as slow wave sleep and absence seizure (He et al., 
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2015).  

The pump function of the heart depends on proper generation and 

propagation of electrical activity, mainly action potentials, in the cardiac cells. In 

normal conditions, the action potentials are initiated in the pacemaker cells in 

the SAN and propagate down through the atrium, atrioventricular node to 

ventricle which leads to contraction of atrial and ventricular myocytes 

(Nerbonne & Kass, 2005). The cells in the SAN are the primary pacemaker site 

within the heart. The pacemaker cells in the heart generate spontaneous, 

regularly-timed, and continuous action potentials. Expression of ion channels 

important for this activity in the pacemaker cells in the SAN is different from 

other myocytes. Pacemakers have low expression of voltage-gated sodium 

channels. Instead, they have high expression levels of calcium channels, 

especially T-type calcium channels, which initiate slow calcium spikes instead 

of rapid sodium spikes shown in the working myocytes (Mangoni et al., 2006). 

Especially, previous studies have shown the most important ion channels 

underlying the pacemaking properties are hyperpolarization activated HCN 

channels and hyperpolarization de-inactivated T-type calcium channels (Cribbs, 

2010; Ludwig et al., 1999). The HCN currents and T-type calcium currents are 
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activated at relatively hyperpolarized voltages and participate in sub-threshold 

depolarizations, which can lead to membrane oscillations. Thus, these currents 

are implicated in pace-making property. 

When the pacemaker cells in SAN are repolarized/hyperpolarized more 

negative than -60mV, HCN channels, especially HCN2 and HCN4 channels, 

will be activated and conduct slow, inward depolarizing non-selective cation 

current. This HCN current depolarizes the membrane, which is called 

subthreshold depolarization (or phase 4) (Figure 1.2 A). HCN current initiates 

phase 4 and depolarizes the membrane to about -50mV, which reaches the 

activation threshold of another important channel, low voltage- gated T-type 

calcium channels, which conduct the depolarizing T-type calcium current. T-

type calcium currents further depolarize the membrane up to the threshold of 

activation of L-type calcium current and maybe some voltage-gated sodium 

current, which mediate the main upstroke (phase 0) for pacemaker action 

potentials.  

Different from the pacemakers of the SAN, atrial and ventricular cells do not 

have HCN or T-type calcium currents, therefore they don’t possess automaticity. 

These cells receive upstream signals initiated from SA pacemakers and spike 



7 

 

 

 

immediately when they receive input. Besides, they have high voltage-gated 

sodium channel expression, so the upstroke of the action potential (phase 0) is 

very sharp (Figure 1.2 B). Most atrial and ventricular heart cells have a 

prolonged plateau (phase 2) which is caused by balance between L-type 

calcium current and voltage-gated potassium current. The plateau phase 

distinguishes working cardiac myocytes spikes from neurons and skeletal 

muscles and underlies the specific prolonged contraction function of the heart. 

Besides the involvement of Shox2 in the development of bone, palate and 

temporomandibular joint, several lines of evidence show that Shox2 plays a 

critical function in determining pacemaker cell fate in mouse studies. First, 

Shox2 expression is restricted to the pacemaker cells in the SAN (Ionta et al., 

2015; Puskaric et al., 2010), dorsal mesenchyme protrusion (DMP) (Sun et al., 

2015), and pulmonary vein (Ye et al., 2015). Second, knockout of Shox2 causes 

impaired expression of channels important for pacemaker activity, such as 

HCN4 and loss of pacemaker action potential properties in these regions. In 

addition, in vitro studies showed that the majority of single cells isolated from 

embryoid bodies transfected with an adenoviral vector expressing human 

SHOX2 exhibits pacemaker-like action potentials (Ionta et al., 2015). Finally, 
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Shox2 KO mice suffer embryonic lethality because of impairment of the cardiac 

pace-making function in the SAN and DMP (Espinoza-Lewis et al., 2009; Sun 

et al., 2015). These studies elucidate the determined role of Shox2 in the 

development of pace-making properties in the heart. Similar pace-making 

activities are observed in neurons throughout the nervous system.  

 

1.4 Shox2 has important roles in the nervous system in mice. 

Previous studies have shown that Shox2 has important functions in the 

nervous system. Shox2 has been shown to be required for the differentiation of 

tropomyosin receptor kinase B (TrkB) positive touch sensory neurons in dorsal 

root ganglia (DRG) (Abdo et al., 2011). Another study found that Shox2 is 

expressed in a subpopulation of excitatory interneurons in the ventral spinal 

cord (Dougherty et al., 2013). These Shox2-expressing interneurons are 

rhythmically active during locomotor-like activity, and conditional blockade of 

glutamate release in these cells affects the frequency and stability of locomotor-

like rhythm activity. Further, research from the Cobb lab showed Shox2 also 

expresses in the mouse hindbrain and is critical for the development of the 

facial motor nucleus (nVII) (Rosin, Kurrasch, & Cobb, 2015) and cerebellum 
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(Rosin, Kurrasch, et al., 2015). They found whole brain Shox2 KO resulted in 

elevated cell death in the facial motor nucleus, and correlated impaired facial 

nerves projection at E12.5-E14.5 days, and a drastic reduction in the size of 

facial motor nucleus at P0. In another study, they found inducible knock-out of 

Shox2 in cerebellum by En2-CreERT2 at E9.5 caused impaired cerebellar 

development and deficits in motor coordination. 

Interestingly, previous studies showed that Shox2 is a direct binding target 

and under regulation of Aristaless-related homeobox gene (Arx) (Fulp et al., 

2008; Poeta et al., 2013; Shoubridge, Tan, Seiboth, & Gecz, 2012). Different 

mutations in ARX in humans have been linked to at least nine distinct 

neurological disorders (Fulp et al., 2008) including X-linked infantile spasm 

disorders (Olivetti, Maheshwari, & Noebels, 2014), infantile epileptic 

encephalopathy (Guerrini et al., 2007; Kato et al., 2007), Partington syndrome 

disorders (Frints et al., 2002; Gronskov et al., 2014), autism (Turner, Partington, 

Kerr, Mangelsdorf, & Gecz, 2002) and impaired intellectual abilities (Sherr, 

2003). Mouse studies have revealed that Arx is specifically expressed in 

interneurons and regulates interneuron migration and maturation (Colombo, 

Galli, Cossu, Gecz, & Broccoli, 2004; Marsh et al., 2016; Poirier et al., 2004). 
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Arx has been found to express in the ventral thalamus and repress Shox2 

expression from embryonic to postnatal stage and postnatal estradiol 

application decreased Arx mutant-induced Shox2 upregulation and prevented 

Arx mutant-induced infantile spasms (Olivetti et al., 2014). Although, forebrain 

tissue is the main resource of brain tissue used in these studies, the detailed 

expression of Shox2 at the brain area-specific level and in cell-specific levels is 

not studied.  

 

1.5 The anatomy and function of the greater thalamus 

    The thalamus is a gray matter region located in the dorsal part of the 

diencephalon of the brain. The thalamus is best known as the main relay center 

linking different regions of neocortex with peripheral sensory input, subcortical 

nuclei, and the midbrain. Since the thalamus is located centrally in the brain 

and is important for overall brain function, =the term thalamus derives from the 

Greek word that means ‘inner chamber’ or ‘meeting place’ describing the 

location and function of the thalamus (Mashour & Alkire, 2013; Mishra & Mishra, 

2012). Historically, the thalamus was recognized as encompassing a larger 

brain region, and the term of ‘thalamus’ in some scientific papers is still 
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ambiguous. In this dissertation, we refer to the traditional ‘thalamus’ as ‘the 

greater thalamus’. The greater thalamus has been found to play an important 

role in sensory and motor information relay and processing, the generation and 

maintenance of brain rhythms, and limbic cognitive functions including emotion 

regulation and memory formation. 

    The greater thalamus is the central core nuclear complex surrounded by 

the cerebral hemispheres, and connected dorsally to hypothalamus and 

midbrain (Figure 2.1). It contains three main parts: epithalamus, thalamus and 

prethalamus (ventral thalamus). Nissl first proposed that the epithalamus is not 

part of thalamus because the epithalamus connects the hypothalamus and 

interpeduncular regions rather than cerebral hemisphere and midbrain  

(Edward G Jones, 2012). Later it was proposed that ventral thalamus is 

developmentally more similar to the subthalamus and hypothalamus, so ventral 

thalamus should not be considered as part of thalamus (Edward G Jones, 2012; 

Martinez-Ferre & Martinez, 2012). Only the dorsal thalamus typically connects 

cerebral hemispheres and midbrain and is referred to as the thalamus. 

Therefore, for simplicity in this dissertation, ‘thalamus’ means the dorsal part of 

greater thalamus, excluding prethalamus and epithalamus. 
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Epithalamus is located mediodorsally of the thalamus and forms an 

important part of third ventricle walls. It consists of two main nuclei, the pineal 

body and habenula (Concha & Wilson, 2001). The pineal gland is a small, 

pinecone-shaped endocrine gland. It produces and secretes melatonin, which 

plays an important role in an animals’ circadian rhythm and seasonal cycles 

(Fraschini, Mess, & Martini, 1968). The habenula nuclei, consist of two distinct 

regions called lateral habenula (LH) and media habenula (MH). These nuclei 

receive primary afferents from septum and stria medullaris and project to 

midbrain. The habenular nuclei have been demonstrated to play an important 

role in pain processing, learning and memory (Mathis & Lecourtier, 2017; 

Tomaiuolo, Gonzalez, Medina, & Piriz, 2014), emotion (J. Li, Li, Zhang, Shen, 

& Zhao, 2016), and motivation and reward (Hikosaka, 2010; Proulx, Hikosaka, 

& Malinow, 2014). Dysfunction of habenula can cause cognitive impairment, 

attention deficits, schizophrenic-like symptoms and mood disorders (Lecourtier, 

Neijt, & Kelly, 2004). 

Prethalamus (or also called ventral thalamus) forms a shell ventral and 

lateral to the thalamus. The main nuclei of the prethalamus are reticular nucleus 

of thalamus (RT), ventral lateral geniculate nucleus (LGN), subgeniculate 
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nucleus (SG), and zona incerta (ZI) (Watson et al., 2017).  Unlike the thalamus, 

the prethalamus does not project excitatory afferents into cerebral cortex. 

Generally, most nuclei in the prethalamus connect with other thalamic nuclei 

and play an important role in brain rhythm generation, synchronization and 

maintenance (Avanzini et al., 1992).  

The RT is located between the external medullary lamina and the internal 

capsule white matter, forming a ventral and caudal shell for the thalamus. RT 

consists of GABAergic interneurons and is typically labeled with parvalbumin 

(PV), a marker for fast-spiking interneurons. RT has been found to have at least 

seven sectors including five sensory, one motor and one limbic (Pinault, 2004) 

with a similar topographic organization of somatosensory, auditory and visual 

sectors, similar to the neocortex and thalamus (Shosaku, Kayama, & Sumitomo, 

1984). For example, the sensory afferents of the whiskers on the mystaceal pad 

of the rodent snout project to a specific barreloid region of the ventral basal (VB) 

nucleus of the thalamus. The primary relay neurons in these regions of the 

thalamus project to the specific regions of the somatosensory cortex, called the 

barrel cortex, while branching to a specific region of Rt. While the specific 

reciprocal projections from corticothalamic neurons in the barrel cortex reach 
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the same barreloid region and branch to the same region in the Rt. Neurons in 

Rt receive the excitatory inputs from specific cortical and thalamic regions and 

send inhibitory input the same thalamus regions. Thus, Rt is an important region 

to regulate thalamocortical connectivity. Rt may regulate almost all thalamus 

cell excitability, and also the thalamocortical and corticothalamic projections.  

 

 

  



15 

 

 

 

 

 

Figure 1.1 Schematic representation of a coronal view of adult mouse 

brain from rostral to caudal. The greater thalamus, consisting of epithalamus 

(yellow), thalamus (purple) and ventral thalamus (green), is connected ventrally to the 

hypothalamus, and surrounded laterally by forebrain and midbrain bundle systems, 

and bordered dorsally by hippocampus.  
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1.6 The anatomy and function of the thalamus 

    The thalamus is the largest component derived from prosomere 2 (p2) of 

the diencephalon (Martinez-Ferre & Martinez, 2012). It consists of more than 

50 nuclei (Herrero, Barcia, & Navarro, 2002). Based on common function and 

anatomical location, the thalamus can be divided into three main groups of 

nuclei by the internal medullary lamina: anterior thalamus (ΑΤΝ), medial and 

midline thalamus, and lateral thalamus. The neurons of most thalamic nuclei 

project to the layer IV of the cortex, but some project rather diffusely to upper 

cortical layers, including layer I (Cruikshank et al., 2012; Kloc & Maffei, 2014). 

Almost all incoming sensory information from the periphery  passes through 

the thalamus on the way to the cortex, so the thalamus has a critical role in 

processing and gating the flow of the information (Sherman, 2007). Some 

diffuse connections between the thalamus and cortex work as a delay and 

control center for cortex and cortex connection (Guillery, 1995; Sherman, 2016). 

In addition, the typical burst firing properties of the thalamic neurons and the 

reciprocal connection between the thalamus and prethalamus are critical for 

brain rhythm generation and maintenance.  

    The anterior thalamus nuclei group consists of anterodorsal nucleus (AD), 
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anteromedial nucleus (AM), anteroventral nucleus (AV) and laterodorsal 

nucleus (LD). ATN is considered an important part of limbic system (Seki & Zyo, 

1984), and it connects with other parts of limbic system, mainly mammillary 

bodies, prefrontal cortex, hippocampus, and hippocampal formation (Irle & 

Markowitsch, 1982). Many of these connections are reciprocal and region 

specific, such as the connection between AD and retrosplenial cortex, AV and 

anterior cingulate cortex, and AM and entorhinal cortex (Jankowski et al., 2013). 

The connections and functions of cells in the ATN can be considered as three 

parts: 1) Head direction cells, which fire only when an animal’s head points in 

a specific direction (Taube, 1995). These cell have been found to mainly 

distribute in the AD projection pathway, including AD, LD, postsubiculum, 

parasubiculum, lateral MB and dorsal tegmental nucleus of Gudden (Clark & 

Taube, 2012). This pathway has been proposed and demonstrated to merge 

external and internal sources of information, especially head direction signals, 

and contribute to spatial navigation; 2) All nuclei of ATN but mainly AM, receive 

a large input from hippocampal formation and project to the prefrontal cortex 

and take part in the loop of hippocampus-ATN-prefrontal cortex-hippocampus 

for higher cognitive and executive function (M. Li, Long, & Yang, 2015). 3) The 
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feedback loop between AV and the hippocampal formation is proposed to be 

important for generation, propagation and maintenance of brain rhythms 

between hippocampal formation and the thalamus, and these rhythms are 

important in limbic cognitive function (Jankowski et al., 2013; Tsanov et al., 

2011).  

   The middle part of the thalamus consists of three main groups of nuclei: 

medial thalamus, midline thalamus and intralaminar nuclei of thalamus.  

Mediodorsal (MD) nucleus locates medial to the internal medullary lamina and 

is the main medial nucleus of the thalamus (Mitchell, 2015). MD is the most 

studied limbic thalamic nucleus. Different sub-regions of MD have specific and 

reciprocal connections between different regions of prefrontal cortex. The MD-

PFC synchronization is thought to be critical for the function of PFC which is 

considered the core for higher cognitive function including working memory, 

selective attention and decision making (Cardoso-Cruz, Sousa, Vieira, Lima, & 

Galhardo, 2013; Parnaudeau et al., 2013).  

The midline thalamus consists of paraventricular (PVT), paratenial (PT), 

reuniens (RE) and rhomboid (RH) nuclei and is located essentially within the 

middle of the whole brain. Generally, the function of the middle thalamus is 
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related to higher cognitive functions, including memory processing, attention 

and orienting as well as reward-based behavior (Van der Werf, Witter, & 

Groenewegen, 2002). PVT and PT nuclei of the midline thalamus mainly project 

to the amygdala and nucleus accumbens (Vertes, Linley, & Hoover, 2015), and 

are involved in stress response (Bhatnagar, Huber, Nowak, & Trotter, 2002), 

feeding behavior (Choi et al., 2012) and circadian regulation (Salazar-Juarez, 

Escobar, & Aguilar-Roblero, 2002). RE and RH of midline thalamus mainly 

project to hippocampus and medial PFC. Given their connection with the 

hippocampus and mPFC, RE and RH play a role in processes such as working 

memory, long-term memory persistence and strategy shifting in memory task 

(Cholvin et al., 2013; Hallock, Wang, & Griffin, 2016; Loureiro et al., 2012).  

The intralaminar nuclei group locates within the internal medullary lamina 

and consists of several nuclei, including parafascicular nucleus (PF), central 

lateral nucleus (CL), paracentral nucleus (PCN), central medial nucleus (CM) 

and rhomboid nucleus (RH). Intralaminar nuclei project to a wide range of 

cortical and sub-cortical structure including prefrontal cortex and posterior 

cingulate (Saalmann, 2014), so are involved in a broad variety of functions, 

including arousal (Van der Werf et al., 2002), attention (Kinomura, Larsson, 
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Gulyas, & Roland, 1996), working memory (Newman & Burk, 2005), saccade 

generation and movement monitoring (Koch, 1995).  

The lateral thalamus nuclei group is defined as all nuclei between internal 

medullary lamina and external medullary lamina, including dorsal and posterior 

subgroup nuclei such as posterior complex (PO), lateral posterior nucleus (LP), 

ventral subgroup such as ventrobasal nucleus (VB), ventral medial nucleus 

(VM), ventral lateral nucleus (VL), ventral anterior nucleus (VA) and geniculate 

group, such as dorsal LGN and medial geniculate nucleus (MGN) (Takahashi, 

1985). Lateral thalamus nuclei have the most typical sensory relay functions. 

All peripheral sensory inputs except olfactory information are relayed through 

the lateral thalamus: dLGN relayed visual information (Dan, Alonso, Usrey, & 

Reid, 1998; Reinagel, Godwin, Sherman, & Koch, 1999), MGN relayed auditory 

and balance information (Wehr & Zador, 2003), VB relayed somatosensory and 

taste information (Cechetto & Saper, 1987; E. G. Jones & Friedman, 1982). In 

addition, most motor information from the Globus Pallidus is relayed by VA and 

VL to the primary motor cortex (Shipp, 2005).  

Most parts of lateral thalamus, including LGN, MGN, VB, VA and VL relay 

specific input into the specific region of the cortex and are called first order relay 
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nuclei. The relay neurons located in first order relay nuclei are also called 

thalamocortical relay neurons or principal relay neurons. They provide the main 

specific thalamocortical projection to specific primary sensory or motor cortex 

and receive reciprocal projections from the same specific cortex. They form 

thalamocortical reciprocal connection circuits which are critical for sensory 

information propagation and processing (Basso, Uhlrich, & Bickford, 2005).  

Other than these first order relay neurons, LP and PO, along with MD in 

medial thalamus, LD in anterior thalamus and intralaminar nuclei, are typical 

higher order relay neurons. They usually receive projections from primary 

sensory cortex or subcortical nuclei and project to higher order cortex such as 

medial PFC. They have important role in relaying and processing information 

between cortex. Higher order relays form important cortico-thalamo-cortico 

circuit which is essential for cortex information processing (Theyel, Llano, & 

Sherman, 2010). LP and PO are the higher order relay nuclei implicated in 

multisensory processing including visual and nociceptive information 

processing (Allen, Procyk, Howarth, Walmsley, & Brown, 2016). 

 

1.7 Electrophysiological properties of thalamus neurons 

    The thalamus is critical in controlling brain function. Electroencephalogram 
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(EEG) recordings show that mammalian brains have two distinct status. During 

wave status, especially when closing eyes and without any interruption, the 

typical EEG signal is 8-13Hz low amplitude activity (alpha waves). However, 

during deep sleep or absence seizures, the typical EEG signal is 0.5 - 4 Hz high 

amplitude activity (delta waves)(Giordano, Foppiani, Minuto, Marugo, & 

Barreca, 1973). Because of the low frequency of delta waves compared to 

alpha waves, exhibited during sleep are also called slow-wave sleep. The in 

vivo electrophysiological recording from LGN of cat revealed that thalamus cells 

have two distinct states of action potential patterns. During slow-wave sleep, 

thalamus neurons are hyperpolarized and exhibit bursts of action potentials, 

while during wave and rapid eye movement sleep (REM), thalamic neurons are 

depolarized and exhibit high frequency trains of single action potentials (Hirsch, 

Fourment, & Marc, 1983). During slow-wave sleep and absence seizure, 

thalamic neurons are relatively hyperpolarized and exhibit burst action potential 

firing patterns (Figure 2.2). Besides, the finding that the transition from sleep to 

waking is associated with the depolarization of thalamus neurons by ascending 

arousal neurotransmitters such as acetylcholine (Ach) and norepinephrine (NE) 

further indicates the critical role of the thalamus in controlling the status of the 
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whole brains (Kayama & Koyama, 2003; McCormick & Prince, 1987). 
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Figure 1.2 The morphology of typical action potentials in heart and thalamus. A-B. In 

heart, action potentials in pacemakers and working myocytes have distinct 

morphology. A. Typical action potentials in pacemakers have 3 phases. Phase 4 has 

sub-threshold depolarization mediated by HCN current and T-type calcium current. 

Phase 0 is a slow upstroke phase mediated by calcium current. Phase 3 is a smooth 

repolarization phase led by potassium current. B. Typical ventricular action potentials 

have 5 phases. Phase 4 has no sub-threshold depolarization. Phase 0 is a rapid upstroke 

phase mediated mainly by fast voltage-gated sodium current. Phase 1 is a quick and 

sharp repolarization phase mediated by A-type potassium current. Phase 2 is a 

balanced ‘plateau’ by calcium current and potassium current. Phase 3 is the same 

repolarization phase as that in pacemakers dominated by potassium current. D-E, 

Thalamic neurons (in dLGN) have two action potential patterns. C. Thalamic neurons 
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exhibit two different patterns of action potentials: tonic spikes (enlarged in Figure E) 

pattern and burst spikes pattern (enlarged in Figure D). When the membrane of 

thalamic neurons is depolarized (-58 mV in Figure), thalamic neurons exhibit tonic 

action potential pattern similar as other types of neurons. When the membrane of 

thalamic neurons is hyperpolarized (negative than -65 in Figure), thalamic neurons 

exhibit burst action potential pattern with a delta frequency (0.5Hz-4Hz). D) HCN 

current (Ih) and T-type calcium current (IT) mediate the thalamic burst spike pattern. 

HCN current is activated in hyperpolarized membrane potential and depolarized the 

membrane. The potential of membrane depolarized by HCN current reaches the 

threshold of and is further depolarized by T-type calcium current to the threshold of 

voltage-gated sodium current and L-type calcium current, therefore exhibit multiple 

fast Na+ spikes and a slow Ca2+ spike in each burst. The depolarization de-activated 

HCN current and inactivated T-type calcium current immediately before spikes and 

voltage-gated potassium current repolarizes and hyperpolarizes the membrane back 

under -65mV, at which HCN current will be activated again and the inactivation of T-

type calcium current will be removed and induced the next burst. E) The burst spike 

pattern of action potentials when the membrane of thalamic neurons is relatively 

depolarized. Figures are adapted from Dr. Sun and Dr. McCormick’s paper (McCormick 

& Bal, 1997; McCormick & Pape, 1990; Sun et al., 2015). 
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1.8. HCN2/4 channels and T-type calcium channels are 

important currents implicated in pacemaking function.  

1.8.1 HCN channels     

    Hyperpolarization-activated cyclic nucleotide-gated (HCN) channels are 

non-selective cyclic adenosine monophosphate (cAMP)-gated cation channels 

mainly distributed in the heart and brains of vertebrate animals and play roles 

in oscillatory firing patterns (Luthi & McCormick, 1998). HCN channels are 

usually activated at a hyperpolarized potential typically more negative than -

50mV with existence of Camp. The channels are permeable to non-selective 

cation ions, mainly Na+ and K+, and thus the HCN currents usually have a 

reverse potential around -30mV (Wahl-Schott & Biel, 2009). The specific 

properties of HCN channels provide interesting physiological functions, and  

their activation at hyperpolarized potential allows for depolarized membrane 

voltage. In this way, HCN channels can reverse an inhibitory input to an 

excitatory one. This transition of inhibition to excitation makes HCN channels 

allow pacemaking properties, so the channels are also called pacemaker 

channels and HCN channels underlie the automaticity properties in the heart 

and brain. The HCN currents are also called h-currents (or Ih), funny currents 
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(If), or pacemaker currents.  

There are four subtypes of HCN channels from HCN1 to HCN4. The 

voltage-dependent activation properties differ quantitatively among these four 

subtypes. The typical value of midpoint of activation voltage (V1/2) of HCN1 is 

around -70mV, while that of HCN2 and HCN4 is around -100mV in the presence 

of 1mM cAMP (Altomare et al., 2003). The activation kinetics are also different 

among these four subtypes. HCN1 is the fastest channel with a range of 

activation time constant (τ) from 25ms to 300ms depending on the voltage, 

temperature, and cAMP concentration. HCN4, on the other hand, is the slowest 

HCN channels with a 40-fold slower τ compared to HCN1 at -35 ℃, -100 mV 

and 1mM cAMP (Ishii, Takano, & Ohmori, 2001). The τ of HCN4 can be up to 

several seconds at -70mV (Wahl-Schott & Biel, 2009). The properties of HCN2 

and HCN3 channels fall between HCN1 and HCN4. 

HCN1 channels are the main HCN channels in most regions of the brains, 

including hippocampus, layer IV cells of the neocortex, and Purkinje cells of the 

cerebellum (Ludwig et al., 2003). HCN1 channels in cerebellar Purkinje cells 

have been found to be important in motor learning and postsynaptic neuronal 

signal integration (Nolan et al., 2003), and  in the hippocampal network are 
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important for theta (4-9Hz) field oscillation potentials recorded in vivo from CA1 

pyramidal layer (Nolan et al., 2004).  

The HCN2/4 channels are the most typical channels in the pacemaker cells 

of heart SA node (Ludwig et al., 1999). Compared to HCN1 channels, HCN2 

and HCN4 channels are activated at the most hyperpolarized voltage and have 

the slowest activation/inactivation kinetic (Altomare et al., 2003). These 

properties make HCN2/4 channels critical for low-frequency automaticity in the 

heart for several reasons. First, the hyperpolarized activation threshold of 

HCN2/4 makes these channels not respond to small hyperpolarization inputs 

or subtle membrane voltage fluctuation, but only to deep hyperpolarization, so 

h-current is more stable and develops its own automaticity. Secondly, the slower 

activation/inactivation kinetics of HCN2/4 make h-currents last longer and thus 

control the rhythmic oscillations at a lower frequency. Interestingly, different 

from the cortex and hippocampus with predominately HCN1 expression, HCN2 

and HCN4 expression are highly expressed in the thalamus (Fig. 1.3) (Abbas, 

Ying, & Goldstein, 2006; Notomi & Shigemoto, 2004). This high HCN2/4 

expression is very similar to that in SA node of the heart. The burst action 

potential patterns in the thalamus are also very similar like action potential 
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pattern in the SA node of the heart. The same specific expression pattern of 

HCN channels and action potential patterns suggest the possibility of same 

master gene controlling expression of these channels in the thalamus and SA 

nodal cells. 

1.8.2 T-type Ca2+ channels 

Transient-opening (T-type) calcium channels are low voltage-activated 

Ca2+ channels relative to long opening (L-type) calcium channels with higher 

activation voltage. The activation voltage threshold of T-type calcium channels 

is typically around -55 mM, compared to L-type calcium channels with an 

activation voltage threshold above -20mV (Zhou & January, 1998). T-type 

calcium channels have a rapid inactivation time and small single-channel 

current, so the T-type calcium current is a transient current at the whole cell 

level (Cheong & Shin, 2013). Although there are other subunits such as β, α2δ 

and γ subunits, the main properties of T-type calcium channels are determined 

by the pore-forming α1 subunit (Perez-Reyes, 2003). There are three types of 

T-type calcium channels in the vertebrate called Cav3.1, Cav3.2 and Cav3.3 

respectively, each of which associated with a specific α1 subunit α1G, α1H, and 

α1I, coded by the respective genes CACNA1G, CACNA1H, and CACNA1H 
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(Iftinca, 2011). T-type calcium currents are important pace-making currents in 

the nodal like cells in the heart (Cribbs, 2010; Zhou & January, 1998). Besides, 

T-type calcium channels are expressed in the thalamus (Fig. 1.3) and the 

currents are implicated in several thalamus-related physiological and 

pathological process such as sleep regulation, sensory information relay and 

absence seizure (Cheong & Shin, 2013). Because T-type calcium channels are 

inactivated at depolarized voltages and hyperpolarization can remove this 

inactivation and possess slower characteristics than voltage-gated sodium 

channels, the T-type calcium channels are usually activated when the 

membrane voltage recovers from hyperpolarization. T-type calcium currents 

can induce long rebound calcium spikes which usually cause depolarization 

sufficient to reach threshold and cause multiple Na+ spikes (Perez-Reyes, 

2003). These properties implicate T-type calcium channels in slow frequency 

automaticity. 

This dissertation investigates the expression pattern of Shox2 and the role 

of Shox2 in regulation of genes important for pace-making activity and neuronal 

functions in the thalamus. Further, I go on to demonstrate that Shox2 KO affects 

the physiological properties of thalamic neurons.   
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                            Cav3.1                Cav3.2       

Figure 1.3 The expression of HCN channels and T-type calcium channels in rodent 

brain. A) HCN1 is the main HCN channel expressing in the cortex, hippocampus and 

cerebellum in rat brain. HCN2 is expressed in the cortex, thalamus, midbrain and 

hindbrain. HCN3 is mainly expressed in piriform area. HCN4 is specifically expressed in 

the thalamus (Notomi & Shigemoto, 2004). B) The protein expression of Cav3.1 and 

Cav3.2 in mouse brain. Cav3.1 is specifically expressed in the thalamus while Cav3.2 has 

relatively low expression in the thalamus (Aguado, Garcia-Madrona, Gil-Minguez, & 

Lujan, 2016). 
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Chapter II: Methods 

2.1 Mouse introduction 

    All procedures involving mice are approved by Tulane University 

Institutional Animal Care and Use Committee (IACUC) according to National 

Institutes of Health (NIH) guidelines. All Shox2 transgenic mice were 

generously given by Dr. Yiping Chen’s lab. All C57/Bl6 mice were ordered from 

Charles River. Rosa26LacZ/+, Gbx2CreERt/+ breeders were ordered from Jackson 

Lab.  

    The first two exons in a Shox2 allele in Shox2LacZ/+ and Shox2cre/+ mice 

were partially replaced by LacZ and Cre genes so the transcriptional product 

under the Shox2 promotor in that allele is LacZ mRNA and Cre mRNA, while 

the unaffected alleles work normally (Sun, Zhang, Liu, Gu, & Chen, 2013). 

RosaCreERt/+ mice were a transgenic mouse line with tamoxifen-inducible creERt 

inserted in the Rosa26 loci. Cre-loxP recombination may occur ubiquitously 

among the organism once tamoxifen is injected to induce free Cre protein from 

CreERt under the constitutively and ubiquitously-activated Rosa26 promotor. 

Gbx2CreERt/+, in which CreERt is specifically expressed in the midline thalamus 
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of adult mouse, was used for KO of Shox2 in a specific region of the thalamus 

for a better comparison between control region of thalamus and KO region of 

thalamus. Rosa26LacZ/+ mice are a transgenic mouse line with inserted floxed 

stop signals followed by LacZ gene in Rosa26 loci (Soriano, 1999). This mouse 

strain is used to test the expression of the Cre transgene in any transgenic 

strain carrying Cre under the regulation of a specific promotor, so it is called 

‘Cre reporter’ strain in the dissertation.  

In inducible KO experiments, we crossed Rosa26CreERt/+, Shox2f/f or 

Rosa26CreERt/CreERt, Shox2f/f or Gbx2CreERt/+, Shox2f/f female mice with Shox2-/+ 

male mice. The litters were labelled and genotyped PND10. The knock-out 

group was the CreERt/+, Shox2-/f mice or CreERT/+, Shox2f/f mice and the 

control (CR) group was the littermate CreERt/+, Shox2+/f. Tamoxifen (20 mg/mL) 

was dissolved in sterile corn oil (sigma, C8267) with 10% alcohol and aliquoted. 

In the tamoxifen-inducible knock out (KO) experiments, pre-warmed tamoxifen 

(160 mg/kg) was injected to KO mice and control littermates intraperitoneally 

(IP) at the same time every day for five consecutive day. The littermate KO mice 

and CR mice of the the same sex are housed together and received the same 

handling and their individual genotypes are blinded to the experimenter. RT-
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qPCR experiments with tissue from brain stem was used to confirm the 

efficiency of Shox2 KO in brains in every animal tested. 

 

2.2 X-gal staining 

Adult Shox2LacZ/+ or Shox2cre/+, RosaLacZ/+ male mice were anaesthetized 

and sacrificed by decapitation, and the brains were removed. Brains were sliced 

at 200 μm using a Vibratome Series 3000 Plus Tissue Sectioning system. Brain 

slices were placed into ice-cold artificial cerebrospinal fluid (aCSF) in a 24-well 

plate, and fixed with 0.5% glutaraldehyde and 4% paraformaldehyde in PBS for 

15 minutes. After 3X wash with ice-cold aCSF, the slices were stained with X-

gal staining solution (X-gal (1mg/ml), potassium ferrocyanide (4 mM), 

potassium ferrcyanide (4mM), MgCl2(2 mM)) and covered by aluminum foil at 

37 °C overnight. All slices were washed and post-fixed, then images were taken 

under stereoscope. 

 

2.3 Immunohistochemistry (IHC) 

    Mice were deeply anaesthetized by injection with ketamine (80 mg/kg) 

mixed with xylazine (10 mg/Kg), transcardially perfused with PBS followed by 
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4% paraformaldehyde in PBS and decapitated for brain collection. Mouse 

brains were placed in 4% paraformaldehyde at 4 °C overnight for post-fix, 15% 

and 30% sucrose in PBS respectively at 4 °C overnight for cryostat-protection. 

Brain samples were embedded with optimal cutting temperature compound 

(O.C.T.) and stored at -20 °C and cryo-sectioned to 20 μM coronal slices with 

Leica CM3050S. The brain slices were collected and placed on microscope 

slides (Superfrost, Fisher Scientific, 22-037-246). For IHC staining, slides with 

cryostat slices samples were washed with 50 mM Tris buffered saline with 0.025% 

Triton X-100 (TTBS) and blocked in 2% Bovine serum albumin (BSA) in TTBS 

for 2 hours at room temperature. Primary antibodies were diluted in blocking 

solutions and applied on slides overnight at 4 °C. Fluorescence conjugated 

secondary antibodies were diluted 1:1000 in blocking solutions and applied on 

slides for one hour at room temperature. 1:1000 DAPI were applied for 5 

minutes at room temperature for nuclei staining. After wash, the slides were 

mounted with H-1000 mounting media and imaged under confocal microscope.  

    Antibody list: Chicken anti β-galactosidase antibody (abcam, ab9361): 

1:500; rabbit anti NeuN antibody conjugated with Cy3 (Millipore sigma, ABN78): 

1:500; mouse anti parvalbumin antibody (Millipore sigma, MAB1572): 1:500; 
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Rabbit anti GFP antibody (Novus Biologicals, NB 600-308): 1:300; Rabbit anti-

GFAP antibody (PhosphoSolution, 620-GFAP): 1:300;  

Alexa Fluor 488 Goat anti-mouse (Life technologies), 1:1000; Alexa Fluor 594 

Goat anti-rabbit (Life technologies): 1:1000; Alexa Fluor 647 Goat anti-chicken 

(Life technologies): 1:1000; 

 

2.4 Quantitative reverse transcription PCR (RT-qPCR) 

The whole thalamus was collected from adult mouse brains and 

immediately stored in RNAlaterTM RNA stabilization reagent (Qiagen,76104). 

RNA was extracted from thalamus tissue using RNeasy Mini Kit (Qiagen, 74104) 

following the standard protocol provided in the manual. The RNA concentration 

and quality were tested using Nanodrop Microvolume Spectrophotometers and 

Fluorometer and gel investigation. Reverse transcription was conducted using 

iScriptTM Reverse Transcription Supermix (Bio-rad, 1708840). Quantitative 

PCR was conducted with iTaqTM Universal SYBRR Green Supermix (Bio-rad, 

1725121) in Bio-RadR CFX96 TouchTM PCR system. Data analysis was done 

with CFX Manager software. The primer sequences of all tested genes 

including reference gene ACTB and TBP were listed in Table 1. 
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2.5 Terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) 

    The TUNEL experiments were conducted with In Situ Cell Death 

Detection Kit, Flurescein (Roche, 11684795910) following the standard protocol 

provided in the manual. Briefly, 20 μM cryostat coronal brain slices on slides 

were dried at room temperature and washed with phosphate buffered saline 

(PBS) with 0.025% Triton X-100. All slides were merged in the antigen retrieval 

buffer (10mM sodium citrate, pH= 6.0, 0.5% Triton X-100) at 95 °C for 5 minutes. 

After cooling and washing, 2% BSA in PBS was applied on slides for 1 hour at 

room temperature to block all slides. After blocking, the staining mix was applied 

to slides under the instruction of the manual. 1:1000 DAPI were applied for 5 

minutes for nuclear staining. All slides were mounted with H-1000 mounting 

media and store at 4 °C and then imaged using confocal microscope.    
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Table 1. The list of sequence and target band size of RT-qPCR primers 

 

Gene Forward Primer Reverse Primer Band size 

Shox2 CCGAGTACAGGTTTGGTTTC GGCATCCTTAAAGCACCTAC 147 bp 

β-actin CTAGACTTCGAGCAGGAGAT GATGCCACAGGATTCCATAC 161 bp 

Hcn1 CTTCGTATCGTGAGGTTTAC GTCATAGGTCATGTGGAATATC 111 bp 

Hcn2 CTTTGAGACTGTGGCTATTG GCATTCTCCTGGTTGTTG 114 bp 

Hcn4 ATACTTATTGCCGCCTCTAC TGGAGTTCTTCTTGCCTATG 132 bp 

Cacna1g GACACCAGGAACATCACTAAC CACAAACAGGGACATCAGAG 111 bp 

Cacna1h TTTGGGAACTATGTGCTCTTC TCTAGGTGGGTAGATGTCTTATC 116 bp 

Gria2 GGAATGGTATGGTTGGAGAAC GGCTTCGAGAAGTCAATCAC 103 bp 

Bcl-2 ATGGTGTGGTTGCCTTATG TCCTGTGCAAAGAACTTACTG 105 bp 

Bcl-xl GAGAACCACTACATGCAACTC GAAGGTGGCTTTCACAGAAG 113 bp 

Bax GATGCGTCCACCAAGAAG GTGTCCACGTCAGCAATC 98 bp 

TrkB GATGACAGTGGAAAGCAAATC GAGACTCGAGAAACGTGATAG 112 bp 

TBP CCGTGAATCTTGGCTGTAAACTTG GTTGTCCGTGGCTCTCTTATTCTC 115 bp 

 

  



39 

 

 

 

2.6 Western Blot 

    The thalamus was collected from the adult mouse brains and immediately 

stored in dry ice or -80 °C until use. The thalamus samples were lysed with 

RIPA lysis buffer (150 mM Sodium chloride, 1% Triton X-100, 0.5% sodium 

deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) with fresh added HaltTM protease 

inhibitor cocktail (ThermoFisher Scientific, 78430). Then the samples were 

centrifuged at 12,000 rpm at 4 °C for 20 minutes and the supernatant protein 

samples were collected. The protein concentration was determined using the 

Bio-Rad DC protein assay (Bio-Rad, 500-0116), balanced with the same lysis 

buffer and aliquot stored at -80 °C until use. Before loading, 5X sample buffer 

(ThermoFisher Scientific, 39001) was added into each protein sample and 

dithiothreitol (DTT) was added at the same time to a final concentration of 50 

mM. Sample mixtures were left at room temperature for 30 minutes. Protein 

(20-30 μg) was loaded to each well of SDS-PAGE gel (4% stacking gel and 8% 

separating gel), together with 3 μL prestained protein ladder (ThermoFisher 

Scientific, 26619). To get the best separation of large protein bands, the gels 

were run under 70 mV for 3 hours. Then the proteins were transferred to a pre-

activated PVDF membrane (Millipore, IPFL00005) at -70 mV for 3 to 4 hours.  
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Sodium dodecyl sulfate (SDS) and methanol were added into transfer buffer at 

a final concentration of 0.1% and 10%, respectively. The gels were stained with 

Coomassie Brilliant Blue solution (0.1% Coomassie Brilliant Blue, 50% 

methanol, 10% Glacial acetic acid) and no obvious proteins remained under 

these transfer conditions. Membranes were incubated in blocking solution with 

5% non-fat dry milk and 3% BSA in TTBS at room temperature for one hour. 

Primary antibody is diluted in OdysseyR Blocking Buffer in TBS and applied on 

the membrane at 4 °C overnight. After washing the membrane with TTBS, 

fluorescence-conjugated secondary antibody is diluted and applied on the 

membrane at room temperature for one hour. The images of staining results 

were collected by Odyssey CLx Infrared Scanner and analyzed by Image 

Studio Lite Ver 5.2. 

Antibody list: mouse anti-HCN2 antibody (Neuromab, N71/37): 1:1000; 

mouse anti-HCN4 antibody (Neuromab, N114/10): 1:1000; mouse anti-Cav3.1 

antibody (Neuromab, N178A/9): 1:1000; IRDye 680RD Goat anti-mouse (Li-cor, 

P/N 926-68070): 1: 10,000; IRDye 800CW Goat anti-rabbit IgG(H+L) (Li-Cor, 

P/N 926-32211): 1: 10,000; 
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2.7 Electrophysiology 

At the same time of the day (11 am summer time and 10 am winter time), mice 

were anaesthetized with isoflurane and decapitated. Brains were quickly 

removed and immersed in oxygenated (95% O2 and 5% CO2), ice-cold N-

methyl-D-glucamine (NMDG)-based aCSF solution (in mM, 110 NMDG, 110 

HCl, 3 KCl, 1.1 NaH2PO4, 25 NaHCO3, 25 Glucose, 10 ascorbic acid, 3 pyruvic 

acid, 10 MgSO4, 0.5 CaCl2). The first 350 μM coronal brain section with the 

most anterior paraventricular thalamus (PVT) was obtained with a Vibratome 

Series 3000 Plus Tissue Sectioning system. The collected brain slices were 

transferred and incubated in bubbled standard aCSF (in mM, 125 NaCl, 2.5 KCl, 

26 NaHCO3, 1.24 NaH2PO3, 25 Dextrose, 2 MgSO4, 2 CaCl2) at 37 °C for 30 

minutes, then incubated at room temperature until use. 

During the recording, individual slice was transferred to a recording 

chamber and perfused with oxygenated external solution at a speed of 1 mL 

per minute at room temperature. If not specifically mentioned, standard aCSF 

was perfused as external solutions. For specific current isolation, different 

pharmacological antagonists were applied in the external solution as stated in 

the results. PVA was identified under infrared differential interference contrast 
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(DIC) microscopy as the enclosed nuclei near the border of the third ventricle 

by stria medullaris white matter fiber structure. Attached cell and whole cell 

recording were obtained using MultiClamp 700B amplifier, Digidata 1322A 

digitizer, and a PC running Clampex 10.3 software (Molecular Device). For 

attached-cell recording, glass pipettes had resistances of 2.5 – 3.5 MΩ filled 

with standard aCSF. To keep all cells under the same physiological conditions, 

giga seals were obtained in every cell by application of a small negative 

pressure for spontaneous action potential recording. For intracellular whole-cell 

patch clamp recording, glass pipettes had resistances of 3.5 – 6 MΩ filled with 

internal pipette solution (in mM, 120 Kglu, 20 KCl, 0.2 EGTA, 10 Hepes, 4 NaCl, 

4 Mg2+ATP, 14 phosphocreatine, 0.3 Tris GTP (pH was adjusted to 7.2-7.25 by 

KOH, osmolarity was adjusted to 305-315mOsm by sorbitol). Series resistance 

was monitored and only cells with series resistance less than 20 MΩ during the 

whole recording were further analyzed. For spontaneous action potential 

recording, the injected current was held at 0 mV under current clamp for 5 

minutes recording. Cells with no action potentials identified in 5 minutes are 

classified as ‘not active’ cells.  

HCN or T-type calcium currents were isolated under voltage- clamp. The 
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external solution for HCN current isolation contained 0.5 μΜ TTX, 1 mM NiCl2, 

1 mM CdCl2, 2 mM BaCl2, 10 μΜ DNQX and APV to block voltage-gated sodium 

channels, voltage-gated calcium channels, inwardly-rectifying potassium 

channels and excitatory synaptic current, but no NaH2PO4 to prevent 

precipitation with big cations. The external solution for T-type calcium current 

isolation was standard aCSF containing 0.5 μΜ TTX to block voltage-gated 

sodium channels. 

 

2.8 Behavioral assays 

Open field test was applied to test mouse exploratory behavior and 

anxiety behavior. All mice have received routine handling for a week and have 

put in the same room for 1 hour each day for three days before experiments. 

Each mouse was place in the open field and allowed to explore freely under 

dim red light for 5 minutes. Infrared beams and computer-based software 

Fusion was used to track mice and calculate mice activity and time spent in the 

center (4x4) of total open field (8x8).  

    In novel object recognition (NOR) experiments, all mice have received 

routine handling and three days room habituations before experiments. On the 
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day before familiarization trial, each mouse was placed in the open field in the 

absence of objects and allowed to explore it freely for open field habituation, 

the behaviors of which were recorded and analyzed further as open field test 

data. In the familiarization trial, each mouse was placed in the open field 

containing two identical 100 ml beakers in the neighboring corners for 5 minutes. 

Twenty-four hours later, each mouse was placed back in the same open field 

with two objects, one of which was the identical 100 ml beaker and the other 

one was replaced with a novel object (a lock in a similar dimension) for 5 

minutes testing trial. To prevent coercion to explore the objects, mice were 

always released against the center of the opposite walls in both familiarization 

and testing trials. The mouse behaviors in the testing trials were taped and 

analyzed by experimenters who are blinded to the genotypes of the mice. The 

exploration was defined as the nose of the mouse is sniffing and touching it with 

attention, while running around the object, sitting or climbing on it was not 

recorded as exploration (Antunes & Biala, 2012).  

The paw sensation test was applied to assess mouse paw sensorimotor 

response (Arakawa et al., 2014). A small piece of round sticky paper tape 

(Tough-spots, for microtube cap ID, ~1cm2, Research Products International 
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Corp. 247129Y) was applied to the plantar surface of the right hindpaw of each 

mouse and the mouse was placed back to its home cage. The latency to the 

first response to the paper of each mouse was measured and analyzed. 

The tail suspension test and forced swim test were applied to assess 

and evaluate mouse depressive-like behaviors (Can, Dao, Arad, et al., 2012; 

Can, Dao, Terrillion, et al., 2012). In tail suspension test, each mouse was 

suspended by the tail for 5 minutes under dim red light and a 5-cm truncation 

from a Falcon 15 mL conical centrifuge tube was placed around the tails to 

prevent tail climbing. The behavior of the mouse was taped and analyzed by 

experimenters who were blinded to the genotypes of the mice. The escape 

related struggling time for 5 minutes experiments was measured as mobility 

time. In forced swim test, each mouse was placed in a 1000 ml beaker with 

~800 ml water for 5 minutes. The behavior of the mouse was taped and 

analyzed by experimenters who were blinded to genotypes of the mice. The 

escape- related mobility behavior was measured In both tests, the small 

movements confined to only front or hind legs were not counted as mobility. 

Only intentional movements with four legs or body were timed for mobility time. 
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2.9 mRNA sequencing 

Midline thalamus was identified in the first anterior-PVT coronal slice as 

described in electrophysiological experiments. Landmarks included the third 

ventricle, stria medullaris, and columns of the fornix. 1200 µM-thick midline 

thalamus truncations were collected as midline thalamus tissue. Midline mRNA 

was extracted from five Gbx2CreERt/+, Shox2f/- KO mice and five Gbx2CreERt/+, 

Shox2f/+ CR mice and sent to BGI Americas Corporation (Cambridge, MA, USA) 

for RNA-seq Quantification. More than 26 million single-end 50-bp reads by 

BGISEQ-500 Sequencing Platform have gotten per sample and further 

analyzed using EBseq method by BGI Americas Corporation. We screened out 

differentially expressed genes (DEGs) according to the post probability of 

equally expressed (PPEE) value and fragment reads per kilobase per million 

mapped reads (FPKM) BGI Americas Corporation provided and conducted 

gene ontology (GO) analysis.  
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Chapter III: Results 

3.1 The expression of Shox2 in the thalamus 

   To investigate Shox2 expression in the adult mice, we conducted X-gal 

staining experiments with coronal brain slices from P56 Shox2LacZ/+ mice, in 

which the expression of LacZ indicated the expression of Shox2. In the 

cerebrum, no Shox2 expression was found in the cortex (Figure 3.1 A-G), 

subcortical regions of the forebrain (Figure 3.1 A-C), amygdala (Figure 3.1 E), 

or cerebellum (Figure 3.1 H). Interestingly, Shox2 was expressed throughout 

the thalamus from rostral to caudal, including anterior thalamus, midline 

thalamus, VB, dLGN and MGN (Figure 3.1 B-G). The only exception is that the 

X-gal staining signal in LD is, if any, relatively weak. Moreover, no expression 

of Shox2 was observed in the HB and Rt, which are the representative regions 

of the epithalamus and prethalamus (Figure 3.1 D-F).  
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Figure 3.1 Brain sections demonstrating X-gal staining results from P56 days old male 

Shox2LacZ/+ mouse. The results showed that Shox2 expression was restricted in most 

nuclei of the thalamus from rostral to caudal including anterior thalamus nuclei (ATN), 

anterior paraventricular thalamus (PVA), posterior paraventricular thalamus (PVP), 

ventrobasal nucleus (VB), dorsal lateral geniculate nucleus (dLGN) and medial 

geniculate nucleus (MGN) in adult mouse brain. The only thalamic nucleus showing 

low Shox2 expression was lateral dorsal (LD) nuclei in Figure D. The Shox2 does not 

express in the cortex (CX), hippocampus (HP), striatum (STR), amygdala (Ag), 

hypothalamus (HT) and cerebellum (CB) in adult mouse.  Error bar shows 2 μM. 
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    To determine if the Shox2 expression pattern changes during development, 

we conducted X-gal staining with coronal brain slices from P56 Shox2cre/+, 

Rosa26LacZ/+ mice. X-gal staining in these animals will identify any cells that 

have expressed Shox2 at any time during development. In the Shox2cre/+, 

Rosa26LacZ/+ mice, no signal was detected in the cortex (Figure 3.2 A-F), 

subcortical regions of the forebrains (Figure 3.2 A, B), amygdala (Figure 3.2 C, 

D), hypothalamus (Figure 3.2 B-D), the ventral part of the midbrain (Figure 3.2 

F), and especially hippocampus and reticular thalamus (Figure 3.2 C-F). Cells 

of the habenula nuclei (Figure 3.2 C D) and superior colliculi (Figure 3.2 F) do 

express Shox2 at timepoints throughout development, but not in the adult 

animal (Figure 3.1).  
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Figure 3.2 Brain sections demonstrating X-gal staining results from P56 days old male 

Shox2cre/+, Rosa26LacZ/+ mouse.  The results show that Shox2 expression was 

restricted to the greater thalamus throughout development. In these animals, X-gal 

staining covered all Shox2 expression regions detected in Shox2LacZ/+ mouse in Figure 

2.1, such as anterior thalamus nuclei (ATN), anterior paraventricular nucleus (PVA), 

ventrobasal thalamus (VB), dorsal lateral geniculate nucleus (dLGN) and medial 

geniculate nucleus (MGN), but was still not observed in the cortex (CX), striatum (STR), 

hippocampus (HP), amygdala (Ag) or hypothalamus (HT). During development, Shox2 

did express in in habenula (HB), and some areas of the midbrain including superior 

colliculus (SC) and inferior colliculus (IC), but this expression is decreased during 

development, as shown in Figure 2.1. Scale bar indicates 2 μM. 
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   To investigate the cellular expression profile of Shox2 in Shox2cre/+, 

Rosa26LacZ/+ adult mice, we conducted IHC experiment with cryostat coronal 

brain sections. Parvalbumin is highly expressed in interneurons of reticular 

nucleus of thalamus, therefore, we used PV labeling to determine the specific 

location of the reticular nucleus border of the thalamus. The PV IHC staining 

results showed very few PV-positive cells in the thalamus, which is consistent 

with previous findings that most nuclei of the mouse thalamus possess very few 

inhibitory interneurons in most nuclei of mouse thalamus (Arcelli, Frassoni, 

Regondi, De Biasi, & Spreafico, 1997; Bodor, Giber, Rovo, Ulbert, & Acsady, 

2008). The main PV+ neurons located at the lateral and ventral borders of the 

thalamus defined the exact border of Rt and our results indicated that Shox2 

was never expressed in Rt (Figure 3.3 H and Figure 3.4 E-H). We detected very 

sparse PV+ cells in the thalamus and these cells never expressed Shox2. In 

addition, the IHC results confirmed that Shox2 was never expressed in cells 

from the cortex (Figure 3.3 A E and Figure 3.4), hippocampus (Figure 3.3 A, F 

and Figure 3.4), hypothalamus (Figure 3.3 A), and amygdala (Figure 3.3 A). 

Shox2 expressed ubiquitously in the cells in the thalamus (Figure 3.3 A-D and 

Figure 3.4) and sparsely in the habenula (Figure 3.3 G and Figure 3.4 E-H). 
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According to the results of X-gal staining and IHC staining, we can conclude 

that Shox2 was expressed restrictedly in the whole mouse thalamus, and not 

in PV+ neurons. In the thalamus, Shox2 is not expressed in the PV+ neurons 

(Figure 3.3 G). 
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Figure 3.3. IHC results of coronal cryostat brain sections from P56 Shox2cre/+, 

RosaLacZ/+ mouse. PV staining (A, C) shows the border of reticular thalamus (Rt) which 

has high density of PV+ interneurons. β-gal staining (A, D) in coronal sections from 

Shox2cre/+, RosaLacZ/+ mice labels all cells that used to express Shox2.  The merged 

imaging (A) of DAPI, PV and β-gal indicates the Shox2 expression is restrictedly 

bordered by PV expressing Rt (A, H). Boxed areas in Figure A are amplified, from top 

to bottom, in figure E, F, G, H. The results indicate that Shox2 never expressed in the 

cortex (CX, E), hippocampus (HP, E, F) and Rt (A, H), but has sparsely expressed in 

habenula (HB, G). We can detect some PV expressing cells in the thalamus and Shox2 

did not co-express in these cells (G, arrows). 
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Figure 3.4. IHC results indicate that Shox2 expression is restricted in the thalamus. 

The co-staining of PV and β-gal indicated that Shox2 expression is restricted to the 

thalamus in all coronal sections from rostral (A-D), middle (E-H) to caudal (I-L). Boxes 

in Figure A, E, I are amplified in Figure A’, E’ and I’. 
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 The IHC results also indicated that Shox2 did not express in every DAPI 

labeled cell in the thalamus (Figure 3.3 and Figure 3.4). Therefore, to 

investigate which cell-type Shox2 expresses in, either neurons or glia, we 

labeled all neurons with the antibody anti-neuronal nuclear protein (NeuN) 

which is specifically expressed in neurons (Gusel'nikova & Korzhevskiy, 2015; 

Herculano-Houzel & Lent, 2005)(Figure 3.5). We found that the Shox2cre 

reporter gene LacZ was expressed in NeuN positive neurons throughout the 

thalamus from rostral to caudal (Figure 3.5). But not every NeuN positive 

neurons expressed the LacZ reporter. The ratio of Shox2 expressing cells and 

total neurons varied among the thalamic nuclei (Figure 3.5 M). It is important to 

point out that our results further confirmed the previous result that Shox2 was 

not expressed in cells in the reticular thalamus, hippocampus, cortex or other 

regions beyond the greater thalamus. Within the thalamus, Shox2 was 

expressed in more than 50% neurons in the PVT, AD, VB and MGN. The lowest 

percentage of Shox2-expressing cells was found in the LD of the thalamus, 

which is consistent with our previous X-gal staining results which showed a low 

staining signal in the LD (Figure 3.1, 3.2). 

To confirm that Shox2 did not express in the glia cells, we stained glia with 



56 

 

 

 

antibody anti- Glial Fibrillary Acidic Protein (GFAP), which is expressed 

specifically in glia, especially astrocytes which are the main type of glia, and 

has been used as a marker for glia (Eng, 1985; Yang & Wang, 2015). 

Interestingly, our results indicated that the GFAP expression showed a negative 

correlation with Shox2 expression (Figure 3.6 and Figure 3.7). In brain areas 

where Shox2 was not expressed, such as the cortex, hippocampus (Figure 3.7 

A B) and hypothalamus, GFAP had relatively high expression. However, the 

number of cells with GFAP expression in the thalamus was relatively low in 

(Figure 3.6 A C). Figure 3.7 shows that GFAP and Shox2 co-expression in 

different nuclei from rostral to caudal thalamus. Importantly, these results 

indicated that Shox2 did not express in the GFAP-positive glia cells. 

In summary, the results from our X-gal staining and IHC experiments 

indicated that Shox2 expression during development was restricted to neurons 

in mouse thalamus, habenula and superior colliculus during development. In 

the adult stage, the expression of Shox2 is limited to the thalamus neurons. 
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Figure 3.5. Shox2 expression is restricted to NeuN+ neurons in the thalamus. Double 

immunofluorescence for NeuN (green, A, E, I) and β-gal (red, B, F, J) which is the 

reporter of Shox2 expression history profile indicated Shox2 only expresses in the 

NeuN+ neurons (merged C-D, G-H, K-L). Three typical thalamic regions including 

anterior paraventricular thalamus (PVA) (A-D), dorsal lateral geniculate nucleus (dLGN) 

(E-H）and ventrobasal nucleus (VB) (I-L) are shown to indicate that Shox2 only 

expresses in NeuN+ neurons. Boxed regions in merged figure C, G, K are amplified in 

figure D, H, L and arrows in D, H, and L show the cells co-expressed Shox2 and NeuN. 

The percentage of Shox2+ cells in NeuN+ neurons in some typical thalamic nuclei are 

shown in Figure M. sm: stria medullaris; vLGN, ventral LGN; IGL: intergeniculate leaflet 

of the LGN; RT: reticular thalamus. AV: anteroventral nucleus of the thalamus; AD: 

anterodorsal nucleus of the thalamus. HB: habenula; HP: hippocampus; CX: cortex. 
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Figure 3.6 The distribution of GFAP+ glia and Shox2-expression cells in coronal 

cryostat sections from Shox2cre/+, RosaLacZ/+ mouse.  Our results showed that glia, 

which is reflected by GFAP staining (green), has high distribution in the hippocampus 

(HP, A and B) and the neighboring regions of thalamus, including habenula (HB) and 

reticular thalamus (RT). But the GFAP+ glia cells are rare (A and C) in most nuclei in the 

thalamus, except ventral part of midline thalamus, such as nucleus of reunion (RE). 

The top box in Figure A is enlarged in Figure B, and the bottom one is enlarged in Figure 

C. We did not detect any cells having immunoreactivity to both Shox2 and GFAP. 
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Figure 3.7. The co-staining results indicate that Shox2 does not express in GFAP+ glia 

cells. The figures show the co-expression of glia marker GFAP (green, A, E, I) and β-gal 

(red, B,F,J), which reflects Shox2 expression history profile, in three typical thalamus 

regions: PVA (A-D), dLGN (E-H) and VB (I-L). The box regions in merged staining figures 

(C, G, K) are magnified in Figure D, H and L. The right arrows show the GFAP+ glia and 

the left arrows show Shox2 expression cells. We did not see any cells expressed both 

GFAP and Shox2. PT: parataenial nucleus. 
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3.2. Tamoxifen injection successfully induced Shox2 KO in the 

thalamus. 

    Previous studies found that Shox2 plays a decisive role in the 

differentiation of pacemaker cells in the sinoatrial node of the heart and 

pulmonary vein (Puskaric et al., 2010; Sun et al., 2015; Ye et al., 2015). These 

areas of the cardiovascular system possess pace-making automaticity 

mediated by the prominent expression of pacemaker-related HCN channels 

and T-type calcium channels (Cribbs, 2010; Ludwig et al., 2003). Our studies 

revealed that Shox2 expression is restricted to the thalamus. Interestingly, the 

thalamus also has high HCN2/4 expression but low HCN1 expression, which is 

different from other regions of cerebrum, but similar to heart pacemaker cells. 

The thalamus is believed to be an important area of the brain generating 

rhythmic oscillations, especially the slow oscillation wave generated in the 

thalamus during slow-wave sleep and absence seizure. Moreover, although 

Shox2 does express during development in some other brain regions, including 

the habenula and midbrain, Shox2 expression in the adult mouse thalamus 

remains into adulthood. Given Shox2’s role in controlling expression of 

channels important for pacemaker function and its prominent expression in the 
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thalamus, we hypothesized that Shox2 is necessary to maintain physiological 

properties and functions by regulating HCN current and T-type calcium current 

in the neurons of the adult mouse thalamus. To study the involvement of Shox2 

in the adult thalamic physiological properties and behavioral functions, we used 

the tamoxifen-inducible Cre-loxP recombination system to ablate the 

expression of Shox2 in the adult mouse. We used Rosa26CreERt
, the whole body 

expressed CreERt, to inducible KO of Shox2 in the whole thalamus to study 

both the effects of Shox2 KO on behavioral functions and cellular physiological 

properties. Mice from both groups were injected with tamoxifen (160 mg/kg, IP) 

at the same time every day for five successive days. The Shox2 mRNA 

expression level was checked using PCR and RT-qPCR for all animals used in 

the experiments to make sure the correct genotypes and knockout process 

(Figure 3.8). Interestingly, we found that the Shox2 KO mice weighed 

significantly less than the CR mice (Figure 3.8). 
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Figure 3.8 Tamoxifen injection decreased Shox2 mRNA expression and body weight 

in Shox2 KO mice. The mRNA expression decreased in the whole thalamus of 

Rosa26CreERt KO mice (t (19) =9.04, P<0.001) and decreased mice body weight 

(t(15)=4.48, P<0.001).  
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3.3 Shox2 KO induced thalamus-related behavior deficits in 

adult mouse. 

The thalamus plays a critical role in sensory and motor information relay 

and processing, sleep and arousal, learning and memory, and other cognitive 

functions as described in the section of introduction. We tested both cognitive 

and somatosensory functions in adult Rosa26CreERt
.mice.  

First, we conducted an open field test to investigate the overall activity and 

general anxiety level of CR and Shox2 KO mice. We found that the total 

distance travelled by Shox2 KO mice was significantly decreased compared to 

CR mice (Figure 3.9 A, t (44) =2.03, P=0.05). In addition, we found that the KO 

mice spent a significantly larger percentage of time spent in the center of the 

open field compared to CR mice (Figure 3.9 B, t (26) = 2.22, P=0.04). Together, 

these results suggested that the Shox2 KO mice traveled less distance, and the 

anxiety levels were decreased compared to littermate controls.  

     To test the performance of mice in general somatosensory function, we 

conducted the paw sensation test, in which sticky tape was applied to the 

plantar surface of the right hindpaw of each mouse, and the latency for the 

mouse’s first reaction to the tape was measured (Arakawa et al., 2014; Bouet 
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et al., 2009). We found the latency to react to the tape of KO mice was 

significantly longer than that of CR mice (Figure 3.9 C, Student’s t-test, t (26) 

=2.38, P=0.03). The results suggested that Shox2 KO induced somatosensory 

deficits in adult mice. 
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Figure 3.9 Shox2 KO altered mouse performance in open field test and impaired 

mouse performance in paw sensation test.  A. Top, mice were placed in the open 

field and monitored by infrared beam and computer software Fusion. Bot, the activity 

of Shox2 KO mice was significantly decreased than CR mice (t (44) =2.03, P=0.05). B. 

Top, the heat map shows mice activity recorded by Fusion and analyzed via Matlab. 

Bot, Shox2 KO mice spent more percentage of time in the center of open field than CR 

mice (student’s t-test, t (26) =2.22, P=0.04). C. Top, mice with a ~1 cm2 sticky tapes on 

the right hind paw were placed back to the home cage and tested the latency for the 

mice to first react the tapes. Bot, the results showed that Shox2 KO mice had a longer 

latency to respond to the tapes than CR mice (student’s t-test, t (26) =2.38, P=0.03) 
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Anterior thalamus and medial thalamus are critical for learning and memory 

process (Jankowski et al., 2013; Mitchell, 2015). To test if Shox2 KO impairs 

learning and memory function, we conducted the novel object recognition 

experiments (Antunes & Biala, 2012) (Figure 3.10). In the familiarization trial, 

mice were placed in the open field with two identical 100 ml beakers for 5 

minutes for learning process. Twenty-four hours later, the mice were place in 

the same open field but one of the beakers was replaced by a similar-dimension 

lock for memory test. Our results indicated that the total exploratory time around 

both objects in 5 minutes testing trial of CR and Shox2 KO mice was not 

significantly different (Figure 3.10 B, P=0.26). Two-way repeated ANOVA test 

of the exploratory time spent around each object by CR and Shox2 KO mice 

indicated a significant interaction between genotype (CR vs KO) and object 

novelty (novel vs familiar) (F (1, 25) = 5.78, P = 0.02). Post-hoc Bonferroni’s 

test indicated that CR mice spent more time around the novel object than the 

familiar one (P=0.01), but KO mice did not (P>0.99). In addition, the percentage 

of time Shox2 KO mice spent around novel object was significantly decreased 

compared to that οf KO mice (Figure 3.10 D, Student’s t-test, t (25) =2.80, 

P<0.01). Our results indicating that Shox2 KO impaired mice performance in 
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novel object recognition task suggests the impairment of learning and memory 

ability of Shox2 KO mice. 

     Because our open field test results suggested that Shox2 KO mice 

exhibited lower anxiety, we went on to further investigate depressive-like 

behaviors using tail suspension test and forced swim test, in which test mice 

are put in an uncomfortable but non-escapable situation and the active 

struggling time was measured as mobility time to describe their depressive-like 

behaviors (Can, Dao, Arad, et al., 2012; Can, Dao, Terrillion, et al., 2012) 

(Figure 3.11). The results showed no significant difference in mobility time 

between CR and KO mice in either test (forced swim test, t (20) =0.39, P=0.70; 

tail suspension, t (20) =0.85, P=0.40), suggesting Shox2 KO did not significantly 

affect depressive-like behaviors. 

     In summary, our results indicated that the Shox2 KO mice showed 

deceased activity and anxiety levels in the open field test, impaired learning 

and memory in novel object recognition test, and impaired somatosensory 

function in paw sensation test. Therefore, all behavior results suggest that 

Shox2 is important to maintain the proper function of adult thalamus.  
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Figure 3.10. Shox2 KO impairs mouse performance in novel object recognition test. 

A. Mice were placed in the open field with two identical 100 mL beaker (diameter, 

~5cm; height, ~7cm) in the 5-minute familiarization trials (left), and 24 hours later, 

mice were placed in the same open field but one beaker (familiar object) was replace 

by a similar-dimension lock (novel object, 7.5cm x 5 cm) for 5 minutes in the testing 

trial and the exploratory time of the mouse spent around each object was measured 

(right). B. In the testing trial, Two-way repeated measures ANOVA showed an 

interaction in the time spent around two objects between genotypes (CR vs KO) and 

object novelty (familiar vs novel) (F (1, 25) = 5.78, P = 0.02) and post-hoc Bonferroni’s 

test indicated that CR mice spent more time around novel object than that around 

familiar one (P=0.01), but KO mice do not (P>0.99). D. In the test trial, the time 

percentage spent in exploring novel object by CR mice is more than that by KO mice (t 

(25) =2.80, P<0.01). 
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Figure 3.11. No significant difference in mobility time in 5-minute force swim test (A, 

P=0.70) and 5-minute tail suspension test (B, P=0.40) between CR mice and KO mice.  
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3.4 Shox2 KO altered intrinsic properties of thalamic neurons 

and induced cell death. 

The appropriate function of the thalamus depends on the properly working 

thalamic neurons. Thus, we investigated the role of Shox2 in the firing and 

intrinsic properties of thalamic neurons and thalamic cell survival. We 

conducted electrophysiological recording experiments to determine the change 

of physiological properties of individual neuron caused by Shox2 KO. To best 

identify a single thalamic nucleus and the same neuron group inside a nucleus, 

we chose anterior paraventricular thalamus (PVA), the most rostral and dorsal 

midline nucleus, as the target region for recording. To confirm that we always 

recorded from the same group of neurons from each mouse, we only collected 

the first 350 μΜ coronal brain slices when we are able to identify the third 

ventricle and PVA nuclei surrounded by third ventricle and stria medullaris.  

To study whether PVA neurons spike spontaneous action potentials, we 

conducted cell-attached voltage clamp recording to record the action potential 

currents of the neurons without rupturing the cell membrane (Figure 3.12). Our 

results indicated that 36% of the cells fired spontaneous action potentials in the 

CR neurons while only 14% cells fired spontaneous action potentials in Shox2 
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KO neurons (χ2 test, χ2 =3.84, P=0.05).  

To further investigate cell excitability difference, we conducted whole-cell 

current clamp recordings. Cells were held at resting membrane potential in 

current clamp I=0 conditions to test whether cells were spontaneously firing 

potentials (Figure 3.12 B). Our recording data showed a consistent result that 

there were significantly more active neurons with spontaneous action potentials 

in CR mice (47%, 18 out of 38) than that in Shox2 KO mice (18%, 7 out of 39, 

χ2 test, χ2 =7.60, P<0.01). The resting membrane potentials were not 

significantly different between CR and KO neurons, so the decreased cell 

excitability in PVA neurons of KO mice was not because of resting membrane 

potential difference (Table 2). Both experiments revealed that Shox2 KO 

decreased the spontaneous cell excitability in PVA neurons. 

In order to determine the mechanisms of these spiking differences, we 

investigated intrinsic properties of PVA neurons in CR and Shox2 KO mice. We 

injected 10pA and 20pA current to evoke action potential at resting potential 

and -70mV, and we found evoked action potential frequency in Shox2 KO 

neurons was less than that in CR neurons (Figure 3.13). Rebound fast 

sodium/potassium spikes and slow calcium spikes were induced by injection of 
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-50pA/-100pA/-150pA current at -70mV (Llinas & Steriade, 2006)(Figure 3.14). 

The sag size and total number of rebound spikes were not different between 

CR and Shox2 KO neurons. The potential and time of peaks of rebound calcium 

spikes were not different between CR and Shox2 KO neurons but Shox2 KO 

neurons have a slower decay phase, and therefore, a longer duration and a 

larger area under voltage trace. 

To determine whether Shox2 is important for cell survival in the thalamus, 

we utilized the Gbx2CreERt mice, in which CreERt was specifically expressed 

in the midline of the thalamus around P25 days old (Figure 3.15 A). We injected 

tamoxifen to Gbx2CreERt/+, Shox2f/f mice to specifically knock out Shox2 in 

the midline thalamus, but not other areas of the thalamus, such as VB labeled 

in Figure 3.15 A. We found Shox2-inducible KO in the midline thalamus caused 

significantly increased cell death in the Gbx2-expressing PVT according to 

TUNEL staining (Figure 3.15 B and C, P<0.01) but not in the Gbx2-non-

expressing VB of the thalamus. Our results indicated Shox2 KO specifically 

increased local cell death in the thalamus, and suggested that Shox2 is 

important for cell survival.  
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Figure 3.12. Shox2 KO decreased the ratio of cells with spontaneous action potentials 

in the anterior paraventricular thalamus (PVA). A. Top, the examples of attached-cell 

recording currents of cells with spontaneous action potentials (active) and no action 

potentials (inactive). Bot, the ratio of active cells recorded via attach-cell recording in 

PVA from KO mice is significantly smaller than that in CR mice (χ2
 test, χ2

 =7.60, P<0.01). 

B. Top, the examples of whole cell patch-clamp recordings of cells with spontaneous 

action potentials (active) and no action potentials (inactive). Bot, the ratio of active 

cells recorded via whole cell recording in PVA from KO mice is significantly smaller than 

that in CR mice (χ2
 test, χ2

 =3.84, P=0.05). 
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Figure 3.13. Current injection evoked fewer action potentials in PVA neurons of 

Shox2 KO mice compared to that of CR mice. A. Examples of action potential traces 

induced by 10pA/20pA current injection when holding membrane potential at -70mV. 

The dashed boxes in the top two figures are enlarged in the bot boxes. B. The number 

of spikes induced by 10pA/20pA current injection at -70mV. Two way repeated 

measures ANOVA indicated significant main effect of genotypes (CR vs KO, F (1, 60) = 

4.212, P=0.04) and current injection (10pA vs 20pA, F (1, 60) = 36.60, P<0.001) in the 

number of evoked spikes in 1s depolarization from -70mV. C. The number of spikes 

induced by 10pA/20pA current injection at the membrane resting potential. Two way 

repeated measures ANOVA indicated significant main effect of genotypes (CR vs KO, F 

(1, 44) = 7.380, P<0.01) and current injection (10pA vs 20pA, F (1, 44) = 19.88, P<0.001) 

in the number of evoked spikes in 1s depolarization. Post-hoc Bonferroni’s test 

revealed significant difference between CR and KO in the number of evoked action 

potential by 20pA current injection from resting potentials (P<0.001). 
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               CR                 KO 

 

Figure 3.14 The time to the peak of rebound calcium spike induced by -150pA 

hyperpolarization and the areas under spike traces at -70mV in PVA neurons are 

different between CR and KO. A. Examples of rebound spikes by negative current 

injection -50pA/-100pA/-150pA from a holding potential at -70mV. The top boxed 

regions are amplified in bot boxes. B. The latency to the peak of calcium spike after 

current injection is significantly longer in Shox2 KO neurons than that in CR 

neurons (Student’s t-test, t(21)=2.29, P=0.03). C. The areas under voltage trace 

(between spike traces and -70mV) are significantly larger in Shox2 KO neurons 

than that in CR neurons (Student’s t-test, t(24)=2.11, P=0.05). 
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  CR KO P 

Resting Potential (mV) -55.51±1.66 (n=35) -54.45±1.68 (n=35) 0.99 

Input Resistance (MΩ) 993.4±52.86 (n=30) 850.3±40.73 (n=29) * 0.04 

Depolarization from 

-70mV 

10pA 

Na+ spike time (ms) 201.44±9.97 (n=18) 184.73±15.71(n=13) 0.37 

Ca2+ spike voltage 

(mV) 
-32.14±1.44 (n=18) -28.72±1.70 (n=13) 0.13 

Ca2+ spike time (ms) 227.66±10.26(n=18) 213.30±16.62(n=13) 0.44 

20pA 

Na+ spike time (ms) 102.10±7.95 (n=21) 115.81±10.94 (n=18) 0.32 

Ca2+ spike voltage 

(mV) 
-27.93±1.11 (n=21) -28.09±1.56 (n=18) 0.93 

Ca2+ spike time (ms) 124.29±8.90 (n=21) 153.98±17.97(n=18) 0.13 

Hyperpolarization 

from -70mV 

Rebound spike number 1.78±0.26 (27) 1.46±0.26 (28) 0.4 

-150pA 

rebound calcium 

spike peak potential 

(mV) 

-25.62±1.20 (13) -27.22±1.59 (15) 0.45 

half rise time (ms) 21.15±1.65 (13) 22.53±1.41 (15) 0.53 

half decay time (ms) 175.3±22.23 (12) 321.6±51.94 (15) * 0.03 

voltage(mV) -129.24±4.11 (n=27) -126.00±3.37 (n=28) 0.55 

sag size(mV) 6.47±1.69 (n=27) 6.85±1.98 (n=28) 0.89 

-100pA 
voltage(mV) -114.70±2.66 (n=27) -112.26±2.33 (n=28) 0.50 

sag size(mV) 4.39±1.28 (n=27) 4.24±1.47 (n=28) 0.94 

-50pA 
voltage(mV) -99.92±1.27 (n=27) -98.38±1.36 (n=28) 0.42 

sag size(mV) 2.26±0.53 (n=27) 2.41±0.71 (n=28) 0.87 

Hyperpolarization 

from RP 

rebound spike number 2.44±0.26 (n=18) 2.37±0.26 (n=19) 0.84 

-150pA 

rebound calcium 

spike peak potential 

(mV) 

-25.12±0.95 (n=15) -27.30±1.21 (n=17) 0.19 

rebound calcium 

spike peak time (ms) 
104.06±10.13(n=14) 104.49±10.59(n=16) 0.95 

voltage(mV) -129.67±4.73 (n=18) -125.72±4.73 (n=19) 0.57 

sag size(mV) 10.96±2.53 (n=18) 11.24±3.37 (n=19) 0.89 

-100pA 
voltage(mV) -113.85±2.87 (n=18) -114.49±2.88 (n=19) 0.45 

sag size(mV) 7.68±1.87 (n=18) 6.93±2.34 (n=19) 0.81 

-50pA 
voltage(mV) -97.16±1.21 (n=18) -92.05±3.19 (n=19) 0.16 

sag size(mV) 4.68±1.08 (n=18) 2.93±1.32 (n=19) 0.87 
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Table 2. Some insignificant intrinsic properties of PVA neurons of CR and Shox2 KO 

mice. Na+ spike and Ca2+ spike time is the time delay of spike peak following current 

injection; Voltage(mV) under hyperpolarization is the maximum negative voltage at 

the beginning of each hyperpolarization trace. Sag (mV) is the voltage difference 

between the beginning and the end of one second negative current injection. Rebound 

spike numbers are the average number of Na+ spikes caused by -50pA/-100pA/-150pA 

current injection. 
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Figure 3.15. Shox2 KO-induced cell death in adult mouse brain. Α. GFP staining (red 

color) represented the expression pattern of Gbx2 in P25 mouse brain, showing Gbx2 

only expressed in the midline of the thalamus (arrow shows PVT in midline thalamus) 

but not lateral thalamus. B. TUNEL staining showed Shox2 KO in Gbx2 cells induced cell 

death in PVT (Gbx2 expression region) but not in VB (non-Gbx2 expression region). 

Arrows show examples of TUNEL positive cells. Scale bar= 120 μM. C. Two-way ANOVA 

indicated significant main effect of genotypes (CR vs KO) and regions (PVT vs VB), and 

significant interaction between genotypes and regions on the number of TUNEL+ cells 

every squared millimeters (genotypes: F (1,29) =29.11, P<0.01; regions: F(1,29)=37.12, 

P<0.01; interaction: F(1,29)=32.07, P<0.01). Post-hoc Bonferroni’s comparison test 

showed Shox2 KO induced more cell death in PVT (P<0.01) but not VB (P>0.99). 
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3.5 Shox2 KO affected T-type calcium and HCN current in the 

PVA. 

     The decrease in cell excitability and intrinsic properties changes in PVA 

neurons of Shox2 KO mice suggested Shox2 KO impairs ion current in PVA 

neurons. The important role of Shox2 in the heart pacemakers suggests Shox2 

may affect pacemaker-related currents, including T-type calcium current and 

HCN current, in adult thalamus. Therefore, we tested the physiological 

properties of T-type calcium currents in CR and Shox2 KO mice. We isolated 

T-type calcium current in the PVA neurons of CR and Shox2 KO mice (Figure 

3.16 C) with a typical subtraction protocol (C. Zhang, Bosch, Rick, Kelly, & 

Ronnekleiv, 2009). The T-type Ca2+ currents induced at -50mV by step voltages 

ranging from -90mV to 0 mV (Figure 3.16 B) were subtracted from those 

induced by the same step voltages held at -100mV for a second to remove the 

inactivation of T-type calcium current (Figure 3.16 A). The isolated current was 

blocked after application of 2mM NiCl2 for 10 minutes (Figure 3.16 D), 

confirming the isolated current was T-type calcium current (Bhattacharjee, 

Whitehurst, Zhang, Wang, & Li, 1997; Lee, Gomora, Cribbs, & Perez-Reyes, 

1999). We found that the activation voltage range for both CR and KO neurons 
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was -70mV to -10mV with a peak current at -50mV (Figure 3.16 G H). The 

activated current density was significantly smaller in the PVA neurons from KO 

mice compared to CR mice (Figure 3.16 F, two-way repeated measures ANOVA, 

main effect of genotype: F (1, 20) = 8.70, P<0.01; main effect of voltage: F 

(9,180) =63.98, P<0.001; interaction: F (9,180) =6.38, P<0.001). Post-hoc 

Bonferroni’s multiple comparisons test revealed that the current density elicited 

at -50mV and -60mV in CR neurons was larger than that in KO neurons (Figure 

3.16 G, P<0.01). Interestingly, two-way repeated measures ANOVA of 

normalized T-type calcium activation curve revealed a significant interaction 

between genotype and voltage (F (9,180) =3.27, P<0.01) and post-hoc 

Bonferroni’s test showed that normalized T-type calcium current (I/Imax) was 

larger at -60mV in CR mice compared KO mice (Figure 3.16 H. 0.36 vs 0.08, 

P<0.01). It suggests T-type calcium current is activated at a relatively 

hyperpolarized potential in CR neurons than that in KO neurons. We measured 

the time to the peak of T-type calcium current evoked at -50 mV. The results 

indicated that Shox2 KO neurons have a slower time to peak than that in CR 

neurons (Figure 3.16 F I, student’s t-test, t (20) =2.57, P=0.02). Moreover, the 

slower kinetic properties of T-type calcium current elicited at -50mV occurred in 
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activation phase (Figure 3.16 F I, P=0.08) but not inactivation phase (Figure 

3.16 F I, P=0.97). 
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Figure 3.16. The activation properties of T-type calcium current in PVA neurons of CR 

and Shox2 KO mice. A-D. The T-type calcium current were isolated at voltage-clamp 

with TTX applied in bath aCSF. A. The membrane potential was hyperpolarized to -

100mV for 1s from holding potential -50mV to remove inactivation of the T-type 

calcium current. Then T-type calcium currents were elicited by stepping from -100mV 

to a series of incremental depolarizations ranging from -90mV to 0mV. B. The same 

series of stepping voltages was applied to the same neurons without hyperpolarization 

to -100mV, instead, the membrane potential was held at -50mV in that time range. C. 



84 

 

 

 

The neat T-type calcium currents were isolated by subtracting currents evoked in B 

from currents evoked in A. D. The isolated current was blocked by 2mM NiCl2, 

confirming the isolated current is T-type calcium current. E. An example of T-type 

calcium currents recorded from PVA neurons of CR and Shox2 KO mice. T-type calcium 

currents in Shox2 KO mice were smaller and slower than that in CR mice. F. The current 

density curve of T-type calcium current activation indicated that T-type calcium current 

density was smaller in PVA neurons of KO mice compared to CR mice (two way 

repeated measures ANOVA, main effect of genotypes (CR vs KO): F (1, 20) = 8.704, 

P<0.01). Post-hoc Bonferroni's multiple comparisons tests indicated significant 

differences in T-type calcium current density at -60mV (P<0.01) and -50mV (P<0.01) 

between CR and KO. G. The normalized activation curves indicated that normalized T-

type calcium (I/Imax) is larger at -60mV in CR mice than that in KO mice (two-way 

ANOVA test indicated interaction between voltage and genotypes, P<0.01; Post-hoc 

Bonferroni's multiple comparisons test: at -60mV voltage, P<0.01). H. The time to peak 

showed that T-type calcium current at -50mV in PVA neurons of KO mice was 

significantly slower than that of CR mice (Student’s t-test, t (20) =2.568, P=0.02). The 

slower activation kinetics of T-type calcium current elicited at -50mV only occurred in  
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   Further, we tested the inactivation properties of the T-type calcium current 

by eliciting inactivation T-type calcium currents at -50mV after a 1-second 

preholding potential ranging from -90mV to -40mV (Figure 3.17 A left). The 

current was confirmed as T-type calcium current by application of 2mM NiCl2 

for 20 minutes to block it (Figure 3.17 A right). The inactivation curve of T-type 

calcium current density showed that the current density in KO neurons was 

decreased compared to CR neurons (Figure 3.17 B C, two-way ANOVA, the 

main effect of genotypes, F (1, 21) = 8.41, P<0.01). However, the normalized 

inactivation curves of T-type calcium current from CR neurons and KO neurons 

overlapped (Figure 3.17 D). It suggested the same inactivation kinetics between 

CR and KO neurons. The kinetics analysis found a consistent result as that in 

the activation study that Shox2 KO neurons have a slower time to peak and 

activation time constant but not inactivation time constant than that in CR 

neurons (Figure 3.17 E F).  

   To summarize, our results indicate that: 1) T-type calcium current density 

was decreased in PVA neurons of Shox2 KO mice; 2) The activation of T-type 

calcium current was slower in PVA neurons of Shox2 KO mice compared to CR 

mice; 3) The activation threshold of T-type calcium current was shifted to a 
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depolarized potential in PVA neurons of Shox2 KO mice. 
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Figure 3.17. The inactivation properties of T-type calcium current in PVA neurons of 

CR and Shox2 KO mice. A. The T-type calcium currents were elicited at -50mV after 

recovery from 1s pre-holding step voltage ranging from -90mV to -40mV. The elicited 

T-type calcium current is confirmed by application of 2mM NiCl2 to block it. B. The 

example T-type calcium current isolated from KO neuron and CR neuron evoked at -

50mV from -90mV. C. The curve of T-type calcium current inactivation current density 

at different pre-holding voltage from CR neurons and KO neurons. Two-way repeated 

measures ANOVA indicated significant main effect of genotypes (CR vs KO, F (1,21) = 

8.41, P<0.01) and voltage (F (5,105) =218.7, P<0.001) and significant interaction 

(F(5,105)=8.58, P<0.001). Post-hoc Bonferroni’s multiple test indicated that current 

density of CR neurons is significantly bigger than that of KO neurons at -90mV 

(P<0.001), -80mV (P<0.001), and -70mV (P=0.01). D. The normalized inactivation 

current curves of CR and KO neurons are overlapped with each other. (E. The peak time 

of T-type calcium current at -50mV from the pre-holding potential of -90mV, -80mV 

and -70mV. Two-way repeated measures ANOVA indicated significant main effect of 

genotypes (F(1,21)=7.31, P=0.01) and pre-holding voltage (F(2,42)=39.24, P<0.01). 
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Post-hoc Bonferroni’s multiple test indicated that peak time of CR neurons is 

significantly shorter than that of KO neurons at -90mV (P=0.02) and -80mV (P=0.03). ) 

F. The time to the peak of T-type calcium current (peak time) and activation time 

constant τ of T-type calcium current of CR neurons is significantly shorter than that of 

KO mice at -50mV depolarized from pre-holding one-second -90mV in PVA neurons 

(activation τ, student’s t-test, t(21)=2.456, P=0.02) but not the inactivation time 

constant τ (student’s t-test, t(21)=2.008, P=0.06).  
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    In addition, since HCN2 and HCN4 are highly expressed in the thalamus, 

we measured HCN current in PVA neurons of CR and Shox2 KO mice. A 

previous study demonstrated that the HCN current in PVA neurons is small 

when recorded during the day, possibly because of low levels of cAMP during 

the daytime which is the sleep cycle for mice (Kolaj, Zhang, Ronnekleiv, & 

Renaud, 2012). The goal of our experimental design was to compare the 

amplitude of HCN currents in control and KO mice. The HCN currents were 

elicited by hyperpolarizing the cell membrane to -100mV and -150mV from -50 

mV. The amplitude of HCN current was measured as the difference between 

the end current of one second hyperpolarization and the beginning 

instantaneous current at -150mV hyperpolarization (Figure 3.18 A). Our results 

showed that the HCN current density in Shox2 KO neurons was significantly 

smaller than that in CR neurons (Figure 3.18 B). This result is consistent with 

our T-type calcium current investigation, demonstrating that Shox2 KO impaired 

pace-making related ion currents including T-type calcium current and HCN 

current. 
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Figure 3.18. Shox2 inducible KO decreased HCN current in PVA of neurons. A. An 

example of HCN current elicited by hyperpolarizing cell membrane from -50mV to -

100mV and -150mV. HCN current is defined as the current difference between the 

current at the end of 1s hyperpolarization and the current peak at the beginning of 

hyperpolarization as shown in the figure. B. Shox2 KO decreased HCN current density 

in PVA of neurons (student’s t-test, t (15) = 3.10, P<0.01). 
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3.6 Shox2 KO decreased the mRNA and protein expression of 

Cav3.1 and HCN2/4 channel in the thalamus. 

The electrophysiological data indicated reduced T-type calcium currents 

and HCN currents in Shox2 KO neurons. We investigated whether T-type 

calcium channels and HCN channels are downstream regulation targets of 

Shox2. We first tested expression of the channel genes in the thalamus in CR 

and KO mice. 

We conducted RT-qPCR experiments with RNA extracted from the 

thalamus tissues of 8-10-week-old CR and KO mice. The expression of all the 

genes tested in the RT-qPCR experiments were normalized to the reference 

gene β-actin (Actb) and TATA-box binding protein (Tbp) where are widely used 

as housekeeping reference genes for RT-qPCR experiment (B. Li et al., 2014; 

Valente et al., 2009). All primers were designed and tested, and conditions were 

optimized to have an efficiency between 95% and 105%. Both the melt curves 

and gel investigations were used to confirm the RT-qPCR products. 

     We tested the mRNA expression of genes for T-type calcium 

channels. Previous studies showed that Cav3.1 subunits are highly expressed 

in the thalamus, and the main T-type calcium channel proteins expressed in the 
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thalamus (Chen, Parker, & Wang, 2014), with Cav3.2 proteins expressed at 

lower levels. The genes that code for Cav3.1 and Cav3.2 are Cacna1g and 

Cacna1h, respectively. The results showed that the expression of Cacna1h was 

very little in our sample (Figure 3.19 A, less than 1/1000 of Cacna1g expression) 

and not significantly different between CR and KO (Figure 3.19 C). With respect 

to the expression of Cacna1g, our results indicated that Shox2 KO significantly 

decreased the mRNA expression of Cacna1g (Figure 3.19 B). 

Next, we tested the mRNA expression of HCN channels in CR and KO 

mice. Previous studies have already reported that mice brains express low 

levels of HCN3 (Moosmang, Biel, Hofmann, & Ludwig, 1999); therefore, we 

investigated the expression of mRNA for HCN1, HCN2 and HCN4. Our results 

showed that Hcn2 mRNA had the highest expression in our thalamus tissue  

(Figure 3.19 D). Hcn4 also had a prominent expression while the expression of 

Hcn1 was only about 5% of Hcn2 expression. This result is consistent with 

previous research indicating HCN2/4 channels are the main HCN channels in 

the thalamus and provided precise relative expression data of HCN channels 

in mouse thalamus. Hcn1 mRNA was demonstrated to have the dominant 

expression in the neighboring brain regions of the thalamus, such as the cortex 
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and hippocampus (Moosmang et al., 1999). The low Hcn1 mRNA level in our 

results demonstrated the reliability of our thalamic tissue collection. Hcn2 and 

Hcn4 mRNA were significantly reduced in the Shox2 KO thalamus compared 

to that in CR mice (Hcn2: Student’s t-test, t (9) =3.92, P<0.01) and Hcn4: 

Student’s t-test, t (9) =4.02, P<0.01). Hcn1 mRNA expression level was not 

significantly affected (student’s t-test, t (9)=1.85, P=0.10). 
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Figure 3.19. Shox2 KO decreased the mRNA expression of CACNA1G, HCN2 and HCN4. 

A. We tested the mRNA level of two main T-type calcium channels CACNA1G and 

CACNA1H. The mRNA level of CACNA1H is very low compared to SHOX2 and CACNA1G 

expression. Shox2 KO significantly decreased mRNA level of CACNA1G (B, t (9) =3.85, 

P<0.01) but not CACNA1H (C, t(9)=1.02, P=0.34) in adult thalamus. D. We tested the 

mRNA level of three main HCN channels HCN1, HCN2 and HCN4. The results showed 

relatively high level of HCN2 and HCN4, but low level of HCN1. Shox2 KO significantly 

decreased mRNA level of HCN2 (F, t (9) =3.92, P<0.01) and HCN4 (G, t (9) =4.02, P<0.01), 

but no HCN1 (E, t(9)=1.85, P=0.10). 
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Previous studies revealed that Shox2 KO mice have more cell apoptosis 

in Shox2 expression regions including heart (Sun et al., 2015) and brain (Rosin, 

Kurrasch, et al., 2015; Rosin, McAllister, et al., 2015) during development and 

our results indicated that Shox2 KO increased cell death in adult thalamus. 

Therefore, we tested whether Shox2 affected cell apoptosis-related genes in 

the adult thalamus. We picked two important anti-apoptotic members, Bcl-2 and 

Bcl-xl, from Bcl-2 family, the apoptosis regulator proteins family. Our results 

showed a trend of downregulation of low-expressed Bcl-2 mRNA level (Figure 

3.20B, P =0.05) and no significant difference in Bcl-xl mRNA level (Figure 3.20 

C, P=0.57) in the thalamus from Shox KO mice compared to that from CR 

thalamus. 

Besides these genes, we also tested Glutamate Ionotropic Receptor AMPA 

Type Subunit 2 (Gria2) and Neurotrophic Receptor Tyrosine Kinase 2 (TrkB) 

(Figure 3.20 D E F). They were found to be regulated by Shox2 in the embryonic 

limbs and DRG, respectively (Abdo et al., 2011) (Ye et al., 2016). Our results 

confirmed the expression of Gria2 (Figure 3.20 E, P=0.41) and TrkB in the 

thalamus (Figure 3.20 F, P=0.21) and found no significant difference in their 

expression levels between CR and KO. 
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According to the RT-qPCR results, Hcn2, Hcn4 and Cacna1g mRNA 

expression levels were down-regulated by Shox2 KO. To investigate that the 

expression of the protein products of these genes were also downregulated by 

Shox2 KO, we conducted western blot staining experiments to test the protein 

level of the HCN2, HCN4 and Cav3.1 channels. Our results indicated that the 

expression levels of HCN2 and HCN4 were significantly decreased and a trend 

toward decreased expression of Cav3.1 proteins mice were significantly in the 

thalamus from Shox2 KO mice compared to that from CR mice (Figure 3.21). 

These Western staining results were consistent with RT-qPCR results and 

confirmed that HCN2, HCN4 and Cav3.1 are under regulation of Shox2 in the 

adult thalamus. 
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Figure 3.20. The mRNA expression of several genes in the PVA of CR and Shox2 KO 

mice. A. The relative mRNA expression of Bcl-2 and Bcl-xl gene in the PVA of CR mice. 

Shox2 KO showed a trend to decrease Bcl-2 expression (B, student’s t-test, t (9) =2.25, 

P=0.05) and had no significant effect on Bcl-xl expression (C, student’s t-test, t (9)=0.59, 

P=0.57). D. The relative mRNA expression of Gria and TrkB gene in the PVA of CR mice. 

Shox2 KO did not significantly affect the mRNA expression of Gria (E, student’s t-test, t 

(9) =0.86, P=0.41) and TrkB (F, student’s t-test, t (9) =1.35, P=0.21). 
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Figure 3.21. Shox2 KO decreased the protein expression of HCN2, HCN4 and Cav3.1 

expression. The bands around ~120kD, ~150kD, >250kD at the top of each gel stained 

by anti-mouse secondary antibody are recognized as HCN2 (A), HCN4 (B) and Cav3.1(C), 

and the bands around ~55-60kD stained by anti-rabbit secondary antibody are 

recognized as β-tubulin. Student’s t-test indicated Shox2 KO induced significant 

decrease of HCN2 (t (16) =2.30, P=0.04) and HCN4 (t(14)=2.37, P=0.03) proteins, and 

a trend to significant decrease of Cav3.1 proteins (t(14)=1.86, P=0.08). 
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3.7 mRNA sequencing results revealed that Shox2 is essential 

for maintenance of thalamic neuron identity and survival. 

 

  Our results indicated Shox2 specifically expresses in neurons of the 

thalamus and is important for cell survival, neuronal excitability and ion channel 

expression, To better understand the regulation targets of Shox2 within the 

entire genome, we conducted mRNA sequencing experiments with mRNA 

samples from midline thalamus. We used the Cre mouse line, Gbx2CreERt, which 

has been demonstrated to have good expression in the midline thalamus 

(Figure 3.15 A). We extracted mRNA from the midline thalamus of 5 KO and 5 

littermates CR mice. The mRNA sequencing and a preliminary analysis are 

done by BGI Americas Corporation, and we used the results of detailed reads, 

post probability of equally expressed (PPEE) and fragment reads per kilobase 

per million mapped reads (FPKM) they provided for further analysis. 

  The mRNA sequencing results showed that the expression of Shox2 in KO 

tissue is ~35% of CR mice (FPKM: Shox2 CR: 48.01±2.76 vs KO: 16.90±0.30), 

indicating the inducible KO was successfully induced. We set PPEE<0.05 and 

change more than 10% as the threshold and screened out significantly 
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regulated genes. We found that 17 genes were downregulated and 18 genes 

were upregulated in the Shox2 KO tissue, and all genes are listed in the table 

3 and table 4.  

The cellular component gene ontology (GO) study found Shox2 KO regulated 

6 genes in GO term of extracellular matrix (17.1% compared to 7.6% genes in 

the whole genome) and another 4 genes in GO term of neuron projections (11.4% 

compared to 3.3% genes in the whole genome. Figure 3.22, cellular 

component), indicated that Shox2 may be implicated in thalamic neurons 

identity. Besides, in biological process GO study found Shox2 KO regulated 2 

genes in GO term of neuron projection development (5.7% compared to 0.9% 

genes in the whole genome), 3 genes in GO term of cell death (8.6% compared 

to 5.9% genes in the whole genome), 15 genes in GO term of response to 

stimulus (42.9% compared to 25.4% genes in the whole genome), suggesting 

the Shox2 is implicated in cell survival and differentiation in response to 

stimulus. The GO analysis supports our hypothesis that Shox2 is involved in 

the maintenance of thalamic neurons survival and identity and provided us with 

more information about possible downstream targets. We did not conduct 

enrichment pathway study because of the limited number of DEGs, but we can 
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investigate all DEGs one by one in the further study.   

   For better understanding whether Shox2 KO affects thalamus cell identity, 

we investigated the expression of thalamus-specific enriched genes in CR and 

Shox2 KO mice. The list of thalamus-specific enriched genes in adult mouse is 

according to a study of genome-wide gene expression in the adult mouse brain 

by Allen Brain Atlas based on in situ gene expression studies in adult C57Bl/6J 

mouse (Lein et al., 2007; Ng et al., 2009). To describe how these genes are 

regulated by Shox2 KO, we used P value of Student’s t-test of gene expression 

level (FPKM values provided by BGI) between 5 CR and 5 KO mouse. Although 

P value from Student’s t-test is not accurate to describe whether a gene is 

significantly regulated or not because of unadjusted Type I error, our P values 

from an unpaired comparison of 5 CR samples and 5 KO samples described 

the relative possibility of differences in each gene. The results showed that 

thalamus-specific enriched genes are highly regulated by Shox2 (Figure 3.23 

A). χ2 test showed that more thalamus-specific enriched genes were likely 

to be regulated by Shox2 in the whole genome (Figure 3.23 B). 

 Interestingly, potassium channels and potassium channels-related proteins 

are highly regulated by Shox2 KO especially axon-enriched voltage-gated 
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Kcnc4 and Kcna2, Kvβ subunit Kcnab1 and Kcnab3, BK channels β subunit 

Kcnmb4, inward rectifying channels Kcnj10, K+ channels tetramerization 

domain protein Kctd12, and potassium-interacting protein Kchip3 have high 

expression levels in the thalamus and are likely to be regulated by Shox2 KO, 

while other ion channels such as sodium channels, calcium channels and 

chloride channels and their related proteins are not according to Student’s t-

test of FPKM values of CR and Shox2 (Figure 3.24, χ2 test, χ2=8.03, P=0.02). 
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Figure 3.22. Gene ontology (GO) study of significantly regulated gene by Shox2 KO. 

The black dots indicated enriched genes in GO terms of neuron projection 

development, cell death, development process, response to stimulus, neuron 

projection and extracellular matrix. 
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Figure 3.23. The gene expression profiles in thalamus are highly regulated by Shox2. 

Left. The thalamus specially enriched genes are highly regulated by Shox2. Y-axis shows 

the P value of Student’s t-test of FPKM level between 5 CR and 5 KO samples. The name 

of genes with P value less than 0.05 (-log(P)>1.30) are label in the figure. X-axis shows 

the expression value of genes. Right. χ2 tests shows that thalamus-enriched genes are 

more possible to be significantly or marginally significantly regulated by Shox2 among 

all genes detected in our mRNA experiments (χ2 test, χ2=14.15, P<0.001). 
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Table 3 The list of upregulated gene by Shox2 KO 

Symbol Description geneLength Means-CR Means-KO change % PPEE

Pdyn prodynorphin 747 24.09 43.49 81% 2.00E-02

Pmch
pro-melanin-concentrating 

hormone
748 1158.20 1898.42 64% 2.92E-05

Parpbp PARP1 binding protein 3628 399.99 657.59 64% 1.16E-02

Krt12 keratin 12 1854 48.49 77.17 59% 3.59E-02

Th tyrosine hydroxylase 1757 65.25 99.68 53% 2.92E-02

Ap1s2
adaptor-related protein 

complex 1, sigma 2 subunit
3204 198.26 290.51 47% 7.03E-03

Plxdc1 plexin domain containing 1 2901 388.26 560.11 44% 1.51E-03

Rnf152 ring finger protein 152 8466.74 802.54 1010.28 26% 0.00E+00

Kcnc4

potassium voltage gated 

channel, Shaw-related 

subfamily, member 4

3013 407.98 506.25 24% 4.73E-07

Cdr2
cerebellar degeneration-

related 2
2525 322.88 392.32 22% 5.32E-03

Rgs4
regulator of G-protein 

signaling 4
2952 6090.26 7293.50 20% 2.26E-02

4933409K07Rik RIKEN cDNA 4933409K07 gene 4551 2033.09 2408.09 18% 1.72E-10

Spon1
spondin 1, (f-spondin) 

extracellular matrix protein
6166 1985.77 2324.53 17% 3.64E-14

Fam19a2
family with sequence 

similarity 19, member A2
4355.24 481.08 561.29 17% 1.54E-02

Sap130 Sin3A associated protein 4015 756.81 864.97 14% 5.42E-03

Pdia6
protein disulfide isomerase 

associated 6
2125 850.46 957.66 13% 3.75E-02

Stmn2 stathmin-like 2 1904 6276.07 6875.44 10% 2.45E-07  

Table 3. The list of genes upregulated in the midline thalamus of Shox2 KO mice. 

Means-CR and Means-KO showed the mean of reads in CR samples and KO samples. 
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Table 4 The list of downregulated gene by Shox2 KO 

Symbol Description geneLength Means-CR Means-KO change % PPEE

Gm15772

ribosomal protein L26 

pseudogene 539 790.56 502% -99% 1.53E-09

Lrat

lecithin-retinol acyltransferase 

(phosphatidylcholine-retinol-O-

acyltransferase)

5349 24.07 3.92 -84% 4.20E-05

Hbb-b2
hemoglobin, beta adult minor 

chain
632 36.47 9.94 -73% 1.29E-02

Endou endonuclease, polyU-specific 2404.97 160.41 49.48 -69% 2.40E-03

Shox2 short stature homeobox 2 1603 834.27 295.12 -65% 0.00E+00

Fcrls
Fc receptor-like S, scavenger 

receptor
1991 100.45 48.94 -51% 7.98E-08

Hapln2
hyaluronan and proteoglycan 

link protein 2
2055 281.99 188.83 -33% 1.92E-12

Tmem144 transmembrane protein 144 2292 170.63 122.88 -28% 6.57E-04

Rsrc1 arginine/serine-rich coiled-coil 1 3232 1425.08 1116.26 -22% 2.30E-11

Stac2 SH3 and cysteine rich domain 2 3049 329.20 256.09 -22% 1.82E-03

Atf5 activating transcription factor 5 1795.75 369.30 297.59 -19% 2.40E-02

Ppp1r16b
protein phosphatase 1, 

regulatory (inhibitor) subunit 16B
6388.46 1181.46 967.52 -18% 2.17E-02

Gucy1a2
guanylate cyclase 1, soluble, 

alpha 2
13727 1213.57 1003.92 -17% 1.32E-03

Iqsec3 IQ motif and Sec7 domain 3 6840 2241.57 1893.12 -16% 1.35E-03

Pacsin2
protein kinase C and casein 

kinase substrate in neurons 2
3693.52 1259.72 1087.93 -14% 8.74E-03

Phactr1
phosphatase and actin regulator 

1
5376.32 1534.38 1330.77 -13% 8.36E-04

Cnp
2',3'-cyclic nucleotide 3' 

phosphodiesterase
2424.23 4807.37 4214.96 -12% 6.67E-04

Otud7b OTU domain containing 7B 8050.34 1130.73 1003.96 -11% 8.64E-03

Ubc ubiquitin C 2424 10617.89 9582.93 -10% 9.60E-04  

Table 4. The list of genes downregulated in the midline thalamus of Shox2 KO mice.  
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Figure 3.24. Potassium channels are involved in Shox2 regulation pathway.  Left 

figure shows the expression level and Student’s t-test P values of all potassium 

channels and potassium channels related protein such as Kchip protein caused by 

Shox2 KO. Right figure shows the expression level and P values of all sodium, calcium, 

HCN and chloride channels and related proteins including calmodulin caused by Shox2 

KO. The results indicate that potassium channels are largely involved in Shox2 

regulation pathway. The dash line in the figures showed the gene with P value less 

than 0.05 and with FPKM+1 more than 10. All genes in the right top corner of each 

figure are enriched expressed and significantly affected by Shox2 KO. The results 

indicated potassium channels (A) are highly regulated by Shox2 compared to other ion 

channels (B) (χ2 test, χ2=8.03, P=0.02). 
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Chapter IV: DISCUSSION 

4.1 Summary of results 

In this dissertation, I first described the expression pattern of Shox2 in the 

forebrain of young adult mouse. Shox2 expression is strictly limited to the whole 

thalamus among the forebrain of young adult mouse. With Cre reporter mouse 

line in which LacZ expression indicating cells that had expressed Shox2 at 

some point during development, we found that Shox2 expression expanded to 

epithalamus and some midbrain regions such as SC during development, but 

not to other forebrain regions including prethalamus, cortex, hippocampus, 

amygdala, hypothalamus, or subcortical nuclei in the forebrain, such as striatum 

and basal ganglia. Staining results indicated that Shox2 is only expressed in 

the neurons that are labeled by NeuN staining (Mullen, Buck, & Smith, 1992) in 

the thalamus and Shox2 did not express in glia cells that were labeled by GFAP 

(Eng, 1985). 

To test the role of Shox2 in thalamus-related behaviors, we established 

tamoxifen-inducible CreERt-loxP system to knock out Shox2 in young adult 

mice. Shox2 mRNA levels were decreased by more than 60% in Shox2 KO 
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mice (Figure 3.8 left) and the body weights of Shox2 KO mice were significantly 

decreased compared to CR mice (Figure 3.8 right). We can not exclude 

peripheral reasons, such as heart-related diseases, for body weight change in 

Shox2 KO mice. We tested mice behavior in open field test, paw sensation test 

(Figure 3.9), novel object recognition test (Figure 3.10), forced swim test and 

tail suspension test (Figure 3.11). Our results indicated that the total activity in 

open field was significantly decreased in Shox2 KO mice (Figure 3.9). This is 

consistent with a previous finding that Shox2-inducible KO in En2-CreERT2 

mouse line showed reduced total activity in open field task (Rosin, McAllister, 

et al., 2015). En2-CreERT2 is dominantly expressed in the cerebellum, and the 

cerebellar development defects induced by cerebellum Shox2 KO were 

believed to underlie the activity deficit. However, several studies have shown 

that En2 is also expressed in the thalamus (Brielmaier et al., 2012; Tripathi et 

al., 2009). Moreover, Shox2 is not expressed in the cerebellum of adult mouse 

according to our X-gal staining results (Figure 3.1). Therefore, the activity deficit 

in our Shox2-inducible KO mice is likely not directly related to cerebellum but 

the consequence of thalamus function impairment. In addition, our open field 

test results indicated that the anxiety levels of Shox2 KO mice were significantly 
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decreased. We saw no significant differences in subsequent force swim test 

and tail suspension between CR and Shox2 KO mice. Paw sensation test result 

showed a longer latency for Shox2 KO to react to the sticky tapes on their paws, 

suggesting a deficit of somatosensory or sensorimotor functions, the main relay 

function of the thalamus. Novel object recognition test results showed Shox2 

KO mice spent significantly less percentage of time around the novel object 

compared to CR mice, suggesting a deficit of learning and memory functions, 

the main cognitive function of the thalamus. In total, our behavioral experiments 

indicated that Shox2 inducible KO in adult mice impaired thalamus-related 

sensory, motor and cognitive functions.  

To further investigate the cellular and molecular mechanisms underlying 

the regulation of thalamus function by Shox2, we used electrophysiological 

approaches to test the physiological properties of PVA neurons in young adult 

mice. Our cell-attached patch-clamp recording and whole-cell patch-clamp 

recording revealed that the percentage of PVA neurons with spontaneous 

action potential decreased in Shox2 KO mice (Figure 3.12). In addition, small 

depolarizing current injections (10pA/20pA) caused more spikes in PVA 

neurons from CR mice compared to Shox2 KO mice, both at resting potential 
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of each neuron or at a holding potential of -70mV (Figure 3.13). This is possibly 

related to the decreased membrane resistance in KO neurons in Table 2. Big 

hyperpolarizing current injections (-50pA/-100pA/-150pA) at a holding potential 

of -70mV induced rebounded Na+ spikes followed by Ca2+ spikes (C. Zhang et 

al., 2009) in PVA neurons from both CR and Shox2 KO mice (Figure 3.14). The 

latency to the peak of Ca2+ spike is longer in Shox2 KO mice, suggesting a 

slower rebound slope, which is highly related to T-type calcium and HCN 

current (Perez-Reyes, 2003; Putrenko & Schwarz, 2011). In addition, our data 

showed that the areas under spike traces at -70mV are larger in Shox2 KO 

neurons. Following investigation revealed a prolonged decay time (Table 2), 

suggesting that a potassium channels-related regulation is involved in Shox2 

KO. 

Besides the physiological properties of PVA neurons, we used TUNEL 

staining to investigate cell death in midline thalamus of tamoxifen-injected 

Gbx2CreERt/+, Shox2f/f mice (KO) and their littermates control mice (CR). Gbx2 is 

specifically expressed in the midline thalamus, such as PVT (Figure 3.15), but 

not VB, therefore tamoxifen injection induced Shox2 KO in PVT but not in VB 

nucleus. Therefore, the VB served as an internal control. Our results showed 
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increased TUNEL staining in the PVT of KO mice but not in the VB (Figure 3.15). 

These results suggest that the Shox2 KO induced region-specific cell deaths, 

which is consistent with the previous studies showing Shox2 KO induced cell 

apoptosis during development in both heart and brain (Rosin, Kurrasch, et al., 

2015; Rosin, McAllister, et al., 2015; Sun et al., 2015). In adult mouse, neuron 

death occurs during pathological conditions such as neurodegenerative 

diseases (Mattson, 2000) and ischemic brain injury (Cao et al., 2002). We 

investigated cell apoptosis related gene expression and found a decreased 

trend in an anti-apoptotic gene Bcl-2, which might contribute to increased cell 

apoptosis in the PVT of Shox2 KO mice (Figure 3.20).  The increased cell 

death induced by Shox2-inducible KO in adult PVT of the thalamus suggested 

a possible role of Shox2 in pro-survival or anti-apoptosis in young adult stage.  

The change in physiological properties and cell survival in PVA neurons of 

Shox2 KO mice, combined with previous pacemaker cells studies in heart, 

suggest that Shox2 KO affected T-type calcium current and HCN current. To 

investigate the change of specific currents in Shox2 KO neurons, we isolated 

T-type calcium current and found that the current density was significantly 

decreased, and the activation time was significantly delayed in PVA neurons of 
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Shox2 KO mice (Figure 3.16). The decreased activation time constant but non-

affected inactivation time constant suggested the change is not caused by 

membrane resistance-capacity (RC) circuit property change but because of 

some intrinsic property changes in T-type calcium channels. The study of 

activation and inactivation curve of T-type calcium current showed that the area 

of window current in PVA neurons of CR mice was significantly larger, especially 

at a voltage of -60mV~-70mV (Figure 3.17). In addition, the current density of 

isolated HCN current was significantly decreased in PVA neurons of Shox2 KO 

mice (Figure 3.18). The impairment of T-type calcium current and HCN currents 

in PVA neurons of Shox2 KO mice suggests T-type calcium and HCN currents 

are under regulation of Shox2 and mediate Shox2 KO-induced impairment in 

thalamic neurons’ physiological properties, thalamic cell survival and thalamus-

related behaviors.  

To investigate the underlying mechanism of changes of T-type calcium 

current and HCN current, we further used RT-qPCR and Westernblot 

experiments to test the mRNA and protein levels of T-type calcium genes and 

HCN genes. Our results showed that Cacna1g was the dominate T-type 

calcium gene in the thalamus. The mRNA level and protein product Cav3.1 was 
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downregulated in the thalamus of Shox2 KO mice (Figure 3.19 and Figure 3.21). 

Hcn2 and Hcn4 were the dominate HCN genes in the thalamus. The mRNA 

levels and protein products of Hcn2 and Hcn4 genes were downregulated in 

the thalamus of Shox2 KO mice (Figure 3.19 and Figure 3.21). Our results 

suggested thalamus enriched Cav3.1, HCN2 and HCN4 were under regulation 

of Shox2 and mediated Shox2 KO-induced impairment in T-type calcium 

current and HCN current. 

  Our mRNA sequencing results further showed Shox2-inducible KO in 

mouse with Gbx2CreERt affected a series of gene expression in the midline 

thalamus. DEGs study screened out 17 upregulated and 18 downregulated 

genes induced by Shox2 KO. Especially, GO study revealed enriched genes in 

terms of neuron projections, extracellular matrix, neuron projection 

development, cell death and response to stimulus, suggesting the Shox2 is 

implicated in cell survival and differentiation in response to stimulus and 

signaling (detailed information shown in Figure 3.22, Table 3 and Table 4). In 

addition, our results showed that thalamus-specific enriched genes are highly 

regulated by Shox2 KO (Figure 3.23). These results suggested Shox2 is 

essential in maintenance of thalamic neurons gene expression profile. Besides, 
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our analysis showed that K+ channels related genes are more regulated by 

Shox2 KO compared to genes related to other channels including Na+, Ca2+ 

and Cl- channels (Figure 3.24). 

 

4.2 Shox2 KO impairs thalamus-related functions and thalamic 

physiological properties in young adult mice. 

Our results showed that Shox2 is specifically expressed in the thalamic 

neurons and Shox2 KO impairs thalamic-related behavior functions, thalamic 

neurons physiological properties and thalamic cell survival. The following study 

indicated that Cav3.1-mediated T-type calcium and HCN2/HCN4-mediated 

HCN current are under regulation of Shox2 and this regulation is the underlying 

mechanism for thalamic neurons properties and function impairment in young 

adult Shox2 KO mice. 

The cellular physiological properties and cell survival studies suggested 

two possible underlying mechanism for behavioral changes in Shox2 KO mice. 

The first possibility is that the thalamus-related behavior deficits are a 

consequence that Shox2 KO changed the physiological properties of thalamic 

neurons such as reduced cell excitability. The physiological properties of 
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thalamic neurons determine thalamus functions, thereby the Shox2 KO-

induced cell excitability decrease resulted in thalamus-related behavior 

impairments. The second possibility is that the behavioral deficits resulted from 

Shox2 KO-induced cell death in the thalamus. The physiological properties 

deficits resulted from a lack of supporting glia in Shox2 KO mice or recording 

from unhealthy neurons. However, we cannot rule out that Shox2 also plays a 

role in other important cellular functions of the thalamus. Shox2 KO may also 

affect other vital functions of the thalamus, such as impairment of sleep function, 

and the observed functional effects are a direct consequence of sleep 

impairments. Further research is necessary to determine the specific roles of 

Shox2 in thalamus function. 

Our recordings of spontaneous action potentials and depolarization-

evoked action potentials showed that action potentials are mostly fired in a tonic 

way. Although the depolarization or hyperpolarization -induced action potentials 

at-70mV showed Ca2+-like spikes which usually mediated burst spikes, but no 

stable burst firing pattern was founded. This is consistent with a previous study 

indicating the lack of stable burst action potential pattern both in the 

spontaneous and evoked conditions in PVA of the thalamus due to limited T-
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type calcium current and HCN current activity at daytime (Kolaj et al., 2012). In 

the future, nighttime recording may be conducted for the role of Shox2 in burst 

spikes pattern and sleep regulation. 

Our results suggested that the decreased mRNA level (Figure 3.19) and 

protein level of Cav3.1 (Figure 3.21) underlie the decreased T-type calcium 

current density after Shox2 KO (Figure 3.17). However, the reason for the 

change in activation curve and delayed activation time was not determined. It 

is not likely caused by the change of Cav3.1/Cav3.2 ratio since the Cav3.2 

expression was still very low and not significantly increased after Shox2 KO 

(Figure 3.19). In addition, the T-type window current is dramatically larger in 

PVA neurons of CR mice a voltage of -60mV~-70mV (Figure 3.17), a relative 

hyperpolarized range (compared to our resting membrane potential shown in 

Table 2) at which thalamic neurons are more likely to fire action potentials in 

burst patterns. The results suggested that Shox2 KO-induced T-type calcium 

window current change may have big effects at relatively hyperpolarized 

potentials and affect burst action potential patterns. The future nighttime 

recording will be applied to study the importance of T-type calcium current in 

burst spikes pattern. 



118 

 

 

 

Our RT-qPCR results indicated that Cav3.1 gene is the dominate T-type 

calcium channels in the thalamus, and HCN2 and HCN4 are the dominate T-

type calcium channels as reported before (Aguado et al., 2016; Cheong & Shin, 

2013; Ludwig et al., 2003; Notomi & Shigemoto, 2004) (Figure 3.19). All 

subtypes of HCN channels mediate a similar hyperpolarization-activated non-

selective-ion-mediated depolarization current and all of them are involved in the 

brain rhythms and oscillation. However, the difference in their physiological 

properties determines their different role in physiological functions. HCN1 

channels are the most highly-expressed HCN channels in the brain with fast 

activation time depolarized activation threshold; thus they participate more in 

responses to integrate synaptic singles (Magee, 2000), and suppress low-

frequency (< 4Hz) membrane activity (Nolan, Dudman, Dodson, & Santoro, 

2007). However, HCN2 and HCN4 are relatively less studied in the brain 

because of their relatively lower expression, but well-studied as the main HCN 

channels in the SAN of the heart. HCN2 and HCN4 channels are more slowly 

activated compared to HCN1, and they have a more hyperpolarized threshold, 

thus they are activated at hyperpolarized membrane potentials. At 

hyperpolarized potentials, HCN2 and HCN4 caused a slower but longer HCN 
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current because of slower kinetics. More importantly, the inactivation of T-type 

calcium channels is removed at hyperpolarization and ready to cause a salient 

calcium spike. In this way, the slow HCN2 and HCN4 channels are not activated 

until the membrane is totally hyperpolarized and contribute to the pace 

generation in the cells. So HCN2 and HCN4 are important channels in low-

frequency (<4Hz) automaticity than HCN1. HCN2 and HCN4 channels were 

shown to be associated with each other and co-assemble and form functional 

heteromeric channels in SAN node of hearts and rat thalamus (Much et al., 

2003; Whitaker, Angoli, Nazzari, Shigemoto, & Accili, 2007; Q. Zhang, Huang, 

Lin, & Yu, 2009). Our results showing both HCN2 and HCN4 were highly 

expressed in the thalamus and decreased of HCN2 and HCN4 expression by 

Shox2-inducible KO confirmed the associated expression between HCN2 and 

HCN4. This suggests the possible mechanism that Shox2 works as an 

upstream gene controlling both the expression of HCN2 and HCN4. Our results 

confirmed the high mRNA expression of Cav3.1, HCN2 and HCN4 channels 

and indicated Shox2 KO decreased the expression of the proteins for these 

three channels. This expression pattern is very different from other parts of 

forebrains but very similar with nodal-like pacemaker cells in hearts (Cribbs, 
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2010; Ludwig et al., 2003; Ludwig et al., 1999; Mangoni et al., 2006; Whitaker 

et al., 2007), suggesting the expression of these channels in the thalamus and 

SA nodes in hearts are under a similar regulation pathway by Shox2.  

 

4.3. The expression of Shox2 in thalamic neurons provided 

new information for brain development study. 

Shox2 has been reported to be expressed in the facial nucleus in the 

hindbrain (Rosin, Kurrasch, et al., 2015), cerebellum (Rosin, McAllister, et al., 

2015), spinal cord (Dougherty et al., 2013), and dorsal root ganglia (DRG) 

(Abdo et al., 2011) in the nervous system. Our staining results indicated the 

expression of Shox2 in the forebrain, the region involved in high-level cognitive 

functions. The restricted expression of Shox2 to the whole thalamus but not in 

any other forebrain regions in adult mouse makes Shox2 an effective specific 

marker for the thalamus. The Shox2 promoter and our Shox2Cre mouse line 

provide a good tool for thalamus functional studies because of better specificity 

in neurons of the whole thalamus, while the widely used ‘thalamus-specific’ 

Gbx2 promotor is only expressed in the medial part of thalamus in adult mouse 

(Figure 3.15 A).  
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Our expression results are consistent with and provide more evidence for 

the diencephalon regionalization proposed by Berquist in 1932 (Ishikawa et al., 

2007). In early pre-natal development, the brain of vertebrates consists of three 

main parts: prosencephalon which develops into forebrain, mesencephalon 

which develops into midbrain, and rhombencephalon which develops into 

hindbrain (Ericson et al., 1995). Further development and differentiation of 

prosencephalon into telencephalon and diencephalon has been explained by 

different models. The Berquist (1932) model is revised continuously according 

to new discoveries, proposing that the telencephalon and hypothalamus are the 

dorsal and ventral derivatives of the secondary prosencephalon, respectively. 

The remaining caudal part is diencephalon which divides into three parts: 

prethalamus (p3), thalamus/epithalamus (p2) and pretectum (p1) (Wilson & 

Houart, 2004).  

The main evidence for this model is from the expression of homeobox 

genes, which are a family of genes with the same homeobox sequence to 

determine the formation and position of many body structures, including 

development of brain structures (P. Holland, 1992; P. W. Holland, 2013). For 

example, Gbx2 is the typical homeobox gene specifically expressed in the p2 
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of the diencephalon from the embryonic stage and is found to be important for 

the thalamus formation, thalamic nuclei differentiation and thalamocortical 

projection (Chatterjee et al., 2012; K. Li, Zhang, & Li, 2012). Paired box gene 6 

(Pax6) is specifically expressed in the p3 and p1 of the diencephalon, and 

embryonic mice with Pax6 mutation have undeveloped p1,less-defined 

boundaries of p1/p2 and p2/p3, and other development deficits in the 

diencephalon (Grindley, Hargett, Hill, Ross, & Hogan, 1997; Mastick, Davis, 

Andrew, & Easter, 1997). Distal-less homeobox 2 (Dlx2) expresses in the p1 of 

the diencephalon and determines the fate of GABAergic neurons in the 

prethalamus. Deletion of Dlx2 in p1 alters the prethalamus formation, and 

forced expression of Dlx2 in p2 switches glutamatergic thalamic neurons into 

GABAergic neurons like prethalamus (Sellers, Zyka, Lumsden, & Delogu, 

2014), suggesting Dlx2 has a role in interneuron fate determination. These 

examples demonstrate the importance of homeobox genes in the diencephalon 

development, and regionalization and expression of these homeobox genes 

demonstrate the sub-region identification in the diencephalon in turn. Our 

results indicate that Shox2 is expressed in the thalamus and epithalamus, the 

p2 region of diencephalon, and limited to the ventral part of p2, specifically the 
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thalamus, in adult stage. Especially, the distinct border shown by Shox2 

expression between the thalamus and RT supported that prethalamus, 

including RT, develops from a distinct sub-region (p1) within the thalamus. The 

expression of Shox2 in habenula decreases during development, and suggests 

epithalamus including, habenula, originates from the same sub-region with the 

thalamus (p2). The disappearance of Shox2 in the epithalamus during 

development suggests Shox2 may be under regulation of some dorsoventral 

signals, such as sonic hedgehog (SHH), during development. Our data showing 

Shox2 expression in neurons has variable ratios in different nuclei, relatively 

higher in midline thalamus, AV, VB and MGN but lower in AD (Figure 3.5 A C) 

and LD (Figure 2.1 D), are consistent with dorsoventral axis of thalamus during 

development (Martinez-Ferre & Martinez, 2012). This expression pattern 

suggests the involvement of Shox2 in dorsoventral-related differentiation of the 

thalamus. 

In the previous studies, Shox2 has been considered as the typical 

downstream target of Arx, according to mRNA assay study and chromatin 

immunoprecipitation (ChIP) study (Fulp et al., 2008; Poeta et al., 2013; 

Shoubridge et al., 2012). ARX mutation in human has been found to cause a 
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series of brain development diseases including infantile spasm, autism, and 

mental retardation (Olivetti et al., 2014; Sherr, 2003). More interestingly, 

different types of ARX mutation caused different types of brain development 

diseases, suggesting the phenotypes of ARX mutation does not just result from 

changed expression level of ARX but also from impaired functional domains. 

Studies in mouse have demonstrated that Arx is specifically expressed in 

interneurons including ventral thalamus (Colombo et al., 2004; Poirier et al., 

2004; Vogt et al., 2014), and Shox2 expression level is repressed by Arx and is 

an important indicator of Arx function (Colombo et al., 2004; Olivetti et al., 

2014). These results suggest that Shox2 may be important for at least some of 

the phenotypical effects observed in some of the ARX-related disorders. 

Surprisingly, our results indicated that Shox2 was not expressed in any neurons 

of ventral thalamus nor in PV+ inhibitory interneurons. Further research will be 

critical for understanding the Arx/Shox2 regulation pathway in early brain 

development. One possibility is that Arx, as a homeobox gene, may be secreted 

and transferred to neighboring cells. Previous research has found that 

homeodomains in all homeobox genes contain secretion and internalization 

sequences which allow homeobox proteins to be secreted and transferred to 
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neighboring cells (Brunet et al., 2005; Joliot & Prochiantz, 2004). For example, 

mRNA of the homeobox gene, Otx2, is only expressed in a small group of 

interneurons in LGN and retina, but homeobox protein of Otx2 exists in 

interneurons among the visual cortex, LGN and retina (Sugiyama, Prochiantz, 

& Hensch, 2009). The regulation of Shox2 by Arx may be a consequence that 

ARX protein is secreted by ventral thalamus and taken up by thalamic neurons, 

thereby regulating Shox2 expression in thalamic neurons. Another possibility is 

ARX protein binds the Shox2 promoter and totally inhibits Shox2 expression in 

ventral thalamus and inhibitory interneurons. In this way, ARX did not regulate 

Shox2 expression directly. The regulation of Shox2 expression detected in Arx-

mutation mice (Fulp et al., 2008; Olivetti et al., 2014) is not the direct phenotype 

but may be caused by interrupted ratio of thalamic neurons in the whole brain. 

Arx mutation impaired brain development and morphology including thalamus 

development (Colombo et al., 2007; Kitamura et al., 2002) and the results of 

mRNA study showed that Shox2 is repressed by Arx. More research is needed 

in the future for the possible mechanisms. 

The NeuN co-expression result indicated that Shox2 is only expressed in 

neurons (Figure 3.5). It suggests there are two or more sources or types of 
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neurons in the thalamus. It has been proposed before that thalamus of 

vertebrate, especially primate, consists of calbindin-immunoreactive ‘matrix’ 

neurons which project into superficial layers or cortex over wide areas and PV-

immunoreactive ‘core’ neurons which project into layer IV of cortex in an area-

specific manner (E. G. Jones, 1998, 2001). Our results (Figure 3.3),  are 

consistent with previous studies that showed the mouse thalamus lacks PV-

immuno-reactive neurons (Arcelli et al., 1997; Bodor et al., 2008). However, 

there still is the fact that multiple types of neurons with different projection 

profiles exist in rodents thalamus (Theyel, Lee, & Sherman, 2010). Thus, 

calbindin/PV system may not be the essential marker for the different types of 

neurons in rodents’ thalamus. Our finding that Shox2 is expressed in a portion 

of thalamic neurons in a nucleus-specific manner, combined with the role of 

Shox2 as a membrane of homeobox genes which have been found to be 

important in thalamocortical projections (Chatterjee et al., 2012), suggests that 

Shox2 might determine the thalamic generation and differentiation. Together, 

these results suggest that Shox2 is a possible marker to label an important type 

of neurons. The further study will be applied for the specific physiological role 

of Shox2 expressing neurons. 
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In this dissertation, the study of Shox2 expression with Shox2cre or 

Shox2LacZ mice only labeled the neurons with Shox2 mRNA expression. But 

Shox2 protein may be secreted and taken up by all thalamic neurons and even 

glia. GFAP co-expression result indicated that the limited expression level of 

GFAP in the thalamus and confirmed that Shox2 was not expressed in the 

GFAP positive glia (Figure 3.6 3.7). The negative relationship between Shox2 

and GFAP and lack of GFAP staining in the thalamus is interesting and might 

be studied in the future. 

 

4.4. Shox2 is essential to maintain the thalamic neurons 

physiological properties and functions. 

   Our mRNA sequencing results indicated enriched genes found in GO 

terms of neuron projection, extracellular matrix, neuron projection development 

and cell death. Genes in these terms are related to the thalamic neurons’ 

physiological properties and survival. Especially, enriched genes in terms of 

neuron projection development suggested a possible activation of development 

related process, which has been demonstrated to be related to 

neurodegenerative diseases in central nervous system (Lull & Block, 2010; 
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Papageorgiou, Fetani, Lewen, Heinemann, & Kann, 2015; Pitter et al., 2014). 

It provided another possibility to the effects of cell death we detected in Shox2 

KO mice. In addition, Shox2 is involved in the regulation of genes specifically 

enriched in the thalamus, which represented thalamic identity and specific 

properties. Our results suggest a general transcriptome change related to the 

maintenance of thalamic neurons identity and survival. 

  The reason and importance of the involvement of potassium channels 

under Shox2 regulation needs to be determined in the future. Previous studies 

have shown that traumatic brain injury or stroke increased potassium channels 

expression, which is considered as a protective regulation because of 

increased potassium channel function usually leads to decreased cell 

excitability (Bierbower, Choveau, Lechleiter, & Shapiro, 2015; Jiang, Huang, Lin, 

Gao, & Fei, 2013; Lei, Deng, Li, & Xu, 2012). Accordingly, the general regulation 

of potassium channels may be a protective process after Shox2 KO, especially 

the increase of high-level inward rectifying channels, Kcnj10. Regulation of this 

channel may underlie the decreased input resistance and the decreased 

spontaneous and evoked action potential frequency recorded in our 

electrophysiological experiments.  
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  The previous study from cardiac tissue demonstrated that Shox2 is 

important for the fate determination and differentiation of pacemaker cells in 

hearts and pulmonary vein because conditional KO of Shox2 impaired the 

pacemaker-like action potentials in nodal-like cells. However, the expression of 

Shox2 in SAN of the heart continues into adulthood when cells in SAN always 

have pace-maker properties, but is suppressed in pulmonary vein and coronary 

sinus to the adult when cells have lost their automaticity and pacemaker 

properties during development (Kofler et al., 2017; J. Wang et al., 2010). It 

suggests a role for Shox2 in maintenance of pacemaker properties up to 

adulthood in addition to the involvement of pacemaker cells differentiation in 

embryonic stage. In this study, we inducibly knocked-out Shox2 in adult mouse 

by tamoxifen injection and confirmed the role of Shox2 in maintenance of 

pacemaker-related physiological properties in the young adult thalamus. With 

the inducible KO method, the embryonic lethality is avoided. These experiments 

revealed that the role of Shox2 in thalamic neurons identity and survival in 

young adult stage. 

     Overall, we made several important observations. First, we found Shox2 

is specifically expressed in the thalamic neurons of young adult mouse with 
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outstanding high-level expression of Cav3.1, HCN2 and HCN4 channels. The 

co-expression pattern of Shox2 with Cav3.1, HCN2 and HCN4, and the pace-

making properties of thalamic neurons suggested Shox2 determines thalamic 

neurons pace-making related properties. Besides, our results indicated 

comprehensive thalamus properties and function deficits in Shox2-inducible-

KO young adult mice, including thalamus-related behavior deficit, thalamic 

neurons intrinsic properties change, increased cell death in the thalamus, 

thalamic pacemaking-related T-type calcium and HCN current and channel 

expression impairment, and transcriptome change. Combined, all these results 

suggest Shox2 is essential to maintain the thalamic neurons physiological 

properties and functions in young-adult mice. 

In addition, some preliminary data showing that Shox2 in the thalamus may 

be downregulated by aging or pilocarpine-induced seizure (preliminary data not 

shown). The abnormal Shox2 expression may be related to changes in thalamic 

neuron properties and neurodegeneration under aging or other pathological 

conditions. More importantly, the Shox2 studies in young adult mouse provided 

a possible way to manipulate thalamic neurons physiological properties and 

survival, and thus provided a better possibility of medical interference for 
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thalamus-related diseases including epilepsy, autism and schizophrenia and 

cognitive deficits caused by Shox2 insufficient syndromes such as Turner 

Syndromes.  
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Abstract 

Previous genomic studies in humans indicated that SIRT1, an NAD+-dependent protein 

deacetylase, is involved in anxiety and depression, but the mechanisms of its role in 

these and other neuropathologies are unclear. Our lab has used an animal model of 

chronic stress to elucidate the role of SIRT1 in depression-like behaviors. Several 

studies have shown that the function of SIRT1 is likely dependent upon its localization 

within the cell, cytoplasmic or nuclear, as well as the substrates that it targets during 

a given physiological demand. We previously showed that SIRT1 is highly activated in 

the nuclear fraction of the chronically stressed animals and SIRT1 functions to inhibit 

memory formation and increase anhedonic behavior during chronic stress, but specific 

cytoplasmic SIRT1 function has not been studied. We used electrophysiology, 

biochemistry and behavioral techniques to demonstrate that SIRT1 activity rapidly 

modulates intrinsic and synaptic properties in the dentate gyrus granule cells through 

deacetylation and internalization of BK channel α subunits in control animals and 

modulates anxiety behaviors. On the other hand, chronic stress decreases BK α 

channel membrane expression, and SIRT1 activity has no rapid effects on synaptic 

transmission or intrinsic properties in the chronically stressed animal. We propose that 

the loss of the SIRT1/BK-mediated rapid regulation participates in the maladaptive 

response to chronic stress in the hippocampus. Together with previous studies, these 

results suggest that SIRT1 activity rapidly modulates DG physiological properties and 

function, and this modulation is important to behavioral output during different 

physiological states.  
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Introduction  

  

The sirtuins (SIRT1-7) are a highly-conserved family of nicotinamide adenine 

dinucleotide (NAD+)-dependent protein deacetylases that are expressed in cells 

throughout an organism, including cells in the nervous system (Imai & Guarente, 2010; 

Satoh, Imai, & Guarente, 2017). One member of the sirtuin family, SIRT1, the mammalian 

homologue of yeast Sir2, was first implicated in extension of lifespan by caloric 

restriction (Imai, Armstrong, Kaeberlein, & Guarente, 2000) and has been linked to cell 

energy metabolism, oxidative stress (Fabrizio et al., 2005; Kaeberlein, McVey, & Guarente, 

1999; Rogina & Helfand, 2004; Tissenbaum & Guarente, 2001) and neurodegenerative 

disorders in mammals (Haigis & Sinclair, 2010). Recent studies have implicated SIRT1 in 

mood disorders in humans. Two independent whole genome sequencing studies, 

including the Cai et al. Converge consortium ("Sparse whole-genome sequencing 

identifies two loci for major depressive disorder," 2015), found that SIRT1 single 

nucleotide polymorphisms (SNPs) are associated with major depressive disorder 

(Kishi et al., 2010). In addition, variations in the SIRT1 gene were shown to be 

associated with risk of anxiety in human population samples (Libert et al., 2011).   

Animal models of anxiety and chronic variable stress (CVS) are used to determine 

mechanisms involved in development of anxiety- and depression-like behaviors. 
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Brain-specific SIRT1 KO mice showed reduced anxiety, while SIRT1 overexpressing 

mice exhibited enhanced anxiety (Libert et al., 2011), suggesting that chronic SIRT1 

function also modulates anxiety-like behaviors in mice. Further, previous work from 

our lab showed that SIRT1 is hyper-activated in the nuclear-enriched fraction from the 

dentate gyrus (DG) of the hippocampus of rats exposed to CVS (Ferland & Schrader, 

2011), and chronic inhibition of SIRT1 with sirtinol infused into the DG reversed CVS-

induced memory impairments and anhedonia (Ferland et al., 2013). On the other hand, 

another study demonstrated reduced SIRT1 activity in the hippocampus of chronic 

ultra-mild stress-treated mice, and increased SIRT1 activation reversed the stress-

induced dendritic atrophy and anhedonia in mice (Abe-Higuchi et al., 2016). While these 

results are inconsistent with our previous study, they indicate a critical role for SIRT1 

activity modulation during stress, but also highlight the need for further identification of 

the specific roles of SIRT1 and its substrates in hippocampus function during control 

and chronic stress conditions. Furthermore, taken together with the human genetic 

studies, these studies define an important relationship between SIRT1-dependent 

mechanisms and development of anxiety and depressive disorder-related behaviors.  

Interestingly, the roles of SIRT1 in many physiological functions can be opposing 

and are dependent on the cellular localization of SIRT1 and its substrates. While most 
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studies have demonstrated that SIRT1 is localized to the nucleus and functions in 

gene transcription (Bai & Zhang, 2016; Tanno, Sakamoto, Miura, Shimamoto, & Horio, 

2007), recent research shows that SIRT1 is highly expressed in both the nucleus and 

cytoplasm of neurons (Y. Li, Xu, McBurney, & Longo, 2008), with two nuclear export 

and import signals within SIRT1’s amino acid sequence (Tanno et al., 2007), suggesting 

potential for dynamic changes in localization. The cellular localization and targets of 

SIRT1 function can change rapidly and likely depend on physiological functional 

demand,  for example, in response to metabolic demand or developmental state. 

Opposing effects of cytosolic and nuclear SIRT1 have been demonstrated in the fields 

of tumor growth studies (N. Y. Song & Surh, 2012) as well as neuroprotection (Jeong et al., 

2012; Kakefuda et al., 2009; Tang, 2009). Furthermore, SIRT1 can affect multiple functions, 

depending on localization. For example, in pancreatic β cells, cytoplasmic SIRT1 

inhibits β-cell survival through Kv1.5 and Kvβ acetylation while nuclear SIRT1 

suppression of the expression of uncoupling protein gene 2 increases insulin secretion 

(S. J. Kim, Ao, Warnock, & McIntosh, 2013). Therefore, the localization of SIRT1 and 

its substrates appears to play a decisive role in the overall functional output of cells. 

However, the involvement of SIRT1 in anxiety and depressive disorder-related 

behavior regulation was previously studied under chronic SIRT1 activity modulation 



156 

 

 

 

such as SIRT1 KO, overexpression or long-term pharmacological modulation. The 

implication of rapid effects of cytosolic SIRT1 in CVS and anxiety behavior regulation 

has not yet been studied.  

      We hypothesized that rapid deacetylation of targets by cytosolic SIRT1 in the 

granule cells of the DG may mediate differential acute effects compared to chronic 

modulation of SIRT1 previously described.  Thus, dynamic deacetylation of 

membrane or cytosolic targets may affect neuronal intrinsic properties or synaptic 

transmission independent of transcription-dependent effects. In this study, we 

investigated membrane targets of SIRT1 deacetylation that mediate rapid effects in 

the granule cells of the dentate gyrus in control and chronically stressed animals. 

Using electrophysiological recordings from granule cells, we found that activation and 

inhibition of SIRT1 activity rapidly modulated DG granule cell intrinsic properties and 

excitatory transmission. These effects in control mice were mediated through the large 

conductance, voltage- and Ca2+-gated BK channels, and we found that the primary α 

subunit of BK channels is a direct target of SIRT1 activity. Interestingly, no effect of 

SIRT1 activity was observed in animals previously exposed to chronic stress, and 

chronic stress decreased BK channel membrane expression levels and currents in the 

CVS-treated animals, a mechanism which may underlie the stress-induced 
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impairment of SIRT1 rapid effect. Finally, we show that modulation of SIRT1 activity 

in the dentate gyrus can rapidly affect anxiety behavior, as SIRT1 inhibition in the 

dentate gyrus caused a rapid anxiogenic effect, while activation was anxiolytic in 

mouse open field test. 

Methods:  

Animals:  

All animals and procedures were approved by Tulane Institutional Animal Care and 

Use Committee (IACUC) according to National Institutes of Health (NIH) guidelines. 

Mice were 4 -10 weeks old C57 male mice ordered from Charles River. All mice were 

housed on a 12:12 light/dark cycle and received food and water ad libitum. Animals 

were handled daily to avoid acute stress prior to experiments.  

  

Electrophysiology: 

Hippocampus slices were prepared according to previously described methods 

(McDermott & Schrader, 2011). Briefly, mice were deeply anesthetized with isoflurane and 

decapitated, and the brains were rapidly removed. Acute hippocampus brain slices 

were prepared in ice-cold oxygenated (95% O2/5% CO2) cutting artificial cerebrospinal 

fluid (aCSF) with a vibratome. Slices were incubated at 35℃ for 30 minutes then held 

at room temperature in oxygenated standard aCSF until use. In some experiments, 1 
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μM tetrodotoxin (TTX, Alomone Labs Cat #T-550) or 50 μΜ paxilline (Sigma Aldrich, 

Cat #57186-25-1) was applied during the incubation to inhibit voltage-gated sodium or 

large conductance calcium-dependent potassium channels (BK channels) 

respectively. Dentate gyrus granule cells were identified under infrared differential 

interference contrast (DIC) videomicroscopy and only cells from the upper blade of 

dentate gyrus were targeted for whole-cell patch clamp recordings. Recordings were 

done at room temperature using a Digidata 1322A digitizer with Multiclamp 700B 

amplifier. Series resistance was monitored throughout the recording, and any cells with 

access resistance more than 20MΩ or more than 20% change were excluded from 

further analysis. Spontaneous excitatory postsynaptic current (sEPSC) and miniature 

EPSC (mEPSC) events were recorded at holding potential of -70mV under voltage 

clamp with pClamp software and analyzed by Minianalysis. Action potentials were 

evoked by small current injection ranging from 10 pA to 60 pA from a holding potential 

of -65mV under current clamp. Fast afterhyperpolarization (fAHP) amplitude was 

defined as the voltage difference between fAHP and threshold of the first evoked spike 

at 50pA current injection, and the spike width was defined as the time difference 

between up- and down-stroke at the threshold voltage. Statistical analysis was done 

in Graphpad Prism 6. Unless otherwise specified, paired t-tests were used to 
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determine significance between control and drug application. Solution Recipe: 

Cutting aCSF (mM): 125 NaCl, 2.5 KCl, 26 NaHCO3, 1.24 NaH2PO3, 25 Dextrose, 8 

MgSO4, 0.25 CaCl2; Standard aCSF (mM): 125 NaCl, 2.5 KCl, 26 NaHCO3, 1.24 

NaH2PO3, 25 Dextrose, 2 MgSO4, 2 CaCl2; Pipette solution (mM): 120 Kglu, 20 KCl, 

0.2 EGTA, 10 Hepes, 4 NaCl, 4 Mg2+ATP, 14 phosphocreatine, 0.3 Tris GTP. pH was 

adjusted to 7.2-7.25 by KOH. Osmolarity was adjusted to 305-315 mOsm by sorbitol. 

The main SIRT1 inhibitor and activator drugs were made as 1000 x stock solution in 

DMSO stored aliquoted at -20 ℃, and bath applied at a concentration demonstrated 

before (Nayagam et al., 2006; Porcu & Chiarugi, 2005) prior to bath application: SIRT1 

inhibitor IV (Calbiochem Cat #566325): 1µM; SIRT1 activator 3 (Santa Cruz 

Biotechology, Inc. sc-222315): 50 µM. 

  

Chronic Variable Stress:  

CVS was conducted using a similar method as previously reported (Ferland et al., 2013; 

Ferland & Schrader, 2011). Briefly, the CVS paradigm consisted of randomized stressors 

twice a day daily for 21 days, with occasional overnight stressors. Morning and 

afternoon stressors consisted of cold swim (8 min at 20℃ tap water), cold room (1 

hour at 4℃), warm swim (20 min at 35℃tap water), shaking plate (1 hour on shaking 
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plate), wet bedding (1 hour). Overnight stressors consisted of no bedding, single 

housing and overcrowding (6 mice in each cage). Daily food consumption and weight 

gain were monitored and demonstrated the CVS mice were stressed as CVS 

decreased daily food consumption and weight gain (Supplementary Figure 1). Mice 

received 21 days of stressors that concluded the day before recordings to avoid the 

confounds of acute stress. For recordings, all control and CVS mice were handled the 

same way and sacrificed at the same time of the day (11 am ± 30 min).  

 

Immunoprecipitation / Co-Immunoprecipitation (IP/Co-IP):   

Hippocampus tissue was collected from acute mouse brain slices which were prepared 

in the same way as those in electrophysiological experiments. The brain slices were 

incubated in either 1:1000 DMSO, 50 μM SIRT1 activator 3 or 1 μM SIRT1 inhibitor IV 

before IP procedures. PierceTM Classic Magnetic IP/Co-IP Kit (Thermo Scientific, 

88804) was used for IP/Co-IP experiments. To avoid post-translational modification of 

proteins, phosphatase inhibitor cocktail (Calbiochem, Cat.# 524627, 1:100), 10mM 

sodium fluoride, 20mM sodium butyrate and 1mM sodium orthovanadate as well as 

protease inhibitor (Calbiochem, Cat.# 535142, 1:100) were added to the NP-40 lysis 

buffer provided in the kit. The protein concentration was determined and all samples 
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were diluted to the same concentration before IP. The immunocomplex was 2 μg 

antibodies in 200 μL lysis buffers with 0.6 mg/mL proteins. All procedures followed the 

instruction of PierceTM Classic Magnetic IP/Co-IP Kit. The Western blot analysis 

protocols were followed to immuno-blot (IB) our target protein.  

 

Bis(sulfosuccinimidyl) suberate (BS3) crosslinking:  

Hippocampus and surrounding cortical slices were randomly divided into 3 groups and 

incubated in 1:1000 DMSO, 1 μM SIRT1 inhibitor IV, or 50 μM SIRT1 activator 3 for 

15 minutes. After wash, slices were placed into ice-cold standard aCSF containing 

2mM bis(sulfosuccinimidyl) suberate (BS3) (ThermoFisher, 21580) for crosslinking for 

30 minutes. The reaction was quenched with 100 mM glycine. Slices were washed 

with ice-cold standard aCSF. Hippocampi were removed from slices and lysed in the 

lysis buffer with protease inhibitor and 20mM sodium butyrate, aliquoted and 

processed with the same western blot analysis protocol, except that proteins were 

transferred to the membrane overnight at 40 mV in a 4 ℃ cold room.  

Western blot analysis  

Tissue from rats exposed to CVS or controls was gathered by bilaterally sub-dissecting 

the hippocampus into DG, CA3, and CA1 sub-regions as previously described before 
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(Ferland & Schrader, 2011). Dentate gyrus tissue was sub-fractionated using a 

commercially available kit (Millipore compartmental fractionation kit, 2145) per 

manufacturer’s instructions to generate a membrane enriched fraction. For mouse 

tissue, the whole hippocampi were collected from acute brain slices prepared in the 

same way as electrophysiological experiments and lysed with NP-40 lysis buffer with 

protease inhibitor and 20mM sodium butyrate. The protein concentration was 

determined by Bio-Rad DC protein assay (BioRad, Hercules, CA, Cat #500) and all 

samples in the same experiments were diluted to the same concentration before 

further procedure such as IP or aliquot.  To denature and reduce the samples, sample 

buffer (5x, Thermo-Fisher Scientific, 39001) and dithiothreitol (DTT, final concentration 

to 50mM) were added to all samples and samples were boiled for 5 minutes before 

loading. The same amount of protein was loaded into 10% SDS-PAGE gels, separated 

and transferred to a PVDF membrane. The membranes were blocked in Odyssey® 

Blocking Buffer (TBS) (LI-COR®, Part No. 927-50000) for 1 hour at room temperature 

with constant rocking. The membranes were incubated with primary antibodies 

including anti-BK α (Neuromab, L6/60, 1:1000), anti-BK β2 (Neuromab, N53/32 

1:1000), anti-BK β4 (Neuromab, L18A.3, 1:1000), anti-SIRT1 (Santa Cruz, sc-15404, 

1:1000), anti-acetylated lysine (Cell Signaling, 9441S, 1:1000) or anti-GAPDH (Cell 
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Signaling, 1:10,000) primary antibodies at 4 ℃ overnight with constant rocking. The 

membranes were washed three times with TTBS and incubated with fluorescence 

conjugated secondary antibodies (IRDye® 680RD Goat anti-mouse, IRDye® 800CW 

Goat anti-rabbit, 1: 10,000) for 1 hour at room temperature. Immuno-reactive bands 

were acquired using Odyssey® imaging system (LI-COR). Results were analyzed by 

Image Studio Lite V5.2.  

Surgery and Behavior  

Animals were anesthetized by ketamine/xylazine and maintained on isoflurane and 

placed in a Kopf stereotaxic instrument with the toothbar set level with the interaural 

line. Two stainless steel 23-gauge cannula were implanted bilaterally 2.5 mm above 

the DG of the hippocampus, coordinates: AP - 3.6 (Bregma), L ± 2.2 ± 0.1, DV - 3.0 

(skull). The open-field behavior experiment was conducted two weeks after surgery in 

a  repeated-measures design. 8 mice received three different drug conditions: 

1:1000 DMSO, 1 μM SIRT1 inhibitor IV and 50 μM SIRT1 activator 3 in sterile saline 

and the sequence of three drug application was randomized with one-week interval 

between any two conditions to avoid interaction between conditions. Mice were 

handled regularly and habituated for 3 days before every experiment day. On the 

experiment day, the drugs were injected at a flow rate of 100 nL/min through the 
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bilateral cannula (PlasticsOne 1mm C315GA 33GA internal cannula) pumped by 

Osmotic pump and two 250µL infusion syringe (Hamilton) for two minutes. Fifteen 

minutes after drug infusion, the 5-minute open field test was conducted. Infrared 

beams and computer-based software Fusion was used to track mice and calculate 

mice activity and time spent in the center (4x4) of open field (8x8). Matlab R2014a 

was used to calculate the heat map shown in Figure 9.. After all experiments, all mice 

were sacrificed and the positions of cannula guides are checked with vibratome 

dissection.  

 

RESULTS 

      To confirm effective manipulation of SIRT1 activity by SIRT1 activator 3 and 

SIRT1 inhibitor IV in acute brain slices, brain slices were incubated in aCSF with 

1:1000 DMSO, 50 μM SIRT1 activator 3, or 1 μM SIRT1 inhibitor IV for 1 hour at room 

temperature, and the acetylation levels of the well-established SIRT1 substrate, 

acetylated p53 were tested. Our results showed that the acetylation level of p53 was 

modulated by 50 μΜ SIRT1 activator and 1 μΜ SIRT1 inhibitor IV bath application 

(supplementary Figure 2), indicating the validation of the activation and inhibition 

effects of these chemicals. 
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SIRT1 activity modulates sEPSC and mEPSC frequency recorded in DG granule 

cells  

In order to determine rapid effects of SIRT1 activation, we first investigated the 

role of modulation of SIRT1 activity on excitatory synaptic inputs in DG granule cells. 

Spontaneous excitatory postsynaptic currents (EPSCs) were recorded from DG 

granule cells in hippocampus slices from control mice before and 10 minutes after 

application of 1µM SIRT1 inhibitor IV or 50 µM SIRT1 activator 3. SIRT1 inhibition had 

no significant effect on sEPSC amplitude (t(9) = 0.87, P = 0.40) but significantly 

increased sEPSC frequency (t(9) = 3.13, P = 0.01; Fig. 1A). Another SIRT1 inhibitor, 

sirtinol (30 μM) showed a similar increase of sEPSC frequency (supplementary Fig. 

3). SIRT1 activation had no significant effect on sEPSC amplitude (t(10) =1.5, P = 0.17) 

but significantly decreased sEPSC frequency (t(10) =4.14, P <0.01; Fig. 1B). Similar 

effects were observed with another commonly used SIRT1 activator, resveratrol (200 

µM), which significantly decreased sEPSC frequency in granule cells (supplementary 

Figure 3). These rapid effects of SIRT1 manipulation suggest that SIRT1 activity 

bidirectionally modulated glutamatergic neurotransmission independent of gene 

transcription.   
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      To determine whether the modulation of sEPSC frequency was action 

potential-dependent, the effect of SIRT1 activity on mEPSC frequency was 

investigated by pre-incubation of slices in 1µM TTX, a voltage-gated sodium channel 

blocker. Similar to the effect on spontaneous activity, inhibition of SIRT1 activity 

significantly increased mEPSC frequency (t(8) =2.65, P = 0.03; Fig. 1C) with no 

significant effect on amplitude (t(9) =0.48, P = 0.65); while activation significantly 

reduced mEPSC frequency (t(10)=2.34, P = 0.04; Fig. 1D) with no significant effect on 

amplitude (t (10) =1.67, P = 0.13). These results suggest that SIRT1 activity affected 

glutamate release from the presynaptic terminal, but the smaller magnitude of the 

change in mEPSC frequency (SIRT1 activator 3: -7.61% mEPSC frequency vs -

19.35% sEPSC frequency; SIRT1 inhibitor IV: +10.65% mEPSC frequency vs 

+18.74% sEPSC frequency) suggests that SIRT1 activity also regulated the 

excitability of presynaptic glutamatergic cells.   

  

SIRT1 activity modulates spike width and fast afterhyperpolarization (fAHP) 

amplitude of evoked action potentials in DG granule cells  

We next investigated the rapid effects of SIRT1 activity on granule cell intrinsic 

properties by investigating changes in the evoked action potentials 15 minutes after 
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bath application of SIRT1 activator or inhibitor. Manipulation of SIRT1 activity 

modulated spike width and fast afterhyperpolarization (fAHP) amplitude (Fig. 2A). 

SIRT1 inhibition significantly increased spike width (t(11) =4.90, P<0.01) and 

significantly decreased fAHP amplitude (t(11) =4.10, P<0.01). On the other hand, 

SIRT1 activation had no significant effect on spike width (t (8) =1.79, P = 0.11) but did 

significantly reduce the fAHP amplitude (Fig. 2B; t(8) =3.1, P=0.02). Input resistance, 

resting potential, and rise time of action potentials were not affected by SIRT1 

inhibition or activation (Table 1).  These results suggest that SIRT1 rapidly 

modulated voltage-gated currents that modulate the repolarization phase of action 

potentials in DG granule cells.  

 

BK channels mediate the rapid effect of SIRT1 activity in the DG. 

The decrease in fAHP amplitude and increase in spike width caused by SIRT1 

inhibition, in addition to the effects on glutamate release in response to SIRT1 

manipulation, suggested the participation of potassium channels that are critical in the 

repolarization phase of action potentials, specifically, currents formed by BK channels. 

To test whether changes in these currents participate in the SIRT1 regulation pathway, 

acute slices were pre-incubated in aCSF with 5 μM paxilline, a specific blocker of BK 
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channels, and the effects of SIRT1 inhibition on spike width and fAHP amplitude were 

measured (Fig. 3A). Pre-incubation with paxilline blocked the effects of SIRT1 

inhibition, such that SIRT1 inhibition had no further significant effect on spike width 

(t(8) =1.25, P =0.25) or fAHP amplitude  (t(8) =0.57, P=0.59). This result suggests that 

BK channels mediate at least part of the effect of SIRT1 activity on spike width and 

fAHP amplitude in control animals. In addition, we tested the effect of BK channel 

blockade on sEPSC frequency. Consistent with the effect of BK channel blockade on 

spike width and fAHP, pre-incubation of slices in aCSF with 5μM paxilline blocked the 

effect of SIRT1 inhibitor on sEPSC frequency (Fig. 3B, t (8) =2.00, P =0.08). These 

results further confirmed BK channels are a possible regulation target of SIRT1 since 

the BK channel inhibitor blocked the SIRT1 inhibition effect. 

 

BK channels α subunits are potential deacetylation targets of cytosolic SIRT1. 

Typically, SIRT1 acts on proteins to remove the acetyl-groups from lysine residues, 

which may have important regulatory effects on protein-protein interactions or protein 

function. Since the experiments described suggested that the BK channels are 

involved in the effects of SIRT1 activity, we hypothesized that the pore-forming BK 

channel α subunits are direct targets of SIRT1 deacetylation, and that the two proteins 
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directly interact. We investigated protein-protein interactions between BKα and SIRT1 

using co-immunoprecipitation (co-IP) of hippocampus tissue. Immunoprecipitation 

with the anti-SIRT1 antibody and immunoblot with the anti-BKα antibody recognized 

bands at the ~130 kD level of BKα subunit (Fig. 4A). The co-IP bands indicated a 

protein-protein interaction between BKα and SIRT1. The reciprocal co-IP experiment 

of immunoprecipitation with the anti-BKα antibody and immunoblot with the anti-SIRT1 

antibody (Fig. 4A) recognized a band at the ~80kD level and confirmed the interaction. 

These results show that BKα and SIRT1 proteins interact.  

BK α subunits also interact with β subunits which are important for modulation of 

BK properties (B. Wang, Jaffe, & Brenner, 2014). Specifically, β2 and β4 subunits are 

highly expressed in the hippocampus (Brenner et al., 2005; Petrik, Wang, & Brenner, 2011; 

B. Wang et al., 2016) and are also possible candidates for SIRT1 targets; therefore, we 

tested whether β2 and β4 subunits may also interact with SIRT1. The BKα and SIRT1 

IP samples were immunoblotted with BΚβ2 and BKβ4 antibodies (Fig. 4B). The results 

showed the BKβ immunoreactivity was recognized in BKα immunoprecipitation 

sample but not in SIRT1 immunoprecipitation samples, suggesting an interaction with 

BKα as expected, but no interaction between SIRT1 and BKβ2 or BKβ4. 
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To further determine if BKα is a SIRT1 deacetylase substrate, we tested whether 

native BK α subunits have acetylated lysine residues. Proteins were 

immunoprecipitated from fresh hippocampus lysates with the anti-BKα subunit 

antibody and immunoblotted with anti-acetylated lysine antibody along with the 

inverse experiment, proteins were immunoprecipitated with the anti-acetylated 

antibody and immunoblotted with the BKα antibody (Fig. 4C). The Co-IP bands 

detected in immunoblotting with both antibodies suggested that the BKα subunit was 

acetylated in the brain.  

Finally, to determine whether SIRT1 deacetylates BKα subunits in the 

hippocampus, we tested whether the acetylation levels of BKα subunit are modulated 

by SIRT1 activity (Fig. 4D). We immunoprecipitated hippocampus lysates from acute 

brain slices that were bathed with vehicle, SIRT1 activator 3 or inhibitor IV for 15 

minutes with BKα antibodies and tested the acetylation level by immunoblotting with 

anti-acetylated lysine antibodies. Our results showed the percentage change from 

control in the ratios between acetylated lysine band intensity and BKα band intensity 

were significantly different between decreased and increased SIRT1 activity 

(Student’s t-test, t (8) =5.09, P<0.01). SIRT1 activation decreased BK channel 

acetylation (-8 ± 5%, n=5), while the SIRT1 inhibition increased BK channel acetylation 
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(23.35 ± 3.6%, n=5; Fig. 4D). These immunoprecipitation and immunoblotting 

experiments showed that BKα is a potential target of SIRT1 deacetylation. These 

results suggest this deacetylation of the BKα subunit protein by SIRT1 contributed to 

the rapid effect of SIRT1 activity on the synaptic activity and intrinsic properties of DG 

granule cells. 

 

Surface cross-linking experiments indicate SIRT1 activity modulates BK 

channel membrane distribution. 

Internalization of BK channels is important for their physiological functions (E. Y. Kim, 

Ridgway, & Dryer, 2007; Leo et al., 2015; Velazquez-Marrero et al., 2016), and protein 

acetylation has been shown to inhibit protein ubiquitination and trafficking, thus 

affecting cellular distribution of proteins (Caron, Boyault, & Khochbin, 2005). Therefore, we 

hypothesized that deacetylation of BK subunits with SIRT1 will affect BK channel 

internalization and cellular distribution. To test whether SIRT1 activity rapidly affects 

BKα surface expression, acute brain slices were incubated with 1:1000 DMSO, 50 μM 

SIRT1 activator 3, or 1 μM SIRT1 inhibitor IV for 15 minutes prior to cross-linking all 

surface proteins in the plasma membranes using BS3, a membrane impermeable 

amine-to-amine crosslinker. Two bands appeared in our immunoblotting results, the 
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intracellular BKα band around 130kD and the crosslinked membrane BKα band at the 

top of gels. The ratios between membrane and intracellular BKα immunoreactive 

bands were determined in these three drug conditions and used to describe BKα 

subunit internalization and cellular distribution. Our results suggested SIRT1 

activation significantly affected BKα subunit surface distribution (Fig. 5, Student’s t-

test, t(10)=2.67, P = 0.02), while SIRT1 inhibition had no significant effect on surface 

BKα expression (P = 0.50). This suggests that SIRT1 activation significantly 

decreased the membrane BKα ratios and facilitated BK channels internalization in 

acute brain slices.  

 

CVS-treated rodents showed impaired BKα membrane expression and altered 

evoked action potential traces in granule cells in the DG. 

 

Since the previous results from our lab (Ferland et al., 2013; Ferland & Schrader, 2011) 

demonstrated increased nuclear SIRT1 activity in the hippocampus of animals 

exposed to CVS, we tested the rapid effects of SIRT1 activity in CVS-treated mice. 

Stress has been shown to affect glutamatergic transmission in the hippocampus (Joels, 

Krugers, & Karst, 2008; Karst & Joels, 2003; Nasca, Bigio, Zelli, Nicoletti, & McEwen, 2015),  
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therefore, we hypothesized that SIRT1 activity may also play a role in the stress-

induced regulation of glutamatergic activity (Fig. 6). Interestingly, sEPSC and mEPSC 

frequency in granule cells from slices from CVS-treated mice did not change in 

response to SIRT1 inhibition (sEPSC: t(8) =2.2, P = 0.06, Fig 6A; mEPSC: t(9) =1.53, P 

= 0.16; Fig. 6C) or SIRT1 activation (sEPSC: t(8) =1.28, P = 0.24, Fig 6B; mEPSC: t(9) 

=0.47, P = 0.65, Fig. 6D). The loss of the rapid sensitivity to SIRT1 activity in granule 

cells from the DG of CVS mice compared to control mice, combined with the 

previously reported elevated SIRT1 activity in the nuclear-enriched fraction of the DG 

after CVS exposure, suggest that chronic stress modulated SIRT1 activity at localized 

targets, cytoplasmic vs nuclear.  

We also investigated the rapid effect of SIRT1 activity on action potential 

repolarization phase in CVS-treated mice. Spike width and fAHP amplitude recorded 

from granule cells of CVS mice did not change after SIRT1 inhibition (spike width, t(9) 

=1.71, P=0.13; fAHP amplitude, t(8) =2.04, P=0.08;  Fig.7A) and SIRT1 activation 

(spike width, t(8) =1.61, P=0.15; fAHP amplitude, t(8) =0.72, P=0.49, Fig. 7B).  

The electrophysiological results also showed that the spike width in CVS mice 

(4.6 ± 0.11 ms) had a similar average value compared to that from control mice with 

paxilline pre-incubation (4.86 ± 0.2 ms) (Fig. 8). Therefore, we hypothesized that the 
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loss of sensitivity to SIRT1 activity in CVS DG granule cells may be due to the loss of 

SIRT1-mediated changes in BK currents. The membrane expression of BK channels 

in control and CVS-treated animals was determined by immunoblotting with anti-BKα 

antibody in DG tissue extract. Membrane BKα immunoreactivity decreased 

significantly in DG extract from CVS-treated rats compared to controls (Fig. 8A, 

Student’s t-test, t(17) =3.33, P<0.01).  

We investigated the frequency of action potentials evoked by a family of current 

injections in the DG granule cells in hippocampus slices from control mice with DMSO, 

BK blocker treatment (control mice with paxilline) and CVS treatment (CVS with 

DMSO) (Fig. 8B). Two-way ANOVA test showed the main effect of current injection 

and treatment, as well as the interaction between these two main effects were 

significant (two-way ANOVA, current injection: F(5,230)=142.30, P<0.0001, treatment: 

F(2, 46)=5.78, P=0.006; interaction: F(10,230)=4.66, P<0.0001). The post-hoc Bonferroni's 

test showed action potential frequency in paxilline and CVS treatments are 

significantly smaller than no treatment (Fig. 8B bottom). This similarity between 

paxilline and CVS treatment is consistent with the expression data that CVS caused 

decreased BK membrane expression in the DG.  
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Micro-infusion of SIRT1 inhibitor IV or SIRT1 activator 3 into DG rapidly affect 

mice anxiety behaviors.  

Previous studies have shown that the DG is involved in modulation of anxiety 

behavior, and signaling in the DG is also important for anxiety-like behaviors (Kheirbek, 

Klemenhagen, Sahay, & Hen, 2012). To investigate whether the rapid response to SIRT1 

activity is important for DG function, we infused SIRT1 inhibitor IV or SIRT1 activator 

3 bilaterally through pre-implanted cannulas investigated mice behaviors in an open 

field within 15 minutes. The positions of the cannulas were confirmed in every mouse 

after all behavior experiments (Fig. 9A). There were no significant differences in total 

distance travelled in the open field between the three groups of mice (Fig. 9C, one-

way repeated measures ANOVA test, F(2,12) =1.23, P=0.33). The time spent in the 

center of the open field was significantly affected by SIRT1 activity (Fig. 9D, one-way 

repeated measures ANOVA test, F(2,12) =9.94, P<0.01). Mice spend more time in the 

center of the open field 15 minutes after SIRT1 activator 3 infusion (paired t-test, 

t(6)=2.13, P=0.07) and less time after SIRT1 inhibitor infusion (paired t-test, t(6)=2.58, 

P=0.04) compared to that after the same amount DMSO infusion. These results 

showed that rapid effects of SIRT1 activity in the DG can modulate anxiety behavior 

in a rapid manner. 
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Discussion: 

In this study, we demonstrated that SIRT1 activity rapidly modulated 

glutamatergic synaptic transmission and intrinsic properties in DG granule cells of the 

hippocampus. SIRT1 inhibition increased the frequency of excitatory synaptic activity 

and spike width and decreased fAHP amplitude of DG granule cells in hippocampus 

slices from control mice, while SIRT1 activation decreased the frequency of excitatory 

synaptic activity and fAHP amplitude. The increased sEPSC frequency and decreased 

fAHP amplitude caused by SIRT1 inhibition in control slices was blocked by the BK 

channel-specific blocker, paxilline. This occlusion of the SIRT1 effect by BK channel 

blockade suggested a role for changes in BK channel activity in response to SIRT1 

inhibition and BK channel complexes as possible SIRT1 targets. To further investigate 

the BK channel α subunits as potential targets of SIRT1, we found that SIRT1 

interacted with BK channel α subunits but not the β2 or β4 subunits, and the α subunit 

acetylation levels were modulated by manipulation of SIRT1 activity in hippocampus 

slices, suggesting direct deacetylation of the BK channel α subunit by SIRT1. 

Furthermore, SIRT1 activity modulated BKα subunit surface expression providing a 

possible mechanism for SIRT1 modulation of BK channel activity.  
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The rapid effects of SIRT1 modulation on excitatory synaptic activity and action 

potentials in the hippocampus were absent after chronic stress. A possible mechanism 

for this lack of effect in stressed animals is that the BK α subunit expression was 

decreased after CVS which resulted in functional changes in cell excitability. These 

changes were mimicked by the effects of paxilline treatment in slices from control 

mice, suggesting that CVS decreased the SIRT1/BK channel mechanism of rapid 

changes in intrinsic excitability. Finally, the behavioral data demonstrated that SIRT1 

inhibition in the DG of the hippocampus rapidly decreased the time spent in the center 

of the open field in mice. This modulation of the behavioral response in the open field 

links the rapid effects of changes in SIRT1 activity that we observed in the slice 

preparation to modulation of anxiety behaviors mediated by changes in SIRT1 activity 

in the behaving animal. Thus, SIRT1 can facilitate rapid physiological effects 

independent of transcriptional effects.  

The data demonstrating direct de-acetylation of BK channels to modulate 

functional activity and surface expression is consistent with the role of protein 

acetylation as a mechanism of protection from ubiquitination to stabilize proteins. 

Ubiquitination occurs at lysine sites within the protein amino acid sequence, and 

acetylation at those sites competitively inhibits ubiquitination and subsequent protein 
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degradation. Thus, dynamic modulation of acetylation and deacetylation is important 

for regulation of cell functions in various contexts (Boyault, Sadoul, Pabion, & Khochbin, 

2007; Caron et al., 2005; M. Li, Luo, Brooks, & Gu, 2002; T. Li, Diner, Chen, & Cristea, 2012). For 

example, our results are consistent with the previous study that the deacetylation of a 

type of peripheral ion channels, epithelial Na+ channels (ENaC), increased their 

ubiquitination and decreased membrane expression (Butler, Staruschenko, & Snyder, 

2015).  Furthermore, our results are also consistent with several studies indicating the 

important deacetylation function of cytosolic SIRT1 in the general principal of changes 

in cell and synapse structure. SIRT1 deacetylation of cytoskeleton-associated 

proteins is an important factor for cell structure and movement such as tubulin (Sadoul, 

Wang, Diagouraga, & Khochbin, 2011). Cortactin is acetylated by SIRT1 (Y. Zhang et al., 2009) 

and this dynamic acetylation plays a role in synapse structure and PSD 95 localization 

(Catarino, Ribeiro, Santos, & Carvalho, 2013). Our research confirmed the deacetylation 

function of the cytosolic SIRT1 and extends the SIRT1 deacetylation target to ion 

channels in the brain. Since BK channels are expressed in many neuron types, the 

deacetylation of BK channels could be an important contributor to synapse structure 

and function. In addition, BK channels are expressed in cells throughout the body, our 

data provide another novel mechanism through which SIRT1 can modulate cell 
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function, which may be used in cells throughout the body. While we did not investigate 

acetylation sites within the BK amino acid sequence in this study, several candidate 

sites exist, and the effects of local SIRT1 on acetylation and ubiquitination of these 

sites within the BK sequence will be investigated in future studies. 

 Since the DG is implicated in regulation of anxiety and stress behaviors 

(Kheirbek et al., 2013; Snyder, Soumier, Brewer, Pickel, & Cameron, 2011), the 

present study focused on the role of SIRT1 in modulation of cell excitability and 

synaptic inputs of granule cells of the DG. Interestingly, a recent study showed that 

inhibition of the principal neurons of the DG or CA3 can suppress anxiety (Engin et al., 

2016). Consistent with this study, our electrophysiological and behavioral results 

demonstrated that SIRT1 activation can rapidly decrease glutamatergic excitatory 

synaptic transmission in the DG and has anxiolytic effects. These effects were 

detected within 10-20 minutes after pharmacological manipulation of SIRT1 activity, 

indicating they were independent of gene transcription and likely mediated by cytosolic 

SIRT1.  

Our findings support and provide more details for the theory that SIRT1 links 

energy metabolism and mood disorder regulation (J. Song & Kim, 2016). SIRT1 activation 

is NAD+-dependent, and NAD+ is a cofactor that is important in glycolysis and the 
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Kreb’s cycle, key metabolic pathways important to ultimately produce ATP. Depletion 

of NAD+ can inhibit glycolysis (Sheline, Behrens, & Choi, 2000), and thus 

consumption of NAD+ by SIRT1 activity can modulate gluconeogenic and glycolytic 

pathways (Rodgers et al., 2005).  Interestingly, our preliminary data show that cytosolic 

SIRT1 activity in DG is increased immediately after acute stress (data not shown), a 

period of high metabolic activity, which likely enables the important role of SIRT1 rapid 

effects in responding to acute stress. It is expected that increased SIRT1 activity 

induced by acute stress would decrease glutamatergic transmission in the DG and 

relieve anxiety behavior, functioning as an adaptive role after an acute stress. The 

present study, along with our previous research that showed increased nuclear SIRT1 

activity after CVS (Ferland et al., 2013; Ferland & Schrader, 2011), indicate SIRT1 

activity and cellular localization in the DG is dependent upon stress conditions, and 

importantly SIRT1 activity rapidly modulated mouse anxiety behaviors. Taken 

together, the SIRT1 cytosolic activity increase induced by the metabolic state change 

in a single stressor may initially contribute to changes in the synaptic inputs and 

intrinsic properties of  DG granule cells which suppress stress-induced anxiety to 

respond effectively to an acute stressor, but loss of the ability of SIRT1 to affect the 
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physiological conditions of DG granule cells during chronic stress may contribute to 

the maladaptive processes that occur in response to repeated stressors.  

     Our results show that SIRT1/BK pathway is a candidate mechanism for adaptive 

processes that occur in response to acute stress. Within the brain, ATP is primarily 

consumed by electrical signaling processes, including synaptic transmission and 

action potential generation (Harris, Jolivet, & Attwell, 2012). Increased cytosolic SIRT1 

activity as demonstrated in our study, likely results in enhanced NAD+ consumption, 

and decreased sEPSC frequency in control mice. Since glutamatergic transmission is 

metabolically highly demanding, the reduction in sEPSC frequency may be an 

adaptive mechanism to compensate for increased NAD+ consumption in control mice. 

However, prolonged stressor or repetitive stressors may cause long-term reductions 

in NAD+ levels, thus preventing SIRT1 activation. Indeed, our preliminary data 

suggest reduced NAD+ levels after chronic stress (data not shown). Reduced NAD+ 

levels are also indicated in various pathological conditions, including physiological 

conditions such as aging (Canto, Menzies, & Auwerx, 2015) and further limits activity 

of cytosolic SIRT1 pathway. In this way, the adaptive loss of SIRT1/BK pathway and 

the concomitant loss of metabolic adaptation may contribute to the formation of 

depressive disorders under prolonged stress or repeated stressors. 
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Figure 1: Modulation of SIRT1 activity regulates excitatory synaptic transmission in 

DG from hippocampus slices of control mice. A. SIRT1 inhibition with SIRT1 inhibitor 

IV (1µM) increased the frequency but not the amplitude of spontaneous excitatory 

postsynaptic currents (sEPSCs). Above: voltage-clamp recording of sEPSCs recorded at 

-70 mV from the same cell in control (DMSO) and SIRT1 inhibitor IV. Below: summary 

plot showing mean frequency from all cells in DMSO and SIRT1 inhibitor IV (n = 10).   

B. Activation of SIRT1 with SIRT1 activator 3 (50μΜ) reduced the frequency but not 

the amplitude of sEPSCs. Above: voltage-clamp recording of sEPSCs recorded at -70 

mV. Below:  summary plot showing frequency in DMSO and SIRT1 activator 3 (n = 11).  

C. SIRT1 inhibition (n = 9) increased the frequency but not the amplitude of miniature 

EPSCs (mEPSCs) compared to control (DMSO). D. SIRT1 activation (n = 11) reduced the 

frequency of mEPSCs. (*, P<0.05, **; P < 0.01; paired t-test; mean ± SEM shown) 



184 

 

 

 

 

Figure 2. SIRT1 manipulation increased spike width and decreased fAHP amplitude 

in the DG granule cells in slices from control mice. A. SIRT1 inhibition increased spike 

width and decreased fAHP amplitude. Above: example of action potential recorded in 

control (black) and in SIRT1 inhibitor IV (blue). The dashed line indicates the threshold 

voltage which was used to determine the spike width and fAHP amplitude. Below: 

summary graph showing that SIRT1 inhibitor increased spike-width and decreased 

fAHP amplitude in dentate granule cells (n = 12). B. SIRT1 activation had no effect on 

spike width but significantly decreased the fAHP amplitude. Above: example of action 

potential recorded in control (black) and SIRT1 activator (red). Below: SIRT1 activator 
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had no significant effect on spike width, but significantly decreased fAHP amplitude (n 

= 9). (*, P<0.05, **; P < 0.01; n.s., not significant; paired t-test; mean ± SEM shown) 
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Figure 3. Paxilline pre-incubation blocked the effects of SIRT1 inhibition on spike 

width and fAHP amplitude A. Preincubation of slices with paxilline to block BK 

channels blocked the effects of SIRT1 inhibition of spike width and fAHP amplitude (n 

= 9). Left: the overlapped spike trace before (black) and after (blue) application of 

SIRT1 inhibitor IV in cells pre-incubated with paxilline. B. Preincubation with paxilline 

blocked the effect of SIRT1 inhibition on sEPSC frequency (n = 9). (n.s., not significant; 

paired t-test, mean ± SEM shown). 
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Figure 4. The BK α subunit interacts with SIRT1 and is a target of SIRT1.  A.  

Immunoprecipitation (IP) with SIRT1 and immunoblot with BK α antibody and IP with 

BK α and IB with SIRT1 shows that SIRT1 and BK α interact. B. IP with BK α subunit 

shows that BK β subunits interacted with the α subunit but not with SIRT1. C. Co-IP 

with the BKα subunit and anti-acetylated lysine antibody shows that BK α is acetylated. 
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D. Above: SIRT1 activation and inhibition in slices and subsequent IP with the BK 

subunit and immunoblot with the anti-acetylated lysine antibody demonstrated that 

the BK α subunit is acetylated in hippocampus slices and the acetylation level is 

regulated by SIRT1 activity.  Below: summary bar graph of BK α acetylation showing 

the percent change from control (DMSO) in the SIRT1 activation and inhibition 

experiments. SIRT1 activity modulates BK α acetylation (***, p<0.001, Student’s t-test, 

mean ± SEM shown). 

  



189 

 

 

 

 

Figure 5:  SIRT1 manipulation affects Bkα surface expression. BS3 crosslinking of 

surface proteins shows that SIRT1 activation affected membrane BKα distribution 

and enhances internalization. SIRT1 activation significantly decreased BKα surface 

expression (*, Student’s t-test, P = 0.02). 
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Figure 6: Modulation of SIRT1 activity had no effect on excitatory synaptic 

transmission in DG from hippocampus slices of CVS-treated mice. A. SIRT1 inhibition 

with SIRT1 inhibitor IV (1µM) had no effect on spontaneous excitatory postsynaptic 

currents (sEPSCs) in slices from CVS-treated mice. Above: voltage-clamp recording of 

sEPSCs recorded at -70 mV from the same cell in vehicle (DMSO) and SIRT1 inhibitor 

IV. Below: summary plot showing average sEPSC frequency from all cells in DMSO and 

SIRT1 inhibitor IV (n = 9).   B. Activation of SIRT1 had no significant effect on the 

frequency of sEPSCs in slices from CVS-treated mice. Above: voltage-clamp recording 

of sEPSCs recorded at -70 mV. Below:  summary plot showing frequency in DMSO and 

SIRT1 activator (n = 9).  C. SIRT1 inhibition (n = 10) had no significant effect on the 

frequency of miniature EPSCs (mEPSCs) compared to vehicle (DMSO) in slices from 
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CVS-treated mice. D. SIRT1 activation (n = 10) reduced the frequency of mEPSCs in 

slices from CVS-treated mice.  (n.s., not significant, paired t-test, mean ± SEM shown) 
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Figure 7. SIRT1 manipulation had no effect on spike width and fAHP amplitude in the 

DG granule cells in slices from CVS-treated mice. A. SIRT1 inhibition had no significant 

effect on spike width or fAHP amplitude. Above: example of action potential recorded 

in control (black) and in SIRT1 inhibitor (blue).  Below: summary plot showing that 

SIRT1 inhibitor had no significant effect on spike width or fAHP amplitude (n = 9) in 

slices from CVS-treated mice. B. SIRT1 activation had no effect on spike width or fAHP 
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amplitude. Above: example of action potential recorded in control (black) and SIRT1 

activator (red). Below: summary plot showing that SIRT1 activation had no significant 

effect on spike width or fAHP amplitude in slices from CVS-treated mice (n = 9). (n.s., 

not significant, paired t-test, mean ± SEM shown). 
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Figure 8.  CVS treatment decreased membrane BKα expression and action potential 

frequency.  A. Western blot showing that BK α subunit expression was decreased in 

the dentate gyrus of CVS-treated rats compared to controls. B. Electrophysiological 

recordings show that paxilline decreased the frequency of action potentials evoked by 

a family of current injection ranging from 10pA to 60pA for 1 second in DG granule 

cells in slices from control animals, and that effect was similar to the frequency of 

action potentials recorded in granule cells from CVS-treated mice. (* or #, p< 0.05 ; ** 

or ##, p < 0.01; *** or ###, p<0.001; * shown post-hoc significance between DMSO 

and CVS treatment; # shown post-hoc significance between DMSO and paxilline 

treatment. Repeated measures ANOVA and post-hoc Bonferroni’s test). 
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Figure 9. Direct infusion of SIRT1 inhibitor IV and SIRT1 activator 3 into the DG rapidly 

affected mice anxiety behavior in open field test. A. Injection points locating at Paxinos 

and Watson atlas demonstrate placement of infusions into the DG. B. Example heat 

map of time spent in the field from the same mouse when infused with saline with 

DMSO, SIRT1 activator or SIRT1 inhibitor.  C. Summary plot of distance travelled in 

the open field. D. Summary plot of percent time spent exploring in the center of the 

field. The results indicated SIRT1 activity significantly affected the time spent in the 

center (one-way repeated measures ANOVA, **, P<0.01). SIRT1 activator 3 perfusion 

increased the time spent in the center (paired t-test, #, P=0.07) and SIRT1 inhibitor IV 

perfusion significantly decreased the time spent in the center of the arena (paired t-

test, *, P<0.05). 
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Supplementary Figure 1. CVS-treated mice consumed significantly less food and 

gained significant less weight compared to control mice. Food consumption (left) 

and weight gain (right) were monitored every day to determine the physiological 

conditions of the CVS-treated animals.  CVS significantly reduced food consumption 

and weight gain, these results indicate that the the efficiency of our CVS protocols (*, 

P< 0.05) 
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Supplementary Figure 2. SIRT1 activator 3 and SIRT1 inhibitor IV modulated the 

acetylation level of p53. We tested whether our SIRT1 activator IV and activator 3 

could modulate protein acetylation level in our acute brain slices using the ratio 

between acetylated p53 and p53. One way ANOVA showed acetylation level of p53 is 

significantly regulated by SIRT1 drugs (one-way ANOVA, F(2,9) =14.26, P<0.01). 
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Supplementary Figure 3. Sirtinol and Resveratrol regulated sEPSC frequency in the 

dentate gyrus granule cells in the same way as SIRT1 inhibitor IV and SIRT1 

activator 3, respectively. A. Top: example sEPSC recording from the same cell before 

and after application of 30 μΜ Sirtinol at a holding potential of -70mV. Sirtinol 

application significantly increased sEPSC frequency (t(5)=2.69, P=0.04) but no 

significant effect on sEPSC amplitude (paired t-test, t(5)=0.25, P=0.81). B. top traces 

are sEPSC recording from the same cell before and after application of 200 μΜ 

resveratrol at a holding potential of -70mV. Resvetral application significantly 

decreased sEPSC frequency (paired t-test, t(8)=4.01, P<0.01) but no significant effect 

on sEPSC amplitude (paired t-test, t(8)=0.37, P=0.72). 
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Table 1. Some properties of dentate gyrus granule cells recorded before and after 

drug application in control and CVS mice. No significance found; Vm: resting 

potentials; Rinput: input resistance tested at the voltage of -65mV; AP: action potentials; 

mean±SEM shown. 
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