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III. ABSTRACT 

Precise neural control of muscle tone, reflexes, and voluntary movements relies on 

circuits operating through the fusimotor neurons. Fusimotor neurons or gamma motor 

neurons (γ-MNs) control motor behavior by tuning the sensitivity of the muscle spindle (MS) 

stretch receptors. However, the molecular mechanisms that endow γ-MNs with unique 

functional properties that are different from the force-generating alpha motor (α-MNs) are 

largely unknown. Therefore, the role of estrogen-related receptors Err2 and Err3 in specifying 

γ-MN biophysical properties was determined using chick and mouse models. I hypothesized 

that Err2 and Err3 are functionally redundant transcription factors that regulate MN 

functional diversification by promoting γ-MN biophysical properties. To test this hypothesis, 

quantitative immunodetection studies were performed on Err2 and Err3 expression during 

early postnatal development in mice. Forced expression of Err2 and Err3 was achieved long-

term in chick MNs through a Tol2 transposon-mediated gene transfer strategy, which was 

followed by whole cell patch-clamp recordings to determine their effects on MN biophysical 

properties. Furthermore, conditional knockout mice lacking Err2 and Err3 (Err2/3
cKO

) in γ-

MNs were generated. Err2/3
cKO

 MNs were recorded using whole cell patch-clamp and their 

motor behaviors were analyzed, including gait and precision movements. Lastly, RNA 

screening studies, reporter gene studies and whole cell patch-clamp recordings in chick were 

used to identify Err2/3 target genes. Based on data from these studies, I concluded that Err2 

and Err3 are important for functional diversification of MNs into γ- and α-MNs and the 

acquisition of γ-MN biophysical properties that are required for accurate motor behaviors in 

mice. 
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%  Percent                                                                                                                                                   
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EDTA  Ethylene diaminetetraacetic    
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Err2  Estrogen-related receptor beta                                                                                             

Err3  Estrogen-related receptor 

gamma                                                                                                                                          

FG  Fluoro-Gold                                                                                                                               

FGF  Fibroblast growth factor                                                                                                                                     

Fig.  Figure                                                                                                                                                                                                                                                                                                           

g  gram                                                                                                                                                                 

GDNF  Glia cell line derived  

neurotrophic factor                                                                                                                                                                

GFP  Green Fluorescent Protein                                                                                                                                                 

GTOs  Golgi tendon organs                                                                                                                                                                                                   

h  Hours                                                                                                                                   

HB9  MN and pancreas homeobox                                                                                                                                                                                                      

H-H      Hamburger-Hamilton                                                                                                         

HMC  Hypaxial motor column                                                                                                             

Hox  Homeobox                                                                                                                                            

IRES   Internal ribosome entry site               

K.O.  knockout                                                                                   

Kb  Kilo base pair                                                                                                                                  

Isl-1  Islet-1                                                                                                                                                    

l  Liter                                                                                                                                                                                                                                                                                                                                                                 

Lhx  LIM homeobox protein                                                                                                                                                                                                             

LMC  Lateral motor column                                                                                                             

MMC  Medial motor column                                                                                                        

M  Molar                                                                                                                                                                                                                                                                                                                                                                                                                      

m          Milli    

µm  Micron(s)                                                                                                                                                                         

MΩ  Mega Ohm                                                                                                                                           

ms  Millisecond                                                                                                                                                                                                                                              

min  minutes 

MN  Motor neuron (s)                                                                                                                                 

MS  Muscle spindle(s)                                                                                                                                                                                                                                                                   

mV  Millivolt(s)                                                                                                                                                      

n  # of neurons                                                                                                                                                                      

N  # of animals                                                                                                                                                                  

NeuN  Neural Nuclei                                                                                                                 

O.C.T.  Optimal cutting temperature                                                                                               

O.N.  Overnight                                                                                                                                              

p  p-value                                                                                                                                                

P  Postnatal day                                                                                                                                        

pA  Picoampere                                                                                                                        

PBS  Phosphate buffered saline                                                                                                                                           

PCR  Polymerase chain reaction                                                                                               

pMN  MN progenitor cells                                         

PGC  Preganglionic motor column                                                                                                                                           

r.p.m  Revolutions per min 

RA  Retinoic Acid                                                                                                                                                 

RNA  Ribonucleic Acid                                                                                                                                                

PFA  Paraformaldehyde                                                                                                                                  

SDS  Sodium Dodecyl Sulfate                                                                                                                 

s  Second(s)                                                                                                                                                                                                                                                                             

S.E.M.  Standard error of the mean                                                                                                                

Shh  Sonic hedgehog                                                                                                                                                 

V  Ventral                                                                                                                       

vAChT Vesicular acetylcholine                                                                                                                                                   

  transporter                                                                                                                                          

vGlut1  Vesicular glutamate 

 transporter 1                                                                                                      

VP16  Herpesvirus protein VP16                                                                                                  

Wnt  Wingless-related MMTV                                                                                                                                             

w/v  Weight per volume                                                                                                                           

x g  gravitational acceleration   

                        (9.81) 
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1. INTRODUCTION 

The central nervous system (CNS) has evolved in vertebrates and invertebrates so 

they can sense changes in their environment, process and integrate these changes and respond 

by performing specific actions or motor behaviors. In animals, automatic motor behaviors or 

locomotion is generated by neural networks in the spinal cord, however, the special capacity 

to perform precision tasks such as voluntary locomotion and manipulation of objects requires 

a constant flow of sensory information from the periphery. Therefore, this information from 

the nervous system must be integrated by spinal motor neurons (MNs), which generate and 

control muscular movements.  

MNs within the spinal cord display diversity to adapt motor behaviors as vertebrates 

evolved from an aquatic to a terrestrial environment. The diverse classes and sub-classes of 

spinal MNs help the organism to move and control movement precisely. This poses several 

questions regarding MNs at various developmental and functional levels: first, how is the 

diversity of MNs in the embryonic and postnatal spinal cord acquired? second, how do spinal 

MN subtypes differ? third, what are the molecules that regulate the biophysical properties of 

MN subtypes and their function in locomotion? 

This study aimed to identify molecular mechanisms that promote MN functional 

diversification, which permits the control of movement to enable tetrapod organisms to 

navigate and survive in their environment. Orphan nuclear receptors (ONRs) Err2 and Err3 

were evaluated in the generation of specific biophysical membrane properties that enable 

specialized MNs called γ-MNs to function in circuits involved in coordination of limb 

movements or gait, maintenance of posture and execution of precision movements during 

locomotion in mice. Therefore, the lessons learned through these efforts may stimulate new 

studies that probe neural diversity tuned for function in other parts of the nervous system and 

may provide therapeutic strategies against neurodegenerative diseases linked to specific cell 

types.  
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1.1 Generation of motor neuron (MN) diversity in the embryonic spinal cord 

“True, it would be very convenient and very economical from the point of view of 

analytical effort if all the nerve centres were made up of a continuous intermediary 

network between the motor nerves and the sensitive and sensory nerves. 

Unfortunately, nature seems unaware of our intellectual need for convenience and 

unity, and very often takes delight in complication and diversity.” –Santiago Ramón y 

Cajal, (Nobel Prize Lecture, 1906)  

 

The field of neurobiology emerged when Santiago Ramón y Cajal, using the Golgi 

stain histological method, observed that the nervous system is organized into distinct units, 

neurons, that have diverse appearance; a finding that stimulated research into neural diversity 

(Fig. 1.1) (Masland, 2004). Since this initial discovery, many diverse neural cell classes and 

sub-classes have been identified in the nervous system mostly based on their appearance, 

sometimes on their biophysical properties and progressively on the genes or proteins they 

express (Masland, 2004). Diverse cell types emerge in the embryonic spinal cord during 

development, including MNs that further diversify subtype identities and emanate axons 

peripherally to target specific muscle groups (Jessell, 2000). 

A) B) C)

 

Figure 1.1 Early depiction of neural diversity: Santiago Ramón y Cajal’s schematic of the cellular 

nature of the nervous system 

A) Several cellular subtypes in the different levels of the retina. B) Long-range axon neurons of the cortex 

and the spinal cord. C) Short-range axon neurons of the hippocampus. (Adapted from Underwood, 2015 

and Delgado-Garcia, 2015). 

1.1.1 Embryogenesis, neurulation and the generation of MNs 

Embryonic neural diversity produced in the nervous system during neurogenesis 

stems from cellular gene expression (cell lineage-rooted mechanism) and cellular 

communication (induction and cell-cell interaction grounded mechanism) (McConnell, 1995). 

During gastrulation, the chordamesoderm induces neural “fate” in the overlaying ectoderm 

that becomes the neural plate, a process known as neural induction. During neurulation, the 

notochord (forming from the chordamesoderm) induces ventral structure, while the dorsal 
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lips of the neural plates fold inwards to generate the neural tube (Fig. 1.2B, C). In the neural 

tube, the neural progenitor cells proliferate and eventually generate neurons, astrocytes, and 

oligodendrocytes (Fig. 1.2D) (Purves, 2004).  
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Figure 1.2  The development of the embryonic spinal cord  

The development of the embryonic spinal cord consists of four stages: A) The neural plate stage: the 

neural cells have epidermal ectoderm (ECT) on their edge, while the notochord cells (N) are 

positioned centrally in the neural plate and the segmental plate mesoderm (S) is positioned laterally in 

the neural plate. B) The neural fold stage: during neurulation, the floor plate (F) cells are observed in 

the ventral midline regions and the somatic mesoderm begins to take shape. C) The neural tube stage: 

as the neural tube forms, the roof plate cells (R) differentiate and while the neural crest cells (NCCs) 

delaminate. D) The spinal cord: as development proceeds, the spinal cord develops diverse neural 

classes arrayed across a dorsoventral (d-v) axis: motor neuron (MN) and ventral interneurons (V) 

differentiate in the ventral region of the spinal cord while dorsal root ganglion neurons (DRGs), 

Commisural (C) neurons and Association neurons (A) differentiate in the dorsal region of the spinal 

cord. (Modified from Jessell, 2000; Placzek et al., 1991) 

 

Within the neural tube, inductive signaling establishes neural class identities across 

two major spatial axes: 1) the dorsoventral (d-v) axis and 2) the rostrocaudal (r-c) axis 

(Jessell, 2000). As development proceeds, a latticed network of neural progenitor cells within 

these axes produces cells with specific identities. The generation of different neural subtypes 

in the ventral neural tube depends on graded concentrations of Sonic hedgehog (Shh) along 
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the d-v axis (Fig. 1.3). It was observed that the embryonic structures in rat like the notochord, 

the node and the floor plate express vertebrate hedgehog (vhh-1) mRNA, also known as Shh 

(Roelink et al., 1994). Furthermore, in vitro expression of Shh resulted in differentiation of 

the floor plate cells or MNs in neural plate explant cultures (Roelink et al., 1994). While Shh 

transfection into neural plate explants was sufficient in inducing floor plate cell and MN 

differentiation (Tanabe et al., 1995). Moreover, graded concentrations of Shh induce ventral 

interneuron and ventral MN differentiation (Ericson et al., 1997a; 1997b).  
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Figure 1.3 The dorsoventral (d-v) axis patterning 

The neural tube’s d-v axis is organized by complementary concentration gradients of secreted Bone 

morphogentic proteins (Bmps) and Sonic hedgehog (Shh). Roof plate (R) and surface ectoderm- 

secreted Bmps dorsalize the neural tube, while the floor plate (F) and notochord (N) secreted Shh 

ventralizes the neural tube. Bmps generate neural progenitors to generate dorsal interneuron classes 

dI1-dI6, while Shh generates ventral interneuron classes (V0, V1, V2, V3) and motor neurons (MNs). 

(Adapted from Jessell, 2000 and Catela et al., 2015)  

 

The graded concentrations of Sonic hedgehog (Shh) promotes the expression of 

certain homeodomain proteins in neural progenitor cells, which in turn form the neural 

progenitor domains, which are further sharpened by cross-repressive interactions between 

these proteins. Studies showed that Shh levels regulate two classes of homeodomain (HD) 

transcription factors: Shh class I proteins (Pax7, Pax6, Irx3, Dbx1, Dbx2) are repressed by 

Shh and class II proteins (Nkx6.1 and Nkx2.2), which are activated by Shh (Fig. 1.4A) 

(Briscoe et al., 2000).  Class I proteins like Pax6 and Dbx2 are repressed by class II proteins 

like Nkx2.2 and Nkx6.1, respectively (Muhr et al., 2001). Nkx6.1 and Pax6 activate the 

expression of basic helix-basic-helix (bHLH) protein Olig2 expression, which promotes the 
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progenitor cells to differentiate into MNs (Fig. 1.4B) (Novitch et al., 2001; Marquardt and 

Pfaff, 2001). More specifically, Olig2 is responsible for controlling MN subtype-specific and 

pan-neuronal character by activating the expression of Lhx3 and bHLH protein Neurogenin-2 

(Ngn2), respectively (Novitch et al., 2001). Olig2 promotes cell cycle exit in progenitor cells 

directly or via Ngn2, which leads to the expression of post-mitotic markers like Isl1, Isl2 and 

Hb9 (Novitch et al., 2001). Moreover, the expression of Hb9 induces the expression of Is1 

and Lhx3, while Isl1 is required to induce Isl2 and Hb9 expression (Tanabe et al., 1998). 

Furthermore, Hb9 autoactivates its own expression to maintain differentiated MNs that 

express Isl1, Isl2, Lhx3 and ChAT, without Shh (Tanabe et al., 1998). 
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Figure 1.4 Ventral neural progenitor cell identity and MN cell fate 

A) Neural tube Shh gradients determine whether a specific homeodomain (HD) transcription factor is 

expressed by a progenitor domain. The HD transcription factors expressed within a certain progenitor 

domain regulate neural differentiation. Shh represses class I HD transcription factors and activates 

class II HD transcription factors. Class I and class II HD proteins cross-repress each other resulting in 

specific progenitor domains. The combined expression pattern of HD proteins in the progenitor cells 

leads to a specific neural fate. B) The acquisition of MN fate is regulated by Olig2. Olig2 partially 

(dotted-line interaction) represses Irx3 and influences the expression of Neurogenin2 (Ngn2), through 

the repression of a repressor molecule X. Ngn2 influences cell cycle exit, pan-neuronal characteristics 
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and suppresses glial fate, thus, driving the neurogenic lineage and the expression of MN determinants 

like HB9, MNR2, Isl1/Isl2 and Lhx3. Ngn2 is necessary but not sufficient in driving the expression of 

MN determinants, which is noted by dotted line. Nkx6.1 and Pax6 promote the expression of Olig2, 

while Nkx2.2 and Irx3 oppose the expression of Olig2. (Adapted Marquardt and Pfaff, 2001; Price 

and Briscoe, 2004)  

 

1.1.2 Refinement of MN identity based on columnar position and peripheral axonal 

projection 

Neurons in the neocortex and the spinal cord are organized into columnar units that 

form a system of recurrent and mutually connected circuits (Mountcastle, 1997; Sanders, 

2002). In the spinal cord, chemical tracers were used to study axonal trajectories which 

revealed that MN somas cluster into columns representing a topological pattern correlated 

with the muscle groups their axons innervated (Landmesser, 1978a; 1978b; Hollyday, 1980; 

Gutman et al., 1993; Romanes, 1951, 1964). Thus, spinal motor “columns” containing MN 

somas extend across the rostrocaudal (r-c) axis of the spinal cord. 

MN identities in these columns are patterned across r-c axis by reciprocally graded 

concentrations of retinoic acid (RA) and fibroblast growth factors (FGFs), which in turn 

control homeobox (Hox) cluster gene expression (Bel-Vialar et al., 2002; Dasen et al., 2003; 

Liu et al., 2001; Catela et al., 2015) (Fig. 1.5). Hox transcription factors are encoded by 39 

genes that are clustered into four complexes (HoxA, HoxB, HoxC and HoxD) that establish 

segmental identity and body plan patterns across the animal kingdom (Duboule and Dolle, 

1989; Gaunt, 1988; Graham et al., 1989; see Philippidou and Dasen, 2013; McGinnis and 

Krumlauf, 1992 for review). Graded FGF concentrations determine Hox gene paralogue 

expression patterns at the cervical/brachial (Hox4-Hox8), thoracic (Hox8-Hox9) and lumbar 

(Hox10-Hox13) regions of the spinal cord (Bel-Vialar et al., 2002; Dasen et al., 2003; Liu et 

al., 2001; Dasen and Jessell, 2009; Philippidou and Dasen, 2013). Furthermore, RA regulates 

Hox gene expression at the brachial section of the spinal cord and the hindbrain (Liu et al., 

2001; Glover et al., 2006; Trainor and Krumlauf, 2000; Dasen and Jessell, 2009).  
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Figure 1.5 Schematic representation of the MN columns within the rostrocaudal (r-c) axis  

The secretion of retionic acid (RA) and fibroblast growth factor (FGF) from opposite poles of the 

rostrocaudal axis (r-c) sets up concentration gradients that induce the expression of Hox4-Hox11 

genes. Molecularly distinct regions of the spinal cord into cervical, brachial, thoracic and lumbar and 

the organization of discrete motor neuron (MN) columns is driven by the cross-repressive interactions 

of Hox proteins. The motor columns are organized in the r-c axis of the spinal cord: 1) cervical: the 

medial motor column (MMC) (black) and the phrenic motor column (PMC) (peach), 2) brachial: the 

medial motor columns (MMC) (black) and the lateral motor columns (LMC) (maroon), the phrenic 

motor column (PMC) (peach), 3) thoracic: the medial motor column (MMC) (black), the hypaxial 

motor column (HMC) (pink) and the preganglionic motor column (PGC) (beige), 4) lumbar: the 

medial motor column (MMC) (black) and the lateral motor column (LMC) (maroon). (Modified after 

Catela et al., 2015 and Philippidou and Dasen, 2013)  

 

Somatic MNs send axons from these motor columns in three major routes: 1) dorsally 

to target axial muscles, 2) ventrally to target body wall muscles, 3) ventrally to target limb 

muscles (Price and Briscoe, 2004). Moreover, MNs from the preganglionic motor column 

(PGC) project their axons towards the sympathetic chain ganglia (scg) (Stifani, 2014). 

Several studies in mice have confirmed that Hox genes influence motor column identities and 

their precise innervations of target muscle groups (Fig. 1.6) (Philippidou et al., 2012; 

Lacombe et al., 2013; Wu et al., 2008; Jung et al., 2010). However, not all columnar 

identities are influenced by Hox genes. For instance, the medial motor column (MMC) 

extends throughout the spinal cord and motor axons from this column innervates midline 

muscles that present throughout all axial levels (Kanning et al., 2010; Philippidou and Dasen, 

2013; Stifani, 2014). 
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Figure 1.6 Hox genes regulate motor column specific innervations 

MN identity is established by specific Hox genes: 1) Hox5 protein directs motor axons of  phrenic 

motor column (PMC) innervation of diaphragm, 2) Hox6 and Hox10 proteins regulates motor axons 

of motor columns that target fore and hindlimbs, 3) Hox9c proteins directs preganglionic motor 

column (PGC) innervation of scg, 4) Hox9c proteins specifies the innervation of hypaxial muscles 

such body wall and intercostal muscles by hypaxial motor column (HMC) motor axons, 5) MMC 

motor column is not regulated by Hox genes but the motor axons project to axial musculature. 

(Modified after Catela et al., 2015 and Philippidou and Dasen, 2013) 

 

1.1.3 Refinement of MN subtype identity based on motor “pool” position 

MN somas cluster or form “motor pools” within the spinal columns based on the 

innervation of a specific muscle group (Stifani, 2014). Several studies have shown that MNs 

within motor pools occupy characteristic positions within motor columns, send axons to the 

same muscle, receive the same sensory neuron input and have a common function (Romanes, 

1941; 1964; Landmesser, 2001; Hollyday, 1980; Price and Briscoe, 2004). These features 

imply a topographic organization of motor pools (Stifani, 2014). In addition to the motor 

column identities along the r-c axis, Hox gene programs also determine motor pool identities 

within the columns. Furthermore, studies have shown that neurotrophic factors from the 

mesoderm and muscles lead to the expression of ETS (E26 transformation-specific) 

transcription factors such as Pea3 and Er81, which are integral to precise circuit formation 

between MNs and sensory neurons (Haase et al., 2002; Lin et al., 1998; Dasen and Jessell, 

2009). A study by Lin et al., (1998), determined the expression pattern profile of Pea3 and 

Er81 in chick MNs. They observed that the ETS gene expression profile in MNs paralleled 

most sensory neurons and their expression in MNs is contingent upon signals from the limb 

muscles (Lin et al., 1998). Moreover, the lack of Pea3 in mutant mice resulted in abnormal 

arborization within target muscle and abnormal motor pool clustering in the lateral motor 

column (LMC) (Livet et al., 2002).   
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1.2 Proprioception and motor control 

Various basic rhythmic patterns of limb movements have evolved in organisms that 

permit them to perform an array of locomotive behaviors such as swimming, crawling, 

walking, and flying (Kandel et al., 2000). Rhythmic motor actions of the vertebrate hindlimbs 

are produced by the central pattern generator (CPG) neural circuits in the spinal cord, largely 

independent of the sensory information (see Grillner, 2006 for review). During vertebrate 

movements, CPG networks comprised of interneurons produce rhythmic patterns, regulate 

the sequence of flexor-extensor muscles attached to joints and regulate muscle action 

sequence of the limbs of the body (see Kiehn, 2006 for review). Thus, automatic motor 

actions driving basic locomotion are generated and regulated by CPGs, however, sensory 

input enables the animal to adjust its gait phases to the changes in its environment (Kandel et 

al., 2000). Active limb movements and bending of the body triggers proprioceptive receptors 

like the muscle spindle (MS) and the Golgi tendon organs (GTOs), which then produce 

proprioceptive sensory information to regulate CPG activity during locomotion (see Pearson, 

2004; Kiehn, 2016 for review). This feature is important for rectifying motor errors or 

adjusting to the obstacles encountered in the environment during locomotion (see Grillner, 

2003 for review). 

Sir Charles Sherrington described proprioception as follows: “In muscular receptivity, 

we see the body itself acting as a stimulus to its own receptors-the proprioceptors” (see 

Proske and Gandevia, 2012 for review). Proprioceptors are historically defined as receptors 

that enable the awareness of limb location and motion, balance, force or tension and exertion 

(Proske and Gandevia, 2012). The basic act of approaching an object or location reliably 

necessitates continuous proprioceptive and visual feedback information (Proske and 

Gandevia, 2012). MSs and GTOs are involved in two opposed phenomena of the nervous 

system: unconscious reflex activity and conscious sense of limb location and motion (Proske 

and Gandevia, 2012). In order to regulate body posture and locomotion, MSs continuously 

gauge differences in muscle length and GTOs track differences in muscle tension during 

mechanical alterations of joints (Proske and Gandevia, 2012; see Jami, 1992 for review).   

The GTO apparatus is comprised of tendons innervated by Ib sensory afferent axons 

connected to the muscle fibers (Jami, 1992). GTOs function by translating differences in 

muscle tension between the muscle and tendons to a discharge frequency in Ib sensory 

afferent axons (Houk and Hanneman, 1967; Schoultz and Swett, 1972). They continuously 

track the muscle tension or the force during passive muscle stretch or voluntary muscle 

contraction to control movement (Granit, 1970; Schoultz and Swett, 1972). Thus, GTOs have 
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a role in signaling information about muscle contraction and prevent muscle injuries during 

increased tension (Kandel et al., 2000). However, GTOs are implicated to have less 

importance in proprioception than the MSs (Grigg et al., 1973; Proske and Gandevia, 2012).  

1.3 The muscle spindle (MS) apparatus 

Precise gait patterns depend on the sensory information provided by the MS 

apparatus. Early studies in cat by Ruffini, (1898), established that the MS is innervated by 

three types of nerve endings: 1) primary afferents, 2) secondary afferents, 3) motor “plates” 

(see Hulliger, 1984; Matthews, 1981 for review). Matthews, (1931; 1933), recorded sensory 

afferent discharges from cat and frog MSs that suggested that MSs were sensitive to muscle 

stretch and changes in muscle stretch; in addition, sensory afferents discharged when motor 

nerve terminals were stimulated (Hulliger, 1984; Matthews, 1981). Various studies 

established that γ-MNs regulate MS activity. Leksell, (1945), showed that impeding all MN 

axon activity by applying pressure to the nerves was unable to cause muscle tension even 

though the sensory afferents innervating the MS discharged (Matthews, 1981). Hunt and 

Küffler, (1951a; 1951b) demonstrated that γ-MNs regulate fusimotor activity since 

stimulation of an individual γ-MN axon regulated the MS afferent activity, however, not 

causing muscle tension and thus, controlled the MS only (Matthews, 1981; Hulliger, 1984). 

Studies by Cooper, (1961), grouped primary (Ia) and secondary (II) MS sensory afferents on 

their functional differences such as the axonal conduction velocities and sensitivity to the rate 

of muscle stretch: primary Ia sensory afferents have higher conduction velocity and are more 

sensitive muscle-stretch (Cooper, 1961; Matthews, 1981; Hulliger, 1984). While studies by 

Matthews, (1962) established that MSs contain two functionally different types of fusimotor 

axons: dynamic γ-MNs (γd) and static γ-MNs (γs). Matthews, (1962) showed that the 

stimulation of static γ-MN axon did not result in an increase in the discharge rate of primary 

afferents to ramp-stretch of the soleus muscle in rat, while dynamic γ-MN stimulation 

increased the discharge rate of primary afferents. Furthermore, various studies lead to the 

morphological and physiological identification of beta motor neurons (β-MNs) and their 

static and dynamic subtypes (Adal and Barker, 1965; Barker et al., 1977; Barker, 1974; 

Laporte et al., 1981). 

 MSs are innervated by different sensory afferents types, as well as γ- and β-MN 

subtypes. Hence, the MSs have three different intrafusal fiber types that have unique 

innervations (Fig. 1.7B) (see Manuel and Zytnicki, 2011; Prochazka, 2011 for review).  
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Figure 1.7 Schematic depicting different types of MNs and their innervations 

A) The muscle spindle (MS) is embedded in the muscle’s belly. B) γ-MNs: static and dynamic (γ-s 

and γ-d) innervate intrafusal fibers bag2 and nuclear chain fibers (NCFs) or bag1, respectively.  

Sensory neuron group Ia and group II afferents innervate intrafusal fibers bag1, bag2, NCF or bag2, 

NCF, respectively. β-MNs: static and dynamic (β-s and β-d) innervate bag2 and type IIA or bag1 and 

type I fibers, respectively. α-MNs: (α-S, α-FR, α-FF) innervate extrafusal fibers (type I, IIA, IIB), 

respectively. Colors: γ-MNs: γ-s (static, gray) and γ-d (dynamic, yellow); β-MNs: (β-s, turquoise) and 

(β-d, green); sensory neurons: group Ia (beige) and II (magenta); α-MNs: α-S (brown), α-FR (pink), 

α-FF (red); intrafusal fibers: bag1 (yellow), bag2 (grey) and nuclear chain fibers (NCFs, peach); 

extrafusal fibers: type I (brown), IIA (pink), IIB (red). (modified after Prochazka, 2011 and Manuel 

and Zytnicki, 2011) 

 

1.3.1 MS morphogenesis 

During embryonic development, body skeletal muscle is produced from the somites, 

which are structures that are generated from the paraxial mesoderm (see Chal and Porqouié, 

2017 for review). There are two phases of myogenesis: primary and secondary myogenesis. 

Primary myogenesis consists of progenitor cells forming primary myocytes that generate the 

early limb muscles and myotomes (Chal and Porqouié, 2017). While secondary myogenesis 

consists of a group of progenitors that fuse with the same progenitors or with primary 

myofibers to generate secondary fibers, which maintain muscle growth (Chal and Porqouié, 

2017). Positioned parallel to the skeletal muscle fibers are the MSs, which differentiate 

embryonically and mature postnatally. Studies have shown that sensory neuron denervation 

during the late embryonic and early postnatal stages results in deteriorated intrafusal fibers 

and the lack of MS differentiation (Zelená, 1957; Zelená, 1976). Furthermore, MSs in rat 

soleus, gastrocnemius and extensor digitorum longus muscles differentiated normally despite 

lacking the fusimotor axon innervations (Zelená and Soukup, 1973). Kucera and Walro, 

(1992) confirmed that MS development requires sensory afferent innervation but not γ-MN 
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innervation. A molecular mechanism for MS differentiation was revealed through several 

studies. Ernfors et al., (1994) observed that neurotrophin-3 (NT-3
–/–

) mutant mice at birth 

lacked muscle spindle (MS) and Golgi tendon organ (GTO) structures in the soleus muscle, 

and showed a decreased number of Ia sensory neurons. Furthermore, the lack of NT-3 

receptor, tropomyosin receptor kinase C (TrkC) in TrkC
–/– 

mutant mice resulted in the lack of 

Ia sensory afferent projections to MNs and the mice displayed defects in posture and 

movements (Klein et al., 1994). Hippenmeyer et al., (2002), demonstrated that Neuregulin 

(Nrg-1) isforms (Ig-Nrg1), expressed by sensory neurons located in the dorsal root ganglion 

(DRG) signaled the expression of Pea3, Egr3, and Erm in the MS of E15.5 animals through 

its ErbB receptors, while the lack of Ig-Nrg1 isoforms in mice resulted in immature sensory 

afferent annulospiral endings and abnormal MS differentiation (Hippenmeyer et al., 2002). 

Studies have shown that intrafusal fibers express transcription factors like Egr3, Pea3, Er81, 

Erm that are important for MS development (Tourtellotte and Milbrandt, 1998; Arber et al., 

2000; Hippenmeyer et al., 2002). Tourtellotte and Milbrandt, (1998) generated Egr3
–/–

 mutant 

mice (growth response-3 (Egr-3) zinc-finger transcription factor) and observed that these 

mice lacked MSs and showed ataxic gait, thus, Egr3 regulates MS morphogenesis 

(Tourtellotte and Milbrandt, 1998). Moreover, Arber et al., (2000) observed that Er81 mutant 

mice had normal MS differentiation at E18, however, these mutants showed abnormal 

intrafusal fiber differentiation after birth.  

The differentiation of MS in mice is initiated at E14.5 (embryonic day 14.5) by the 

binding of Nrg-1 secreted by Ia sensory afferents to ErbB receptors on intrafusal fibers that in 

turn leads to the expression of transcription factors like Egr3, Pea3, Erm and other factors and 

eventual branching of Ia sensory afferents (Hippenmeyer et al., 2002). Furthermore, during 

the early postnatal (P0-P7), intrafusal fibers express factors like NT-3 and Er81 that play a 

role in Ia sensory afferent innervation MNs and thus, maintenance of the MS (Hippenmeyer 

et al., 2002). Studies in rat have shown that γ-MN innervation of MS commences by birth 

while these innervations are not mature until two-weeks postnatally (Milburn, 1973a; 1973b). 

Furthermore, MSs in mice become morphologically mature during the third week of postnatal 

development (P20) (Sonner et al., 2017). 

1.3.2 The role of γ-MNs in the physiological function of the MS 

The MS is special amongst sensory receptors since its sensitivity can be regulated by 

the CNS through γ-MNs (Fitz-Ritson, 1982; Hulliger, 1984). One function of γ-MNs is to 

allow the sensory afferents to signal the changes in muscle length continuously during large 
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muscle contractions (Kandel et al., 2000). Therefore, γ-MNs allow for fluid muscular action 

by enabling direct control of muscle spindle sensitivity, which otherwise would be active 

during the stretch and movement velocity only (Taylor, 1972; see Murthy, 1978 for review). 

The loss of γ-MN function due to disease has effects on muscle tone, reflexes and voluntary 

movements (Murthy, 1978). For instance, abnormal function of γ-MNs in multiple sclerosis 

(MS) leads to spasticity and abnormal γ-MN drive in Parkinson’s disease (PD) leads to 

rigidity in muscles (Dietrichson, 1971; Szumski et al., 1974; Hagbarth et al., 1975; Murthy, 

1978). Thus, γ-MNs are integral to the function of the MS receptor and thus, proprioceptive 

movement control. 

Studies have shown that proprioceptive circuit “feedback” regulates swing and stance 

phase changes during locomotion in cat (Grillner and Rossignol, 1978; Duysens and Pearson, 

1980; Hiebert et al., 1996; Lam and Pearson, 2001; Mcvea et al., 2005).  Moreover, studies 

revealed that Egr3 mutant mice displayed longer activity in the ankle flexor tibialis anterior 

(TA) muscle during the swing phase of stepping cycle, thus, leading to aberrant foot 

trajectories due to lack of group Ia/group II afferent input (Akay et al., 2014). Furthermore, 

proprioceptive information from MSs and GTOs organizes movements of the hip and knee, 

while hip and ankle joint movements depend solely on MSs (Akay et al., 2014). Hence, 

proprioceptive feedback information from MSs and GTOs is essential for normal walking 

patterns in mice (Akay et al., 2014).  

1.3.2.1 α-γ co-activation without γ-MN input 

Muscle contractions lead the MS intrafusal fibers to relax or “slack” and cause the 

sensory afferents that innervate them to become insensitive to various muscle lengths (Kandel 

et al., 2000). However, this is normally prevented since the γ-MNs activate almost 

simultaneously with α-MNs, thus, keeping the intrafusal fibers stretched or “taut,” which in 

turn allows the sensory afferents to remain sensitive during shortening of the muscle (Kandel 

et al., 2000). This mechanism of “α-γ co-activation” occurs during voluntary movements to 

allow the MS to function and signal muscle length shifts and rate during various degrees of 

contractions in muscle (Fig. 1.8A-C) (Kandel et al., 2000). Furthermore, α-γ co-activation is 

utilized to control various rhythmic movements including stepping, respiratory, masticatory 

and scratching (Perret and Buser, 1972; Perret and Berthoz, 1973; Corda et al., 1966; Cody et 

al., 1975; Feldman, 1977; Murthy, 1978). In summary, the α-γ co-activation enables precise 

activation levels for the MSs resulting in a programmed sensitivity to report shifts in muscle 

length and rate during muscle contraction (Fig.1.8A-C) (Kandel et al., 2000).  



1. INTRODUCTION 

30 
 

γ

Intrafusal 

Fibers

Extrafusal 

Fibers

Spinal Cord Skeletal Muscle

Brain 

1

2

3

A)

α

1a

Spinal Cord Skeletal Muscle

4

B)

γ

α

1a
Intrafusal 

Fibers

Extrafusal 

Fibers

Brain 

Spinal Cord Skeletal Muscle

5

6

7

C)

γ

α

1a
Intrafusal 

Fibers

Extrafusal 

Fibers

 

1.3.2.2 The stretch reflex  

In order to adjust to changes in the environment, proprioceptive reflexes influence 

voluntary movements (Kandel et al., 2000). Proprioceptive reflexes regulate voluntary 

movements in animals through two properties: 1) “stretch reflex,” and 2) closed “feedback” 

Figure 1.8 Schematic representation of α-γ co-activation 

A) The muscle spindle (MS) circuit: γ-MN (yellow) efferents innervate the polar region of the MS 

intrafusal fibers (light yellow) and Ia sensory (beige) afferents innervate the central region of the MS. 

1) The CNS sends signals to contract a muscle (for example, the soleus/calf muscle in the leg), 2) 

which causes α-MNs (red and pink) to fire, 3) resulting in extrafusal fibers (red and pink) to contract. 

B) Simultaneously, intrafusal fibers stretch. 4) However, if a failure in γ-MN stimulation had 

occurred, the intrafusal fibers would remain loose or “slacken” and no information about the changes 

in muscle length or the rate of change in muscle length would be presented to CNS because the Ia 

sensory afferents would become insensitive. C) Since the fusimotor system in normal muscle is intact, 

5) a simultaneous stimulation of γ-MNs at the polar ends of intrafusal fibers is seen with α-MN fire 

and extrafusal fiber contraction. 6) This keeps the intrafusal fibers tightened or “taut” and Ia sensory 

neurons are able to 7) signal information about these shifts in muscle length to CNS, thus, keeping the 

MS sensitive during various ranges of muscle contraction. (Adapted from Kandel et al., 2000) 
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loops (Kandel et al., 2000). The property of a muscle to oppose lengthening is known as the 

“stretch reflex” (Fitz-Ritson, 1982). When a muscle is stretched, there is an increase in the 

firing of sensory afferents that synapse onto α-MNs (Kandel et al., 2000; Fitz-Ritson, 1982). 

The α-MNs also become activated leading to a muscle contraction of the same muscle they 

innervate (Kandel et al., 2000; Fitz-Ritson, 1982).  Following this muscle contraction, the Ia 

sensory afferent firing decreases causing a decrease in the muscle length which permits the 

cycle to repeat, a property termed the stretch reflex loop (Kandel et al., 2000). This stretch 

reflex loop is in a constant cycle to maintain the muscle length at precise magnitudes, thus, 

the difference in muscle length are used as information to repeat the cycle (Kandel et al., 

2000). This stretch mechanism can also be thought of as a negative feedback system or 

“servo” control system that governs muscle length (Kandel et al., 2000; see Taylor 1970 for 

review). The CNS input onto α- and γ-MNs regulates the stretch reflex mechanism, which 

enables the fine-tuning of voluntary movements and body posture changes (Hunt and 

Ottoson, 1976; Fitz-Ritson, 1982).  

The γ-MNs regulate sensory afferent and intrafusal fiber systems for dynamic and 

static tasks (Fitz-Ritson, 1982). For instance, γd-MNs stimulate dynamic bag1 fibers that 

result in a higher receptivity of the sensory afferent axons and higher activation of α-MNs to 

variations in muscle length, thus, generating a more robust stretch reflex mechanism to 

control muscle length during locomotion (Fitz-Ritson, 1982). When γs-MNs stimulate static 

bag2 fibers, the highly stimulated MS activates muscles with a higher force for all muscle 

length variations, without changing stretch reflex properties, which can be utilized for 

regulating posture (Fitz-Ritson, 1982). 

1.3.2.3 Beta motor neurons (β-MNs) 

Various studies have observed that β-MNs in both mammals and lower vertebrates 

like frogs, comprise of one-third of all muscle units and innervate three-fourths of all the MSs 

in mammals (see Hulliger, 1984; Manuel and Zytnicki, 2011 for review). Despite their 

abundance, their functional role has not been studied extensively, although they are thought 

to potentially regulate movement and posture, but their functions in mammals may rather be 

“assistive” to γ-MNs (Manuel and Zytnicki, 2011).  

1.4 MN functional diversification       

Motor pools are suggested to be arranged topographically according to their 

peripheral muscle targets: rostral motor pools form circuits with proximal muscles of the 
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limb, while lateral motor pools connect to dorsal muscles of the limb and medial motor pools 

connect to ventral muscle groups of the limb (Landmesser 1978a; Romanes 1951; 

Vanderhorst and Holstege, 1997; see Kanning et al., 2010 for review). In humans, there are in 

excess of 120,000 MNs that innervate more than 100 million muscle fibers within 

approximately 300 pairs of muscles of the body (Kanning et al., 2010). The mammalian 

spinal cord contains well identified classes of MNs, α- and γ-MNs, while a third class, β-

MNs, are less well characterized (Burke, 2004; Kanning et al., 2010). The α- and β-MNs 

comprise two-thirds of the total number of MNs, while γ-MNs account for one-third of the 

total MNs (Burke et al., 1977; Friese et al., 2009). Within a motor pool, several common 

characteristics of MNs can categorize them into functional subtypes: their morphology, their 

peripheral and central synaptic connectivity, molecular marker expression and biophysical 

properties (Kanning et al., 2010). A summary of these MN properties is provided in Fig. 

1.9A-B.  

1.4.1 α- and γ-MN Ia afferent connectivity and morphology  

MN connectivity and biophysical properties ultimately contribute to how they control 

motor behavior. α- and γ-MNs differ in their sensory neuron connectivity. While α-MNs 

receive monosynaptic Ia input from proprioceptive sensory neurons, γ-MNs lack this direct 

input (Burke et al., 1977; Westbury, 1982; Friese et al., 2009; Shneider et al., 2009). α-MNs 

on average have a soma diameter two times the size of γ-MNs, on average outnumber γ-MNs 

by three times within motor pools and have more intricate dendritic arborizations than γ-MNs 

(Burke et al., 1977; Westbury, 1982; Friese et al., 2009; Shneider et al., 2009). 

1.4.2 Molecular correlates distinguishing α- and γ-MNs 

Neurons can be classified based on their morphology, connectivity, physiology and 

gene expression patterns (Sanes and Masland, 2015). The majority of neurons in the nervous 

system express RNA-binding protein, fox-1 homolog 3 (Rbfox3, NeuN) that distinguishes 

them from non-neuronal cell types (Mullen et al., 1992). MNs are cholinergic neurons and 

therefore express choline acetyltransferase (ChAT), an enzyme that catalyzes acetylcholine 

synthesis, in addition to expressing solute carrier family 18 member A3 (Slc183a, vAChT), 

which packages acetylcholine into synaptic vesicles (Wu and Hersh, 1994; Nagao et al., 

1998; Tanabe et al., 1998; Friese et al., 2009). 

α-MNs and γ-MNs can be distinguished molecularly during the late stages of 

embryonic spinal cord development by their expression of wingless-type MMTV integration 



1. INTRODUCTION 

33 
 

site family, member 7A (Wnt7a) at E17.5 in the mouse spinal cord (Ashrafi et al., 2012). In 

the postnatal spinal cord, α-MNs express high levels of the RNA-binding protein, fox-1 

homolog 3 (Rbfox3, NeuN) and low to negligible levels of estrogen-related receptor gamma 

(Esrrg, Err3) (Friese et al., 2009). In contrast, γ-MNs do not express NeuN, but express high 

levels of Err3 (Friese et al., 2009). Other postnatal γ-MN markers that have been recently 

identified are 5-hydroxytryptamine (serotonin) receptor 1D (Htr1d) and GDNF family 

receptor alpha 1 (Gfrα-1), as well as ATPase, Na
+
/K

+
 transporting, alpha 3 polypeptide 

(Atp1a3) (Enjin et al., 2010; Shneider et al., 2009; Edwards et al., 2013).   

1.4.2.1 Molecular differences among α-MN subtypes: fast α-MNs and slow α-MNs   

Neuronal input from the brain and the sensory system is translated into force to 

produce movement through motor units. The motor unit is comprised of a MN and the muscle 

fibers innervated by its axon (Heckman and Enoka, 2012). The muscle unit consisting of MN 

axon and muscle fibers it innervates are shown to have mechanical properties that can 

classify the motor unit types (Burke et al., 1973). The different mechanical properties of the 

muscle units enable the classification of the motor unit types: 1) twitch time to peak tension, 

2) the “sag” of an unfused tetanic contraction, 3) the fatigability of the muscle unit to 

repetitive tetanic activation (Zengel et al., 1985). Thus, α-MN motor units can be classified 

into subtypes based on the contractile properties of the muscle units. For example, there are 

three major types of motor units for α-MNs: 1) α-FF (fast-twitch, fatigable), 2) α-FR (fast-

twitch fatigue-resistant), 3) α-S (slow-twitch, fatigue-resistant) (Kanning et al., 2010). 

Furthermore, fast α-MNs and slow α-MNs express distinct molecular correlates. Müller et al., 

(2014) identified Delta-like 1 homolog (Dlk1) to be expressed by fast α-MNs, which is 

necessary and sufficient for producing fast α-MN biophysical properties. The forced 

expression of Dlk1 in late-gestation chick neural tube followed by whole cell patch-clamp 

recordings in MNs showed shifted biophysical properties towards higher firing threshold and 

firing frequencies and lower firing durations and after-hyperpolarization (AHP) (Müller et al., 

2014). Furthermore, MNs recorded in Dlk1
–/– 

mutant mice showed biophysical properties 

resembling slow/intermediate α-MN types (Müller et al., 2014). Recently, Kaplan et al., 

(2014), demonstrated that matrix metallopeptidase 9 (Mmp9) is expressed by fast α-MNs that 

are prone to degenerate in mouse model of human Amyotrophic Lateral Sclerosis (ALS) 

(SOD1
G93A

 mice). Other α-MN subtype markers are chondrolectin (Chodl) and 

calcitonin/calcitonin-related polypeptide, alpha (Calca), which are co-expressed by large 

soma MNs, whereas estrogen-related receptor, beta (Esrrb, Err2) was found to be expressed 
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by relatively small soma size and non-cholinergic cells (Enjin et al., 2010). The authors 

suggested that Chodl could be expressed by fast α-MNs since Chodl
+
 cells recorded using 

whole cell patch-clamp technique showed short afterhyperpolarization (AHP) half-decay time 

and high rheobase current (Enjin et al., 2010). Furthermore, the authors proposed that Err2 is 

a molecular correlate of slow α-MNs since RNA in situ hybridization and immunodetection 

studies in P11 Egr3
–/–

 mutant mice with degenerated MSs leading to lack of γ-MNs seemed 

to show no changes in Err2 expression pattern (Enjin et al., 2010). Studies have shown that 

synaptic vesicle glycoprotein 2 a (Sv2a) is expressed in motor terminals that innervate type I 

and small type IIA muscle fibers and thus, is a molecular correlate of slow α-MNs 

(Chakkalakal et al., 2010).  

1.4.3 MN biophysical properties 

MNs have complex biophysical properties that determine their functional role in 

controlling motor behavior. MN properties depend on two interlinked characteristics of the 

cell membrane: 1) MN morphology consisting of MN size (cell membrane area) and MN 

structural organization (cell membrane geometry), or 2) MN intrinsic properties (cell 

membrane ion channels) (Burke and Rudomin, 2011; Burke, 2011).  

MN properties directly related to MN morphology are 1) axonal conduction velocity 

(CV), 2) input resistance (RN), 3) dendritic electronic length (L) (Burke, 2011).  Specifically, 

the input resistance (RN) is the resistance of an MN to the input of current, thus a property 

that shows whether the MN depolarizes due to current (Kandel, 2000; Burke, 2011). The MN 

properties that are intrinsic properties of the cell membrane are 1) the membrane time 

constant (tm), 2) the after-hyperpolarization (AHP), and 3) the voltage-dependent biophysical 

properties (Burke and Rudomin, 2011; see Burke, 2011 for review). These properties are 

influenced by ion channel diversity in MNs as well as their morphology (Heckman and 

Enoka, 2004).  

MNs within a motor pool can have a ten-fold difference in rheobase current (Irh), a 

property representing the membrane excitability, which is defined as the current required to 

fire an action potential (Carp, 1992; Fleshman et al., 1981; Gustaffson and Pinter, 1984; 

Pinter et al., 1983; Power and Binder; 1985; see Binder et al., 2011 for review). The rheobase 

current depends upon the input resistance and the voltage-gated ion channels that may be 

active prior to the MN reaching its threshold potential (Enjin et al., 2012). In general, smaller 

MNs have a lower rheobase compared to larger MNs. The voltage-threshold (Vthr) depends 

on Na
+
 ion channel sensitivity, thus, controlling the voltage at which the MN will fire an 
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action potential (Heckman and Enoka, 2004). In general, smaller MNs have a lower Vthr than 

larger MNs.  

Similar to other nervous system neurons, the repetitive MN action potential is 

comprised of initial inwardly directed Na
+
 ion conductance and followed by outwardly 

directed K
+
 ion conductance (Araki et al., 1962; Burke and Rudomin, 2011). The membrane 

potential (Vm) repolarizes due to the effects of K
+
 ion conductances activating with a delay, 

the inactivation of Na
+
 ion conductances, and the effects of leak channel conductances 

(Binder et al., 2011). More specifically, the fast repolarization phase seen in action potentials 

is responsible for fast activating voltage-sensitive K
+
 ion channel conductance, while the 

slow activating voltage-sensitive K
+
 ion channel conductance generates the after-

hyperpolarization (AHP) phase after the action potential, which is mainly due to Ca
2+

-

mediated K
+
 conductances (gKCa) (Schwindt and Crill, 1981; Barret et al., 1980; Rudy, 1988; 

Heckman and Enoka, 2004). Ca
2+

 ion influx into the MN during the action potential activates 

the gKCa conductances, while intracellular Ca
2+

 diffusion, pumping and binding  intracellular 

proteins determines the AHP decay times, thus, making AHP a critical property in 

determining MN firing rate (Kernell, 1965b; Heckman and Enoka, 2004; Binder et al., 2011).  

MNs fire repetitive action potentials when the depolarizing current incorporates 

beyond their Vthr, a property that depends on the time and quantity of current (Heckman and 

Enoka, 2004; Binder et al., 2011). The firing frequency correlates with the quantity of 

injected current, which is termed rate-modulation (frequency-current F-I, curve) and the 

slope of this relationship is defined as the gain (Kernell, 1965a; Schwindt and Calvin, 1972; 

Schwindt, 1973; Heckman and Enoka, 2004). Studies have shown that the F-I curve observed 

during rhythmic firing in cat lumbar MNs have a primary-range (shallow F-I curve slope) and 

secondary-range (steep F-I curve slope), a characteristic observed in other CNS neurons and 

hypothesized to be dependent upon balancing of influx and efflux conductances (Schwindt 

and Crill, 1982; Kernell, 1965a; Grantyn and Grantyn, 1978). The discharge rate or firing 

frequency decreases over time, which is called the spike-frequency adaptation (Binder et al., 

2011).  

1.4.3.1 Biophysical properties of α-MN innervating specific motor units in cat and rat 

There is a functional link between α-MN morphology and electrical properties and the 

amount motor unit maximum force, isometric twitch speed and endurance (Kanning et al., 

2010). Building on the work of Eccles, (1955), Eccles et al., (1957a; 1957b), Burke et al., 

(1973), studies performed by Zengel et al., (1985) provided insight into how different MN 
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biophysical properties correlate with their muscle units, thus allowing the classification of α-

MN motor unit type. Zengel et al., (1985) used intracellular recordings to characterize the 

biophysical properties of cat medial gastrocnemius MNs corresponding to the muscle unit 

controlled by these MNs. They determined that the MN rheobase pattern was correlated with 

the motor units: fast-twitch, fatigable (α-FF) > fast-twitch, fatigue-resistant (α-FR) > slow-

twitch, fatigue-resistant (α-S). The input resistance showed the opposite pattern of α-FF < α-

FR < α-S (Zengel et al., 1985). They observed that AHP half-decay time and the AHP 

duration had a pattern of α-FF, α-FR < α-S (Zengel et al., 1985). Overall, their study showed 

that MN membrane properties of rheobase, input resistance and AHP half-decay time and 

duration classified the motor unit types with high accuracy (Zengel et al., 1985). 

Functionally, MN membrane properties may determine the muscle activity by directing the 

sequential recruitment of motor units from α-S to α-FR to α-FF for normal movements 

(Zengel et al., 1985). Furthermore, studies in rats described a similar relationship between the 

MN biophysical properties and the motor unit type (Gardiner, 1993). To summarize, studies 

have suggested that neuromuscular system seems to be organized for the control of 

movement according to Henneman’s size principle, which links MN anatomy and biophysical 

properties with muscle unit size, ultimately, ensuring sequential activation of motor unit from 

smallest to largest (Henneman et al., 1965a; 1965b; Gordon et al., 2004). 

1.4.3.2 Characterization of α- and γ-MN biophysical properties in cat 

Early studies using intracellular recordings suggested that cat α- and γ-MNs have 

unique biophysical properties. Eccles et al., (1960), identified γ-MNs in the cat ventral spinal 

cord by antidromic volleys, which are the spike potential volleys extracellularly recorded in 

MNs after nerve stimulation. γ-MNs showed slower spike potential volleys than α-MNs (50-

110 m/sec) because they have a slower conduction velocity (15-50 m/sec) due to their smaller 

axon diameter (Kuffler et al., 1951; Hunt and Kuffler, 1951a). Moreover, intracellular 

recordings on identified γ-MNs revealed that γ-MNs have a higher discharge rate than α-MNs 

(Hunt, 1951; Kobayashi et al., 1952; Hunt and Paintal, 1958).  Intracellular recordings of γ-

MNs located in the lumbosacral region of the spinal cord in decerebrate cats showed that γ-

MNs have higher discharge rates and lower thresholds for discharge than α-MNs (Kemm and 

Westbury, 1978). Furthermore, they observed the membrane input resistance to be smaller in 

γ-MNs than in α-MNs (Kemm and Westbury, 1978).  

Recently, putative α- and γ-MN biophysical properties were analyzed in early 

postnatal mice. RNA in situ hybridization studies in the postnatal day 11 (P11) mice showed 
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that relatively small soma size (100-400 µm
2
) cells expressed serotonin receptor 1d (5ht-1d) 

mRNA which co-localized with vAChT mRNA (Enjin et al., 2012). They performed whole 

cell patch-clamp recordings in GFP reporter mice (serotonin1d::GFP
+
) and characterized the 

biophysical properties in putative γ-MNs during early postnatal development (P0-P6) (Enjin 

et al., 2012). The mean input resistance for putative γ-MNs was in between the range of fast-

like α-MNs (low mean) and slow-like α-MNs (high mean) and was significantly different 

between all three MN subtypes at these stages (Enjin et al., 2012). The mean rheobase current 

for putative γ-MNs was in between the range of fast-like α-MNs (high mean) and the slow-

like α-MNs (low mean), which was also significantly different for all three MN subtypes 

(Enjin et al., 2012). Finally, the mean AHP half-decay time was also in the midrange for 

putative γ-MNs when compared to fast-like α-MNs (low mean) and slow-like α-MNs (high 

mean), which was also significantly different between all three MN subtypes (Enjin et al., 

2012). However, the mean firing frequency did not differ significantly between putative γ-

MNs and both α-MNs types (Enjin et al., 2012).   

Studies have shown that MSs in cat, rat and mouse develop pre- or perinatally 

(Milburn, 1984; Kucera et al., 1988; Banks et al., 2009; Sonner et al., 2017). However, the 

complete maturation of MS morphology and physiology occurs postnatally, which is 

important for γ-MN function as well. For instance, in the cat, the tonic discharges from the 

MS were observed at P6-P10, while the γ-MN discharges were observed at P17 (Skoglund, 

1960). In the mouse, MS had mature morphology at the postnatal age of P20 (Sonner et al., 

2017). Thus, it is possible the differences observed in γ-MN biophysical properties between 

cat and mouse studies were due to differences in the developmental stages at which the 

studies were carried out. Enjin et al., determined the biophysical properties of γ-MN at P0-

P6; a developmental stage at which MSs are immature. While, studies in cat by Kemm and 

Westbury, (1978), were carried out in young cats, which have morphologically and 

physiologically mature MSs. Thus, since these MS are different developmentally, the γ-MNs 

innervating may have different biophysical properties.  
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Figure 1.9 General patterns of properties in different MN subtypes 

A) Studies in cat and mice have shown that MNs differ according to their morphology, pre- and post-

synaptic inputs, biophysical properties, molecular correlates and physiological function. B) 1) α-MNs 
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(α-FF, α-FR, α-S)  have larger soma size than β-MNs (β-d, β-s) and γ-MNs (γ-d, γ-s). 2) α-MNs (α-

FF, α-FR, α-S) have a high density of vGlut1 synaptic varicosities from Ia sensory afferent 

innervation, whereas γ-MNs (γ-d, γ-s) essentially lack this innervation. 3) α-MNs (α-FF, α-FR, α-S) 

innervate extrafusal fibers, β-MNs (β-d, β-s) innervate extrafusal fibers and intrafusal fibers. While γ-

MNs (γ-d, γ-s) innervate intrafusal fibers. 4) comparison of biophysical properties between α-MN 

versus γ-MNs: input resistance (α-MN > γ-MNs), rheobase (α-MN > γ-MNs), firing frequency (α-MN 

< γ-MNs), AHP half-decay and duration (α-MN versus γ-MNs is variable). 5) α-MNs express 

different molecular correlates than γ-MNs. 6) α-MNs generate force during movement, while γ-MNs 

regulate the muscle spindle (MS) sensitivity, which is important for muscle reflexes and muscle 

proprioception during movement. The biophysical properties described in this table are relative 

patterns that vary according to species and developmental stage of the animal. (Adapted from 

Kanning et al., 2010 and Manuel and Zytnicki, 2011 and various studies cited in main text) 

 

1.5 Nuclear receptors (NRs)  

Multicellular organisms use nuclear receptors (NRs) to regulate gene expression 

pathways when encountering signals that emerge from the environment, intracellular states, 

or during normal development. They regulate NR function through three mechanistic 

pathways in cells: 1) binding to a lipophilic ligand, 2) covalent modifications like 

phosphorylation, and 3) protein-protein interactions (Giguère, 1999). NR family proteins 

have a general structure with four regions that allow them to influence gene expression:  1) a 

modulator domain, 2) a DNA-binding domain (DBD), 3) a hinge region and 4) a ligand-

binding domain (LBD) (Fig. 1.10A). Transcriptional activation is carried out in the activation 

function-1 (AF-1) region within the modulator domain (Giguère, 1999). Diverse NR isoforms 

with specific modulator domains can be expressed, which allows the organism to target 

specific biological functions (Giguère, 1999). The DBD is highly conserved in NRs and this 

region contains two zinc finger modules that bind unique DNA sequences known as hormone 

response elements (HREs) (Giguère, 1999).  The highly variable and malleable hinge region 

is used to connect the DBD with the LBD and also permits various orientations for the DBD 

to bind HRE regions, assisting dimerization of NRs (Glass, 1994; Giguère, 1999).  Finally, 

the LBD regulates various facets of NR functions: ligand binding, nuclear localization, 

dimerization, and transactivation, amongst others (Giguère, 1999).  LBD domain contains a 

conserved region called activation function-2 (AF-2) that enables transactivation mechanisms 

through coactivators (Giguère, 1999).  

Classically, certain steroid receptors translocate to the nucleus to initiate gene 

expression when bound by a specific ligand (Pratt and Toft, 1997; Giguère, 1999). However, 

the majority of NRs regulate gene expression by constitutive nuclear localization and in a 

ligand-independent manner (Horlein et al., 1995; Chen and Evans, 1995; Sap et al., 1989; 
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Giguère, 1999). NRs interact with transcription, coactivators, or corepressors to regulate gene 

expression (Horwitz et al., 1996; Beato and Sanchez-Pachecho, 1996; Freedman, 1999; 

Mckenna et al., 1999; Glass et al., 1997; Giguère, 1999).  

The nuclear receptor (NR) superfamily subdivision NR group 3 (NR3) has several 

members: androgen receptors (AR), estrogen receptors (ERs), glucocorticoids receptors 

(GR), mineralocorticoid receptors (MR), progesterone receptors (PR) and estrogen-related 

receptors (ERRs) (Fig. 1.10B) (see Giguère, 2002; Tremblay and Giguère, 2007 for review). 

A subdivision within NR3 is the NR group 3A (NR3A), which includes estrogen receptors 

(ERs), ERα (NR3A1) and ERβ (NR3A2) that are structurally and functionally related to the 

NR group 3B (NR3B) subfamily known as the estrogen-related receptors (ERRs) (Giguère, 

2002; Benoit et al., 2006). There are three members in the ERRs subfamily: 1) ERRα 

(NR3B1, ERR1, ESRRA), 2) ERRβ (NR3B2, ERR2, ESRRB), 3) ERRγ (NR3B3, ERR3, 

ESRRG) (Fig. 1.10B) (Tremblay and Giguère, 2007; Giguère, 2002).   

1.5.1 Estrogen-related receptor (ERR) family structural elements and phylogeny 

Estrogen-related receptors (ERRs) are a subfamily of orphan nuclear receptors 

(ONRs), which play many roles in development and disease states and have a high sequence 

homology (Fig. 1.10C) (Giguère, 2002; Hong et al., 1999). Unlike the NRs for cortisol, 

aldosterone, estradiol, testosterone, and others, which have a known ligand, ONRs generally 

do not have a known ligand (Giguère, 1999). However, ONRs, like the NR superfamily, 

contain a highly conserved DNA-binding domain (DBD) and ligand-binding domain (LBD), 

but they lack regions such as the AF-2 (Giguère, 1999). It is hypothesized that ONRs thereby 

lost their ability to bind ligands through evolution; however, they still possess the LBD for 

other functions like coactivator interactions and dimerization (Giguère, 1999). 

A)  Representation of general gene structure of nuclear receptors (NRs) 

AF-1

DBD LBDModulatory

AF-2

Hinge

 

B)  Representation of group III nuclear receptor (NR) phylogenetic tree 
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             C)  Representation of estrogen-related receptor (ERR) structural    

                  elements, a subfamily of orphan nuclear receptors (ONRs)  
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Figure 1.10 Schematic representation of nuclear receptor (NR) structure, group III nuclear 

receptor (NR3) phylogenetic tree and estrogen-related receptor (ERR) structural elements  

A) The general structural domains of nuclear receptors (NRs) contain four different regions: 1) 

modulator domain containing the activation function-1 (AF-1) regions (transcriptional activation 

domain), 2) DNA-binding domain (DBD) that recognizes and binds DNA, 3) hinge region connects 

the DBD to the LBD, 4) the LBD binds specific ligands, which contains the activation function-2 

(AF-2) motif for ligand-dependent transactivation by interactions with specific cofactors. (Adapted 

from Giguère,1999) B) A phylogenetic tree group III  NRs (adapted from Giguère, 2002). C) 

Homologous regions of ERR, a subfamily of orphan nuclear receptors (ONRs) in mice depicting 

shared sequence similarity (in the percentage of amino acids) in major domains. (Adapted from Hong 

et al., 1999) 

 

1.5.1.1 Estrogen-related receptor 1 (Err1) 

Estrogen-related receptor 1 (Err1) is expressed in various tissues including bone 

tissue, brown and white adipose tissue, cartilage tissue, heart, intestine, liver, macrophages, 

skeletal muscle and breast cancer cells (Tremblay and Giguère, 2007). Err1 KO mice 

generated by Luo et al., (2003), showed decreased peripheral fat accumulation and body 

weight. Furthermore, microarray studies using adipose tissue from Err1 KO mice showed a 

shift in the gene expression pattern of enzymes that regulate fat catabolism versus fat 

synthesis (Luo et al., 2003). Err1 and estrogen-related receptor 3 (Err3) target similar 

promoter regions and are essential for regulating metabolic genes involved in heart function 

(Dufour et al., 2007). Specifically, Err1 KO mice undergo heart failure due to the abnormal 

signaling of a metabolic pathway that is normally used when dealing with hemodynamic 

stressors (Huss et al., 2007). Err1 signaling is involved in several important pathways 

required for biological functions such as heart function, fat metabolism, thermogenesis and 

innate immunity (Tremblay and Giguère, 2007). 

1.5.1.2 Estrogen-related receptor 2 (Err2) 

Estrogen-related receptor (Err2) is expressed among other tissues in the placenta and 

inner ear and is important for their development (Luo et al., 1997; Pettersson et al., 1996; 
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Tremblay and Giguère, 2007). For instance, Err2 conditional KO mutant mice display a 

decreased quantity of endolymph-producing cells in the cochlea, utricle, and ampulla 

resulting in abnormal fluid homeostasis in the inner ear, which affects hearing perception 

(Chen and Nathans, 2007). In addition, endolymph-producing strial marginal cells in the 

cochlea of Err2 KO mutant mice change their cellular fate to become epithelial cells and 

show loss of K
+
 ion channels and transporter proteins (Chen and Nathans, 2007). Thus, Err2 

controls K
+
 ion channel expression in the inner ear. Furthermore, humans with mutations in 

ERR2 are correlated with hearing loss (Collin et al., 2008). In summary, these studies 

revealed that Err2 has an integral role in regulating cell fate during development.   

1.5.1.3 Estrogen-related receptor 3 (Err3) 

Estrogen-related receptor (Err3) is expressed in the spinal cord, heart, inner ear and 

breast cancer cells (Friese et al., 2009; Tremblay and Giguère, 2007). Similarities in Err1 and 

Err3 DNA binding sites and protein interaction suggested that they may have a similar role in 

the heart and mitochondria (Willy et al., 2004; Huss and Kelly, 2004; Alaynick et al., 2007). 

Furthermore, studies have suggested that they both bind promoter sequences that are also 

recognized by nuclear respiratory factor 1 (Nrf-1), cAMP responsive element binding protein 

(Creb) and signal transducer and activator of transcription (Stat3) (Dufour et al., 2007). 

Moreover, studies by Alaynick et al., (2007), have shown that Err3 KO mutant mice show 

abnormal electrocardiogram (ECG) patterns, thus, Err3 is essential for expression of genes 

needed for metabolic and mitochondrial processes involved in the fetal heart (Alaynick et al., 

2007). Studies by Friese et al., (2009), demonstrated that Err3 is a molecular correlate for γ-

MNs that is highly expressed in relatively small soma size MNs in mice at postnatal day 14 

(P14). Studies by Nolan et al., (2013), have shown that age-related hearing loss (ARHL) in 

women is correlated with rs2818964 single-nucleotide polymorphism (SNP) in the ESRRG 

gene. Furthermore, Err3 KO mutant mice showed a moderate hearing loss and this deficiency 

affected female mice more than males, which is a phenotype correlated with human London 

ARHL cohort (Nolan et al., 2013).  

1.6 Rationale and Objectives  

Studies have shown that morphogen gradients secreted during development lead to 

the expression of transcription factors that regulate the initial organization MN positional 

identities in the embryonic spinal cord (Tanabe et al., 1998; Briscoe et al., 2000; Jessell, 

2000). However, the molecules and their mechanistic actions driving MN functional 
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diversification in the spinal motor “pools” into alpha and gamma subtypes (α- and γ-

subtypes) remain largely unresolved. Furthermore, previous studies have shown that Egr3 

KO mutant mice did not develop muscle spindles (MSs), which resulted in abnormal gait 

patterns, thus, proprioceptive information from MSs is important for motor behavior in vivo 

(Tourtellotte and Milbrandt, 1998; Akay et al., 2014). γ-MNs directly control intrafusal fibers 

within the MSs and studies have implicated them in voluntary movements, reflexes and 

muscle tone (see Murthy, 1978 for review). Still, studies have yet to characterize the 

molecular pathways that determine γ-MN biophysical properties that allow them to control 

gait, posture and precision movements. 

Quantitative immunodetection studies were performed using P5 spinal cord 

cryosections from wild-type mice by Lee, (2013), which showed that relatively small soma 

size cells expressed Err2 while lacking RNA-binding protein, fox-1 homolog 3 (Rbfox3, 

NeuN) expression. However, behavior studies in Err2 conditional KO mice did not show 

significant differences when challenged with motor behavior and force generation tasks when 

compared to control mice (Lee, 2013). Moreover, previous studies had shown that Err3, a 

paralogue of Err2, is expressed in small soma size putative γ-MNs and thus, is a γ-MN 

molecular correlate (Friese et al., 2009). Thus, I hypothesized that Err2 and Err3 are 

redundantly expressed transcription factors that determine the functional properties of γ-

MNs, which are integral to the regulation of gait, posture and precision movements in mice. 

 

This Ph.D. work had five aims: 

 

Aim I: To resolve Err2 and Err3 expression pattern during early postnatal development 

through quantitative immunodetection studies. 

 

Aim II: To use in ovo electroporation technique express Err2 and Err3 in chick to evaluate 

their influence on MN properties. 

 

Aim III: To generate Err2
flox/flox

; Err3
flox/flox

; ChAT
Cre

 conditional knockout (Err2/3
cKO

) mice 

and analyze MN biophysical properties using whole cell patch-clamp recordings. 

 

Aim IV: To examine the consequences of altering γ-MN function in Err2/3
cKO 

mice on gait 

and precision movements.  

 

Aim V: To take steps towards identifying molecular mechanisms through which Err2 and 

Err3 may regulate the biophysical properties of γ-MNs. 



2. MATERIALS & METHODS 

44 
 

2. MATERIALS & METHODS 

2.1 Laboratory consumables and glassware/plasticware 

Several types of glassware and plasticware were used: ISOLAB Laborgeräte GmbH, 

Kavalierglass, a.s., Brand GmbH + CO KG, Eppendorf Vertrieb Deutschland, Starlab GmbH, 

Sarstedt AG & Co. The dissection tools for chicken embryos and mice were purchased from 

Fine Science Tools Inc.  

2.2 Antibodies 

          Table 2.1 Primary Antibodies 

Antigen Host Species  Dilution  Supplier Cat. # 

DsRed Rabbit  1:1000  Clonetech 632496? 

Err2 Mouse  1:4000  R&D Systems PP-H6705-00 

Err3 Mouse  1:1000  R&D Systems PP-H6812-00 

GFP  Chicken  1:2000  Abcam ab13970 

Kcna10 Rabbit  1:250  Aviva Systems Bio. ARP35178_T100 

NeuN Mouse  1:1500  Merck Millipore MAB377 

vACht Rabbit  1:500  Synaptic Systems 139 103 

vGlut1 Guinea Pig  1:1000  Merck Millipore AB5905 

 
 

           Table 2.2 Secondary Antibodies 

 

Target Conjugate Host 

Species 

Dilution Supplier Cat. # 

Chicken IgG Alexa Fluor-488 Goat 1:2000 Thermo Fisher Scientific A-11039 

Guinea Pig 

IgG 

Alexa Fluor-488 Goat 1:2000 Thermo Fisher Scientific A-11073 

Mouse 

IgG2a 

Alexa Fluor-488 Goat 1:2000 Thermo Fisher Scientific A-21131 

Mouse 

IgG2b 

Alexa Fluor-555 Goat  1:2000 Thermo Fisher Scientific A-21147 

Mouse IgG1 Alexa Fluor-647 Goat 1:2000 Thermo Fisher Scientific A-21240 

Mouse IgG1 DyLight-405 Goat 1:250 Jackson  ImmunoResearch 

Inc.  

115-475-

205 

Rabbit IgG Alexa Fluor-555 Goat  1:2000 Thermo Fisher Scientific A-32732 

Rabbit IgG Alexa Fluor-647 Goat 1:2000 Thermo Fisher Scientific A-32733 
 

2.3 Chemicals  

Table 2.3 Chemicals and Supplier 

Chemical   Supplier 

Adenosine 5′-triphosphate magnesium salt Sigma-Aldrich Chemie GmbH 

Agar-Agar Carl Roth GmbH 

Ampicillin Carl Roth GmbH 
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Agarose NEEO Carl Roth GmbH 

Bovine serum albumin fraction V (BSA) Carl Roth GmbH 

Calcium Chloride dihydrate Carl Roth GmbH 

Choline bicarbonate Sigma-Aldrich Chemie GmbH 

Cholera toxin B subunit Alexa conjugated Invitrogen GmBH 

dNTP mix Fermentas GmbH 

Dimethyl sulfoxide (DMSO) Sigma-Aldrich Chemie GmbH 

Ethanol 99.9% CHEMSOLUTE 

Ethidium Bromide 1% Carl Roth GmbH 

Ethlenediaminetetraacetate (EDTA) Carl Roth GmbH 

Ethyl Pyruvate Sigma-Aldrich Chemie GmbH 

Ethyleneglycoltetraacetic acid (EGTA) Sigma-Aldrich Chemie GmbH 

Fluoro-gold Fluorochrome, LLC 

Gelatin Fluka Analytical 

GeneRuler 1 kb DNA ladder  Thermo Fisher Scientific GmbH 

Glucose Anhydrous Carl Roth GmbH 

Glycerol Carl Roth GmbH 

Guanosine 5′-triphosphate sodium salt hydrate Sigma-Aldrich Chemie GmbH 

HEPES Sigma-Aldrich Chemie GmbH 

Isopropanol Carl Roth GmbH 

Kynurenic acid Sigma-Aldrich Chemie GmbH 

L-Glutathione reduced  Sigma-Aldrich Chemie GmbH 

Loctite 401 Henkel Adhesive North America 

L-15 Medium Leibowitz Applichem GmbH 

Magnesium Chloride Carl Roth GmbH 

Magnesium sulfate heptahydrate Carl Roth GmbH 

myo-Inositol Sigma-Aldrich Chemie GmbH 

Orange-G Applichem GmbH 

Paraformaldehyde (PFA) Carl Roth GmbH 

PBS pH 7.2 Thermo Fisher Scientific GmbH 

Phosphocreatine di(tris) salt Sigma-Aldrich Chemie GmbH 

Potassium Chloride Carl Roth GmbH 

Potassium Dihydrogen phosphate Carl Roth GmbH 

Potassium Methane Sulfonate Sigma-Aldrich Chemie GmbH 

Potassium gluconate Sigma-Aldrich Chemie GmbH 

Proteinase K Applichem GmbH 

RNAse Away Molecular Bioproducts 

QIAzol Lysis Reagent Qiagen 

Sodium Chloride Carl Roth GmbH 
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Sodium Dihydrogen phosphate dihydrate Carl Roth GmbH 

Sodium dodecyl sulfate (SDS) Carl Roth GmbH 

Sodium Hydrogen Carbonate Carl Roth GmbH 

Sodium L-ascorbate Sigma-Aldrich Chemie GmbH 

Sucrose  Carl Roth GmbH 

Tissue-Tek O.C.T. embedding medium  Sakura Fintek GmbH 

Tris Carl Roth GmbH 

Triton X-100 Carl Roth GmbH 

Trizol reagent Invitrogen GmBH 

Yeast extract Applichem GmbH 
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2.4 Enzymes 

Table 2.4 Enzymes and Supplier 

Enzyme  Supplier 

DreamTaq
TM 

Green Taq DNA polymerase Thermo Fisher Scientific GmbH 

DNA Ligation Kit Takara Bio Inc. 

Phusion High Fidelity DNA polymerase New England Biolabs Inc. 

Restriction Enzymes  Thermo Fisher Scientific GmbH 

Shrimp Alkaline Phosphatase Thermo Fisher Scientific GmbH 

SP6 RNA Polymerase Roche Diagnostics GmbH 

T4 DNA Ligase Thermo Fisher Scientific GmbH 

T4 Polynucleotide Kinase Thermo Fisher Scientific GmbH 

T7 RNA Polymerase Roche Diagnostics GmbH 

 
 

 

2.5 Kits 

Table 2.5 Kits and Supplier 

 

Kit Supplier 

GeneJET Gel Extraction Kit Thermo Fisher Scientific GmbH 

GeneJet Plasmid Miniprep Kit Thermo Fisher Scientific GmbH 

iScript cDNA Synthesis Kit Bio-Rad GmbH 

Plasmid Maxi Kit Qiagen GmbH 

PrimeScript 1
st
 strand cDNA synthesis Kit Takara Bio Inc. 

Qubit dsDNA HS Assay Kit  Thermo Fisher Scientific GmbH 

Transcriptor High Fidelity cDNA synthesis kit  Roche Life Science 

TruSeq RNA Sample  Preparation v2 Kit Illumina
R
 

TruSeq SBS Kit v3-HS Illumina
R
 

TruSeq SR Cluster Kit v3-cBot-HS  Illumina
R
 

 

 

 

2.6 Plasmids 

 Table 2.6 Plasmids 

Plasmid Supplier/Reference 

GATA2-GFP Zhou et al., 2000 

Hb9-GFP Lee et al., 2004 

pCAGEN Addgene Inc. 

pGK-Cre Addgene Inc. 

pCRII-TOPO Invitrogen GmbH 

pCAGGS-T2TP Gift from K. Kawakami (Sato et al., 2007) 

pT2K-CAGGS-EGFP Sato et al., 2007 
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2.7 Programs & Databases 

Table 2.7 Software and Supplier 

Software/Database Application Supplier 

Adobe Illustrator 

CS5.1 

Image processing Adobe Inc. 

Adobe Photoshop 

CS5.1 

Image processing Adobe Inc. 

ApE Vector construction M. Wayne Davis 

DigiGait Imager 

and Analysis 

software 

Animal gait analysis Mouse Specifics Inc. 

ECR Browser Promotor/Enhancer 

analysis 

ecrbrowser.dcode.org/ 

FastQC quality 

control tool 

Version 0.10.1  

Quality control tool 

for high throughput 

sequencing data 

http://www.bioinformatics.babraham.ac.uk/projects/fas

tqc 

GoPro Studio 

Version 2.5.4 

GoPro video editing  GoPro, Inc. 

GraphPad Prism Data analysis GraphPad Software, Inc. 

ImageJ/FIJI Image processing Abramoff et al., 2004 

Imaris 8.0 Microscopy Image 

analysis software 

Bitplane, AG 

JASPAR CORE Transcription factor 

binding sites database 

jaspar.genereg.net 

pDraw Vector construction AcaClone Software 

proDAD Defishr 

Version 1.0  

Video fisheye 

correction 

proDAD GmbH  

R software  Statistical computing http://www.R-project.org/. 
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2.8 Solutions 

Table 2.8 Solutions 

Solutions Reagents 

4% Agarose 4% agarose in RaCSF, spinal cord support for dissection 

20% Gelatin solution 20% gelatin in RaCSF, spinal cord embedding mold for 

dissection 

Anesthetic Solution 100 mg/kg Ketamine, 20 mg/kg Xylazine in PBS 7.2; volume 

administered: 0.10 ml/10 g body weight 

Antibody Staining Solution 1xPBS pH 7.2, 1% or 2.5% BSA; 0.5% or 0.25% Triton X-100 

DNA Running Buffer 8% Sucrose in TAE; 1 mg/ml Orange G 

Fluoro-Gold (FG) Tracer 

Solution 

0.5% (w/v) in 1x PBS pH 7.2; volume administered: 0.10 ml/5 g 

body weight 

LB-Agar LB medium with 1% (w/v) agar-agar 

LB-Medium 5 g/l NaCl, 5 g/l yeast extract, 10 g/l tryptone 

Mouse tail biopsy Lysis Buffer 30 mM NaCl, 0.1 M Tris pH 8.0, 0.2 M EDTA,0.05% SDS, 0.5 

mg/ml Proteinase K 

Chick dissecting and recording 

artificial cerebrospinal fluid 

(DaCSF) and (RaCSF) (in mM):  

139 NaCl, 3 KCl, 1 MgCl2, 17 NaHCO3, 12.2 dextrose, 3 CaCl2. 

The solution pH was ~7.3 and the osmolality was 315 

mosmol/kgH2O (adjusted using sucrose). 

 

Chick intracellular pipette 

solution (in mM):  

130 MeSO3H, 10 KCl, 2 MgCl2, 0.4 EGTA-KOH, 0.1 CaCl2, 10 

HEPES, 2 ATP-MG
2+

 salt, 0.4 GTP-Na
+
 salt. The solution pH 

was 7.3 (adjusted with KOH) and the osmolality was 300 

mosmol/kgH2O (adjusted using sucrose) and contained 25 µM 

Alexa fluor 568. 

 

 

Mouse intracellular pipette 

solution (mM): 

131 K-methanesulfonate (or MeSO3H), 6 NaCl, 0.1 CaCl2, 1.1 

EGTA-KOH, 10 HEPES, 0.3 MgCl2, 3 ATP-MG
2+

 salt, 0.5 GTP-

Na
+
 salt, 2.5 L-glutathione reduced, 5 phosphocreatine di(tris) 

salt.  The solution pH was 7.25 (adjusted with KOH) and the 

osmolality was 300 mosmol/kgH2O (adjusted using sucrose). 

 

 

Mouse dissecting artificial 

cerbrospinal fluid (DaCSF) (in 

mM): 

191 sucrose, 0.75 K-gluconate, 1.25 KH2PO4, 26 choline 

bicarbonate (80% solution), 4 MgSO4, 1 CaCl2 , 20 dextrose, 2 

kynurenic acid, 1 (+)-sodium L-ascorbate, 5 ethyl pyruvate, 3 

myo-Inositol. The solution pH was ~7.3 while incubated in 95% 

O2-5% CO2 (carbogen) and the osmolality was 310 

mosmol/kgH2O (adjusted using sucrose). 

 

 

Mouse recording artificial  

cerebrospional fluid (RaCSF) (in 

mM): 

121 NaCl, 3 KCl, 1.25 NaH2PO4, 25 NaHCO3, 1.1 MgCl2, 2.2 

CaCl2 , 15 dextrose, 1 (+)-sodium L-ascorbate, 5 ethyl pyruvate, 3 

myo-Inositol. The solution pH was ~7.4 while incubated in 95% 

O2-5% CO2 (carbogen) and the osmolality was 310 

mosmol/kgH2O (adjusted using sucrose). 

 
 

2.9 Animal care 

Mice were housed and cared for by the European Neuroscience Institute (ENI) animal 

facility at Georg-August-Universität Göttingen. Animal experiments were approved by 

institutions abiding German federal and state regulations. 

2.10 Mouse interbreeding and mouse genotyping                                                                                    

For obtaining transgenic and conditional knockout (cKO) mice, the Cre/loxP system 

was used. In coliophage P1, the Cre recombinase enzyme is required for DNA recombination 

(Sauer and Hendersen, 1988). In mammalian cells, DNA recombination is utilized in normal 
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and abnormal cellular states, thus, the Cre/loxP system can used for site-specific 

recombination events allowing for manipulation of the genome (Sauer and Hendersen, 1988). 

Transgenic mice expressing Cre recombinase under a specific promoter can be bred with 

mice that have an exon of interest in a gene floxed by two loxP sites resulting in offspring 

that have this region excised in specific cells (Hall et al., 2009). A similar system called 

Flp/FRT derived from Saccharomyces cervisiae can be employed to specifically manipulate 

the genome as well (Hall et al., 2009). 

ChAT-IRES-Cre mouse line with an internal ribosome entry sequence-Cre 

recombinase (IRES-Cre) fused insertion following choline acetyltransferase (ChAT) gene 

stop codon was used to specifically express Cre recombinase in cholinergic neurons, such as 

MNs (Fig. 2.1A, B) (Rossi et al., 2011; Jackson Laboratories).  

ChAT exon 15

ChAT exon IRES Cre pA pA15

STOP STOPATG

W.T. 

Chat allele

Chromosome 14,

exon 15

Targeted 

Chat allele

ChAT-IRES-Cre

Knockin

(ChatCre mice)

ChAT exon IRES CreChat promoter

A)

B)

 

Figure 2.1 Schematic diagram of Chat
Cre

 mouse line 

A) A homologous DNA recombination event was used to insert IRES fused to Cre recombinase 

downstream of the Chat gene stop codon. B) The Chat
Cre

 mice express Cre recombinase under the 

endogenous Chat promoter in all cholinergic neurons, thus, allowing for the targeting of Cre 

recombinase expression in MNs. (Adapted from Rossi et al., 2011) 

 

To generate the Chat::Tomato mouse line, a mouse line with a ubiquitously 

expressing Rosa26 locus was altered to increase expression by inserting a construct 

containing the CAG promoter (potent and ubiquitous) and a loxP-flanked ('floxed') stop 

cassette that regulates the expression of the tdTomato fluorescent protein (Zong et al., 2005; 

Muzumdar et al., 2007; Madisen et al., 2010; Jackson Laboratories). Moreover, mRNA 

stability was increased by inserting a woodchuck hepatitis virus post-transcriptional 

regulatory element (WPRE) (Zuffrey et al., 1999; Madisen et al., 2010). The floxed STOP 

Rosa26-Cag-LSL-tdTomato-WPRE mouse line was interbred with the Chat
Cre

 mouse line 
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resulting in offspring that showed the expression of tdTomato fluorescence in cholinergic 

cells, including MNs (Fig. 2.2A, B). The Chat::Tomato mice were both viable and fertile.  

CAG promoter STOP tdTomato WPRE pA

loxPloxP

X

CAG  promoter tdTomato WPRE

floxed STOP:  

Rosa26-CAG-

LSL-tdTomato-

WPRE in 

Chromosome 6

between exon 1 and 2

Chat::Tomato

mice

ChatCre  mice ChAT exon IRES CreChat promoter

pA

A)

B)

 

Figure 2.2 The interbreeding strategy for generating Chat::Tomato mice 

A) Chat
Cre

 mice were interbred with floxed STOP Rosa26-Cag-LSL-tdTomato-WPRE mice, which 

resulted in offspring with a deletion of the STOP casette leading to the expression of Cre recombinase 

in their cholinergic neurons. B) Chat::Tomato mice  express tdTomato (DsRed fluorescent protein 

variant) in MNs. (Adapted from Madisen et al., 2010) 

 

To generate conditional knockout mice lacking Err2 and Err3 expression in MNs, 

floxed Esrrb
loxp/loxp

 and Chat
Cre 

mouse line was interbred with floxed Esrrg
loxp/loxp

 mouse line 

(Fig. 2.3A, B) (Chen and Nathans, 2007; Institut Clinique de la Souris (ICS), Alsace, France; 

Jackson Laboratories, Inc.). The resulting Esrrb
flox/flox

; Esrrg
flox/flox

; Chat
Cre 

conditional 

knockout (Err2/3
cKO

) offspring were both viable and fertile (Fig. 2.3B).  



2. MATERIALS & METHODS 

52 
 

Esrrg exon 2

loxP loxP

floxed Esrrg allele:
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Figure 2.3 The interbreeding strategy for generating Esrrb
flox/flox

; Esrrg
flox/flox

; Chat
Cre 

conditional 

knockout (Err2/3
cKO

) mice lacking Err2 and Err3 in MNs 

A) Chat
Cre

 mice with floxed Esrrb allele (including the transcriptional start site and open reading 

frame) were interbred with floxed Esrrg allele Err2/3
cKO

 mice. For floxed Esrrb and Esrrg alleles, a 

loxP site upstream of the targeted exon 2 was inserted. Moreover, there was an insertion of loxP and 

FRT sites flanking the neo
r
 gene (Neomycin phosphotransferase) cassette downstream of the targeted 

exon 2. The neo
r
 antibiotic selection marker cassette was inserted through homologous recombination 

technique and excised by interbreeding these mice with mice that express Flp recombinase, thus, 

leaving an FRT site. B) Esrrb
flox/flox

; Esrrg
flox/flox

; Chat
Cre

 (Err2/3
cKO

) mice have deleted Esrrb and 

Esrrg in the MNs. (Schematics modified after Chen and Nathans, 2007; Institut Clinique de la Souris 

(ICS), Alsace, France). 

 

 

2.10.1.1 Mouse genotyping                                                                                                                             

The mouse line genotypes were confirmed for the subsequent experiments. Genomic 

deoxyribonucleic acid (DNA) was extracted by incubating mouse tail biopsies in 500 µl of 

lysis buffer overnight (O.N.) at 56°C. The solution was then vortexed and centrifuged for 5 

min at 14,500 r.p.m to obtain clean cell lysate. The supernatant was incubated with 500 µl of 

Phenol-Chloroform, vortexed and centrifuged for 10 min at 14,500 r.p.m. The top phase was 

then collected and incubated with 500 µl of Chloroform, vortexed and centrifuged for 10 min 

at 14,500 r.p.m. The top phase was collected and DNA was precipitated in 500 µl of 

Isopropanol. The pellet containing the DNA was washed with 70% ethanol, vortexed and 
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centrifuged at 14,500 r.p.m. and dried at 37°C on the heating block.  The DNA was eluted in 

50 µl of double-distilled water (ddH2O) and stored at -20°C.  

2.10.1.1.1 Genotyping Chat::Tomato mouse line 

The polymerase chain reaction (PCR) reaction mix for the Chat-Cre mouse line 

contained several reagents and concentrations:  

1. 2.5 µl of Green Taq Reaction Buffer 

2. 1 µl of mouse tail DNA 

3. 0.5 µl of 10 mM of dNTP mix 

4. 0.5 µl of 10 mM of wild-type (W.T.) ChAT forward primer (GTT TGC AGA AGC 

GGT GGG) or mutant ChAT forward primer (CCT TCT ATC GCC TTC TTG ACG) 

5. 0.5 µl of 10 mM of W.T. or mutant ChAT reverse primer (AGA TAG ATA ATG 

AGA GGC TC) 

6. 0.5 µl Taq DNA Polymerase 

The final volume of the PCR reaction was adjusted to 25 µl with ddH2O.  

The PCR cycle had specific parameters for this reaction:                                       

Initial Denaturation                                                                                                                                             

Temp. Time  Cycles                                                                                                                                        

94°C  3 min     1                                                                                                                                            

Denaturation, Annealing, Elongation                                                                                                                                               

Temp.   Time    Cycles                                                                                                                                 

94°C   30 sec.                                                                                                                                                         

55°C   30 sec.    35                                                                                                                                                                  

72°C   30 sec.                                                                                                                                         

Final Elongation                                                                                                                            

Temp.    Time    Cycles                                                                                                                             

72°C   2 min       1                                                                                                                                                                                                                                       

Following the PCR reaction, the DNA bands were resolved using agarose the gel 

electrophoresis technique. An agarose gel was molded from a solution of 0.05 µl/ml of 

ethidium bromide dissolved in 1% (w/v) agarose containing Tris-acetate-EDTA (TAE) buffer 

solution. In order to resolve DNA bands, the DNA and loading dye were combined and filled 

into the solidified agarose gel lanes, placed in the electrophoresis chamber containing TAE 

buffer solution and exposed to a current. The gel electrophoresis DNA separation resulted in 

1) one DNA band at 350 b.p. for the mutant mice, 2) two faint DNA bands at 200 b.p. and 
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600 b.p. and one mutant band at 350 b.p. in homozygous Cre
+
/Cre

+
 mice, 3) one DNA band 

300 b.p. for Cre
–  

mice, 4) one DNA band at 300 b.p. and one DNA band at 350 b.p. for 

Cre
+
/Cre

–
 heterozygous mice. 

The polymerase chain reaction (PCR) reaction mix for the Chat::Tomato mouse line 

contained several reagents and concentrations:  

1. 2.5 µl of Green Taq Reaction Buffer 

2. 1 µl of mouse tail DNA 

3. 0.5 µl of 10 mM of dNTP mix 

4. 0.5 µl of 10 mM of W.T. Rosa26-tdTomato forward primer (AAG GGA GCT GCA 

GTG GAG TA) or Mutant Rosa26-tdTomato forward primer (CTG TTC CTG TAC 

GGC ATG G) 

5. 0.5 µl of 10 mM of W.T. Rosa26-tdTomato reverse primer (CCG AAA ATC TGT 

GGG AAG TC) or Mutant Rosa26-tdTomato reverse primer (GGC ATT AAA GCA 

GCG TAT CC) 

6. 0.5 µl Taq DNA Polymerase 

The final volume of the PCR reaction was adjusted to 25 µl with ddH2O.  

The PCR cycle had specific parameters for this reaction: 

Initial Denaturation                                                                                                                       

Temp.   Time     Cycles                                                                                                                             

94°C  3 min         1                                                                                                                                     

Denaturation, Annealing, Elongation                                                                                                                                               

Temp.   Time     Cycles                                                                                                                             

94°C  30 sec.                                                                                                                                               

61°C  30 sec.      35                                                                                                                                                                

72°C  30 sec.                                                                                                                                         

Final Elongation                                                                                                                            

Temp.   Time     Cycles                                                                                                                             

72°C  2 min         1                

The PCR reaction and subsequent gel electrophoresis resulted in 1) one DNA band at 

196 b.p. band for mutant mice, 2) two DNA bands at 297 b.p. and 196 b.p. for heterozygous 

mice, and 3) one DNA band at 297 b.p. for wild-type mice.                                                                                                                                                                                                                      
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2.10.1.1.2 Genotyping of Esrrb-Chat-Cre knockout mouse line 

The polymerase chain reaction (PCR) reaction mix for the Esrrb-Chat-Cre mouse line 

contained several reagents and concentrations:  

1. 2.5 µl of Green Taq Reaction Buffer 

2. 1 µl of mouse tail DNA 

3. 0.5 µl of 10 mM of dNTP mix 

4. 0.5 µl of 10 mM of Esrrb forward primer (GGG GGC CTT GGT CTA CAG GTC 

TAG T)  

5. 0.5 µl of 10 mM of Esrrb reverse primer (TCT TTC TAC GGC GTT TCA GGG 

ACC) 

6. 0.5 µl Taq DNA Polymerase 

The final volume for the PCR reaction was adjusted to 25 µl with ddH2O.  

The PCR cycle had specific parameters for this reaction: 

Initial Denaturation                                                                                                                       

Temp.   Time     Cycles                                                                                                                             

94°C  3 min        1                                                                                                                                       

Denaturation, Annealing, Elongation                                                                                                                                               

Temp.   Time     Cycles                                                                                                                             

94°C  30 sec.                                                                                                                                             

55°C  30 sec.     35                                                                                                                                                                

72°C  30 sec.                                                                                                                                         

Final Elongation                                                                                                                            

Temp.   Time     Cycles                                                                                                                             

72°C  2 min        1                                          

The PCR reaction and subsequent gel electrophoresis separation resulted in 1) one 

DNA band at 300 b.p. for knockout mice, 2) one DNA band at 150 b.p. for W.T. mice and 3) 

both bands for heterozygous mice.                                                                                                                                                                                                 

2.10.1.2 Genotyping of Esrrg-Chat-Cre knockout mouse line                                                                                                                                                                                          

The polymerase chain reaction (PCR) reaction mix for the Esrrg-Chat-Cre mouse line 

contained several reagents and concentrations:  

1. 2.5 µl of Green Taq Reaction Buffer 

2. 1 µl of mouse tail DNA 

3. 0.5 µl of 10 mM of dNTP mix 
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4. 0.5 µl of 10 mM of Esrrg forward primer (GTT TTA AAG GCC CTT GGT GAT 

CTC GC)  

5. 0.5 µl of 10 mM of Esrrg reverse primer (CTG CAA CCC TTG GAC TGC CAG 

AAC) 

6. 0.5 µl Taq DNA Polymerase 

The final volume was adjusted to 25 µl with ddH2O. 

The PCR cycle had specific parameters for this reaction: 

Initial Denaturation                                                                                                                       

Temp.  Time     Cycles                                                                                                                             

94°C  2 min        1                                                                                                                                

Denaturation, Annealing, Elongation                                                                                                                                               

Temp.  Time     Cycles                                                                                                                             

94°C  1 min                                                                                                                                    

62°C  1 min       2                                                                                                                           

72°C  1 min                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                    

Denaturation, Annealing, Elongation                                                                                                                                               

Temp.  Time     Cycles                                                                                                                             

94°C  30 sec.                                                                                                                                              

62°C  30 sec.     30                                                                                                                                                                

72°C  30 sec.                                                                                                                                         

Final Elongation                                                                                                                            

Temp.  Time     Cycles                                                                                                                             

72°C  3 min       1 

The PCR reaction and subsequent gel electrophoresis for DNA separation resulted in 

1) one DNA band at 300 b.p. for knockout mice, 2) one DNA band at 150 b.p. for W.T. mice, 

and 3) both DNA bands for heterozygous mice.  

2.11 Mouse behavior experiments 

2.11.1 The Digigait
TM

 treadmill task                                                                                                     

Mouse gait was analyzed using the DigiGait
TM

 Imaging System (Mouse Specifics 

Inc., Framingham, MA U.S.A.) (Amende et al., 2005; Yuengert et al., 2015). The DigiGait
TM

 

Imaging System uses a motorized treadmill equipped with a transparent belt and a high-speed 

digital video camera placed from below to capture animal locomotion. The videos were 
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acquired using DigiGait
TM 

Imager software and processed using DigiGait
TM

 Analysis 

software (version 14.0).                                                                                                  

ChAT
Cre

 (control, N=9) and Err2
flox/flox

; Err3
flox/flox

;
 
ChAT

Cre
 (Err2/3

cKO
, N=8) at 8 

weeks were placed into the treadmill chamber to acclimatize to the treadmill for 5 min. After 

acclimatization, the mice were recorded with DigiGait
TM 

Imager software for sequential trials 

at 5 different belt speeds (10 cm/s,15 cm/s, 20 cm/s, 25 cm/s, 30 cm/s, 35 cm/s) for 3 trials 

per speed. The acquired videos were processed using DigiGait
TM

 Analysis software (version 

14.0). The software records the pixel area of a digital paw print (Paw Contact Area) with 

respect to time (sec) or (S) and a signal trace is produced (Fig. 2.4A, B) (Mouse Specifics, 

2011). Five phases of movement were captured during a step-cycle: 1) Stride, 2) Stance, 3) 

Swing, 4) Braking, 5) Propulsion (Fig. 2.4A). Various indices were obtained that enabled the 

assessment of the different locomotion dynamics and posture to compare control versus 

Err2/3
cKO

 mice. 
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Figure 2.4 Schematic diagrams showing digital paw print (Paw Contact Area) and gait signals 

for the forelimbs and hindlimbs 

A) Several step-cycle phases were used as signals: 1) Stride phase: the time of Stance plus Swing 

phases, 2) Stance phase: the time paw is touching the ground, 3) Swing phase: the time the paw is off 

the ground, 4) Braking phase and 5) Propulsion phase: two phases of the Stance phase that can be 

separated into Braking phase (coming to a stop) and Propulsion phase (starting). B) A walking mouse 

(18 cm/S) generates a gait trace of distinct fore and hind paw gait signals with respect to Duration 

(sec) or (S) and Paw Contact Area (cm
2
). (Fig. 2.4A was modified after Digigait

TM
, 2011) 

2.11.1.1 Orthogonal Signal Correction Partial Least Squares (OSC-PLS) analysis                                                                           

The Orthogonal Signal Correction Partial Least Squares (OSC-PLS) multivariate data 

analysis for the Digigait
TM

 treadmill task was performed by Camille Lancelin, Ph.D. A 

different analysis method was used instead of the classical multivariate methods since 

Digigait
TM

 analysis generated many different gait variables compared to the low numbers of 

mice in control and Err2/3
cKO

 groups and/or the inability to segregate data because of 
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redundant variables. Given that the previous studies effectively used the Principle Component 

Analysis (PCA), which is similar to Partial Least Squares (PLS) and Partial Least Square 

Discriminate Analysis (PLS-DA) designed for sets of discrete variables to describe 

movement behavior in mice, therefore, the Orthogonal Signal Correction Partial Least 

Squares (OSC-PLS) method was used to segregate continuous variable data into predictive 

and uncorrelated categories (Poulet et al., 2014; Takeoka et al., 2014; Nilsson et al., 2006). 

The OSC-PLS allows for better analytics and interpretation of motor behavior as an elaborate 

method of PLS. The OSC-PLS method enlarges the explained variance between-groups in a 

component or dimension and the within-group variance is segregated in the orthogonal 

component or dimension. To analyze the motor behavior data, an R-script that was created 

for chemometric analysis was adjusted (R Core Team, 2015; Grapov, 2014; Wherens, 2011).  

The OSC-PLS method analysis consisted of several steps. First, the raw data was 

standardized to construct a model. To construct a model, the data was segregated into a 

“training set,” and to validate the model, the data was segregated into a “testing set.” Since 

the observations or mice (<20) was a low quantity, the leave-one-out (LOO) method was 

used to construct a model. The LOO method excludes one sample (N), which becomes the 

“testing set” and the rest of the dataset becomes the “training set.” The “training set” is used 

to construct a model, which entails revealing patterns of predictive relationships. To predict 

or categorize the “testing set” into a group, the regression equation that is produced from the 

“training set” is employed. The selected model was validated by evaluating its ability to 

categorize groups versus 100 different randomly permuted models and their ability to 

categorize groups. The cross-validated coefficient of determination (Q
2
) and the Root Mean 

Square Error of Prediction (RMSEP) were used to evaluate the selected model’s predictive 

power to the randomly permuted models. The model’s “goodness of fit” to the “training set” 

was obtained by looking at the model’s Q
2
 versus the Q

2
 of the randomly permuted model 

(Table 9.3 in Appendix 3) (Wherens, 2011). The chosen model’s “goodness of prediction” on 

the “testing set” was obtained by observing the selected model’s RMSEP versus the RMSEP 

of the randomly permuted (Table 9.3 in Appendix 3) (Wherens, 2011). Overall, the selected 

model indicates that there is a significant difference between the control and Err2/3
cKO 

animal 

groups based on the totality of gait variables or indices. Furthermore, the best variables or 

predictors of the model were used from the first component (PCA-1) of the validated model 

and the loadings of the best predictors were ranked on their ability to segregate control versus 

Err2/3
cKO 

mice.   
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         Table 2.9 Defined variables for forelimbs and hindlimb 

Variable Name  Variable 

units 

Variable meaning 

SWING  (s)  The duration of the swing 

phase 
X.SWING.STRIDE  (%)  The % of the stride spent in 

swing  

BRAKE  (s)  The duration of the braking 

phase 

X.BRAKE.STRIDE  (%)   The % of the stride spent in 

braking  

PROPEL  (s)   The duration of the propulsion 

phase 

X.PROPEL.STRIDE  (%)  The % of the stride spent in 

propulsion  

STANCE  (s) The  duration of the stance 

phase 

X.STANCE.STRIDE  (%) The % of the stride spent in 

stance 

STRIDE  (s)  The duration of the stride 

X.BRAKE.STANCE  (%) The % of the stance phase spent 

in braking 

X.PROPEL.STANCE  (%) The % of the stance phase spent 

in propulsion 

STANCE.SWING  (real#) The stance to swing ratio 

STRIDE.LENGTH  (cm) The length of the stride 

STRIDE.FREQUENCY  (steps/s) The frequency of strides 

PAW.ANGLE  (deg) The paw angle 

ABS.PAW.ANGLE  (deg) The absolute paw angle 

PAW.ANGLE.VAR  (deg) The step-to-step variability in 

paw angle 

STANCE.WIDTH  (cm) The width of the stance 

STEP.ANGLE  (deg) The step angle 

STRIDE.LENGTH.VAR  (cm) The step-to-step variability in 

stride length 

STANCE.WIDTH.VAR  (cm)  The step-to-step variability in 

stance width 

STEP.ANGLE.VAR  (deg)  The step-to-step variability in 

step angle 

STRIDE.LENGTH.CV  (CV%)  The coefficient of variation of 

stride length  

STANCE.WIDTH.CV  (CV%)  The coefficient of variation of 

stance width 

STEP.ANGLE.CV  (CV%)  The coefficient of variation of 

step angle 

SWING.DURATION.CV  (CV%)  The step-to-step variability in 

swing duration 

PAW.AREA  (cm^2)  The area of the paw 

PAW.AREA.VAR  (cm^2)  The step-to-step variability in 

paw area 

STANCE.FACTOR  (real#)  The stance factor 

GAIT.SYMMETRY  (real#)  The symmetry of the gait 

MAX.DA.DT  (cm^2/s)  The maximal rate of change of 

paw area during the braking 

phase 
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MINDA.DT  (cm^2/s)  The maximal rate of change of 

paw area during the propulsion 

phase 

OVERLAP.DISTANCE  (cm)  The distance of overlap 

PPP  (cm)  The paw placement positioning 

ATAXIA.COEFF  (real#)  The coefficient of ataxia 

MIDLINE.DISTANCE  (cm)  The distance to the midline 

FORELIMB.WEIGHT.SUPPORT  (real#)  The forelimb weight support 

ABS.AXIS.DISTANCE  (cm)  The absolute distance to the axis 

NORM.STRIDE.LENGTH  (real#)  The normalized stride length 

NORM.STANCE.WIDTH  (real#)  The normalized stance width 

SHARED.STANCE (Hindlimbs only)  (s) The dual stance or double 

support 

X.SHARED.STANCE (Hindlimbs only)  (%)  The % dual stance or double 

support 

TAU.PROPULSION (Hindlimbs only)  (real#)  The propulsion time constant 

PAW.DRAG (Hindlimbs only)  (mm^2)  The paw drag 

PAW.LENGTH (Hindlimbs only) (cm) The length of the paw 

PAW.LENGTH.VAR (Hindlimbs only) (cm) The variability in the length of 

the paw 

PAW.WIDTH (Hindlimbs only) (cm) The width of the paw 

PAW.WIDTH.VAR (Hindlimbs only) (cm) The variability in the width of 

the paw 

SFI (Hindlimbs only) (cm) The sciatic function index 

PFI (Hindlimbs only) (cm) The peroneal function index 

TFI (Hindlimbs only) (cm) The tibial function index 
 

2.11.2 The horizontal ladder task                                                                                                           

Fine motor skills of mice were recorded using a sliding track installed with a camera 

to view the animal from the bottom while it walked across the horizontal ladder with 

modified specifications: animal ladder was 100 cm in length, rung diameter of 3 mm and 

rung spaced at 7 mm (mice tested at alternating rungs spaced at 14 mm) (Akay et al., 2014). 

ChAT
Cre

 (control, N=5, females) and Err2
flox/flox

; Err3
flox/flox

; ChAT
Cre 

(Err2/3
cKO

, N=5, 

females) age-matched at 8 weeks were trained to go to their home cage located at the ladder’s 

end and rested for 1 min between trials. The mice were trained for 2 days (3 trials per animal, 

single direction) the first week and then trained 2 days (3 trials per animal, single direction) 

the second week and tested on the third day (4-5 trials per animal, single direction towards 

home cage). 

The videos were captured and processed using the same protocol for control and 

Err2/3
cKO 

mice. Mouse locomotion was acquired using GoPro HD Hero2 (GoPro Inc., U.S.A) 

at 120 f.p.s., at 848x480 image size and stored as MP4 files for analysis. For the figure videos 

and images, GoPro Studio Version (2.5.4) and proDAD Defishr Version 1.0 (proDAD 

GmbH, Immendingen, Germany) were used to decrease the speed to 25% of the original 

speed, decrease the frames to 60 f.p.s. and eliminate the fish-eye effect by applying Mobius A 

Wide presets and zoom modified to 110.0 for final videos and images. 
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The mouse hindlimbs were pooled for data quantification. A “hit” or correct placement 

was scored when the hind paw was placed with stability in the middle of the rung. A “miss” 

was scored when the hind paw slipped through missing the rung (complete miss) or when the 

hind paw failed to locate the rung (correction miss). For each control and Err2/3
cKO

 mouse, 

on average, about 40 steps per trial were quantified. 

A “Miss Index” was used for quantification. To compare control and Err2/3
cKO

 mice, % 

misses was calculated: # of misses/total # of steps (hits + misses) was calculated for control 

mice. This number was then normalized by taking its inverse to give a multiplication factor to 

compare with Err2/3
cKO

 mice. The multiplication factor was then multiplied by % misses of 

Err2/3
cKO

 mice. This resulted in a factor or “Miss Index,” which is a normalized value to 

compare the tendency to misses between control and Err2/3
cKO

 mice.  

2.11.3 The horizontal beam task                                                                                                          

An additional task for analysis of fine motor skills was performed for older mice. The 

task was recorded using a sliding track installed with a camera on the side to view the animal 

while it walked across a horizontal beam with modified specifications: 20 mm, 25 mm or 30 

mm in width and 100 cm in length (Bourane et al., 2015). ChAT
Cre

 (control, N=4, females) 

and Err2
flox/flox

; Err3
flox/flox

; ChAT
Cre

 (Err2/3
cKO

, N=4, females) age-matched ~10 months-old 

mice were trained to enter into a home cage located at the beam’s end and rest for 1 min 

between trials in the home cage. For the experiment, mice were trained for 3 days (4 trials per 

animal, forward and backward on beam) and subsequently, tested the next day for the same 

amount of trials.  

Similar to the horizontal ladder task, the videos were captured and processed using the 

same protocol for control and Err2/3
cKO 

mice. The final videos and images for the figures 

were slowed to 40% of original speed and reduced to 60 f.p.s. using the GoPro Studio 

Version (2.5.4) and the zoom was adjusted to 180.0 using proDAD Defishr Version 1.0 

(proDAD GmbH, Immendingen, Germany). 

Similar to the horizontal ladder task, the animal hindlimbs were pooled for data 

quantification. A “hit” or correct placement was scored when the hind paw was placed flat on 

the beam or when the hind paw straddled the side of the beam with a grip. A “miss” was 

scored the hind paw slips/hangs on the side of the beam without grip (complete miss) or when 

the mouse failed to locate the beam (correction miss). For control and Err2/3
cKO 

mice, an 

average of ~9-16 steps per trial was quantified. Quantification was carried out similar to the 

“Miss Index” used for the horizontal ladder task.  
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2.12 Quantitative immunodetection studies 

2.12.1  Chick tissue processing                                                                                             

The spinal cord thoracolumbar region (T10-L5) from E5.5-E6.5 (HH St. 27-30) chick 

embryos were dissected and incubated in 4% paraformaldehyde (PFA) fixative solution for 2 

h at 4°C. The tissue was then incubated in PBS for 24 h and then in a solution containing 

30% sucrose in PBS for 5 h. The tissue was embedded in a mold with O.C.T. cryoprotectant 

(Sakura Finetek USA, Inc.) and stored at -80°C. The tissue was sectioned using Leica 

CM1850 UV cryostat (Leica Microsystems GmbH) into 30 µm thick slices and collected on 

microscope slides (Superfrost
R
 Plus, Thermo Fisher Scientific) and allowed to dry at room 

temperature (RT) (22°C) and stored at -20°C. 

2.12.2  Chick quantitative immunodetection studies                                                        

The cryosections were washed with PBS (3 washes x 5 min/wash) and treated with 

appropriate concentrations primary antibodies (Table 2.1) diluted in a solution of PBS 

containing 1% BSA and 0.5% Triton-X 100. The slides were incubated with primary 

antibodies overnight (O.N.) at 4°C. These slides were then washed with PBS (3 washes x 5 

min/wash) and incubated in appropriate concentrations of secondary antibodies for 1 h at RT 

(22°C) (Table 2.2). The slides were then washed with PBS (3 washes x 5 min/wash) and 

mounted using 50% glycerol in PBS and applied with coverslips (Carl Roth GmbH + Co. 

KG).  

2.12.3  Fluoro-Gold (FG) MN labeling experiments                                                                                                

Previous studies have successfully used Fluoro-Gold (FG) (Fluorochrome LLC., 

Denver, CO.) for labeling MNs (Tosolini et al., 2013). FG is comprised of a chemical called 

Hydroxstilbamadine, which is a weak base that may become incorporated in lysosomes and 

endosomes through a pH gradient (Wessendorf, 1991). In spinal MNs, the incorporation                

of FG occurs through endocytosis of AMPA (α-Amino-3-hydroxy-5-methyl-4-

isoxazolepropionic acid) receptors (Falgairolle and O’Donovan, 2015). For retrograde 

labeling of MNs, mice were intraperitoneally injected with 0.5% (w/v) FG dissolved in PBS 

(pH=7.2) and volume 0.10 ml/5 g body weight was administered. Mice were sacrificed 1-day 

(electrophysiology studies) or 4-days (quantitative immunodetection studies) post-FG 

injection. 
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2.12.4  Mouse tissue processing                                                           

Anesthetized mice were transcardially perfused with 25 ml of cold PBS (pH=7.2) and 

subsequently, with 25 ml of cold 4% paraformaldehyde (PFA) fixative solution 4-days post-

FG tracer injection. The spinal cord thoracolumbar region (T10-L5) and brain tissue were 

dissected and post-fixed for 3 h in 4% PFA at 4°C and subsequently, 1% PFA overnight 

(O.N.) at 4°C. The tissue was then incubated in PBS (pH=7.2) for about 36 h at 4°C and then 

in 30% sucrose in PBS O.N. at 4°C. The tissue was embedded with O.C.T. cryoprotectant 

(Sakura Finetek USA, Inc.) in a mold and stored at -80°C.  The tissue was sectioned using 

Leica CM1850 UV cryostat (Leica Microsystems GmbH) into 30 µm thick slices (mouse 

spinal cord tissue) or 50 µm thick slices (mouse midbrain tissue) and collected on microscope 

slides (Superfrost
R
 Plus, Thermo Fisher Scientific) and allowed to dry at RT (22°C) and 

stored at -20°C.  

2.12.5  Mouse quantitative immunodetection studies 

The cryosections were washed with PBS (3 washes x 5 min/wash) and treated with 

appropriate concentrations primary antibodies (Table 2.1 in section 2.1) diluted in PBS 

containing 1% BSA and 0.5% Triton-X 100. The slides were incubated with primary 

antibodies overnight (O.N.) at 4°C or for 4 h at RT (22°C). Slides were then washed with 

PBS (3 washes x 5 min/wash) and incubated in appropriate concentrations of secondary 

antibodies for 1 h at RT (22°C) (Table 2.2 in section 2.2). The slides were then washed with 

PBS (3 washes x 5 min/wash) and mounted using 50% glycerol in PBS and applied with 

coverslips (Carl Roth GmbH + Co. KG).  

2.12.6  Chick and mouse confocal imaging and quantification                                                                              

After incubating cryosections with the appropriate concentrations of primary and 

secondary antibodies, they were imaged using Zeiss LSM 710 laser scanning microscope and 

Zeiss LSM 800 microscopes equipped with 10x, 20x, and 40x (oil immersion objective) 

objectives. Photomultiplier (PMT) settings were applied carefully to avoid any spectral bleed-

through across channels. With respect to the cryosection thickness, 6-28 optical sections (for 

mouse studies) and 10-64 optical sections (for chick studies) were obtained from the ventral 

horn of the spinal cord (for chick and and mouse studies) and the oculomotor nucleus of the 

midbrain (for mouse studies) at a step-size of 0.8-1.50 µm. .CZI files were imported into 

ImageJ software and applied the “Z-project” function at max intensity. The raw pixel signal 

was quantified as fluorescence intensity or expression levels by using the Lasso Tool to 
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delineate the MN nuclei in Adobe Photoshop CS5.1. The same procedure was used to 

quantify all immunodetection experiments: the fluorescence intensity was normalized to the 

neuron with the highest fluorescent intensity of expression after normalizing for non-specific 

background typically observed in cryosections during immunodetection experiments. Z-

projected images were processed using “levels” function to adjust brightness and contrast 

uniformly across the section and were incorporated into the figure panel. Figure panels were 

organized using Adobe Illustrator CS5.1. 

2.12.7  Quantification of vGlut1 synaptic varicosities using Imaris software                      

Transversal cryosections were treated with the appropriate concentration of antibodies 

(Table 2.1 and Table 2.2) and imaged using 40x (oil immersion objective) objective equipped 

on Zeiss LSM 710 laser scanning microscope. A step-size of 0.80 µm was used to obtain 8-

20 optical sections to obtain Raw Z-stack Carl Zeiss files (.czi). Using Imaris 8.0 software 

(Bitplane AG, Switzerland), neural surfaces were rendered using the “Create Surface” 

function and spots representing vGlut1 synaptic varicosities were created to identify them 

using the “Create Spots” function. Using the “find spots close to surface” function, vGlut1 

synaptic varicosities were defined and identified on the soma and proximal dendritic 

membrane of MNs labeled with Fluoro-Gold (FG). A distance threshold of 2 µm from the 

neuron surface (within established values (0.7-2.5 µm) of synaptic morphology from previous 

studies) to quantify the number of vGlut1 synaptic varicosities apposed onto MNs (Fogarty et 

al., 2013).  

2.13 In ovo electroporation experiments   

Lohmann LSL strain fertilized chicken eggs were incubated at 37.8°C and 80% 

humidity until E2.7-3.0 (HH St. 14-18). The embryos were then extracted 5 ml of their 

albumin using a syringe and partially removed of their eggshell to expose the embryo. The 

DNA constructs were injected into the central canal of the neural tube. In the forced 

expression experiments, the final concentration of DNA constructs was ~1.5 µg/µl. The 

molar ratio of the DNA expression constructs, transposase DNA construct, fast green-positive 

DNA dye was 2:1:1, respectively. The final concentration of DNA constructs electroporated 

for mouse Kcna10 enhancer experiments was 1.5µg/µl, 1.5µg/µl, 1.5µg/µl, 0.3 µg/µl for the 

mouse Kcna10 enhancer (control and mutant), CMV-eGFP, CMV-VP16-Err2-eGFP, and 

transposase DNA construct, respectively. A specific molar ratio of 5:5:5:1:0.5 was injected 

for the mouse Kcna10 enhancer (control and mutant), CMV-eGFP, CMV-VP16-Err2-eGFP, 
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transposase DNA construct and fast green-positive DNA dye, respectively. The final 

concentration of DNA constructs were electroporated on one side (unipolar) of the neural 

tube using the ECM 830 electroporation system (BTX Instrument Division, Harvard 

Apparatus Inc.) with the parameters of 5 pulses of 25 mV in the LV 99 ms/500 V modus. The 

eggs were sealed with tape and incubated until harvesting.                                                                                                        

2.13.1  Tol2 transposon system: stable in ovo transfection of chick MNs                                  

The chicken embryo is a useful model organism for developmental studies in the 

spinal cord since it has a precocial developmental strategy where the nervous system and 

neuromuscular system are highly developed during in ovo gestation (Fig. 2.5). In this 

developmental model, gene expression can be manipulated in ovo during development. 

However, a major constraint of the system is that electroporated genes have transient 

expression due to the lack of integration into chromosomes and the dilution of the 

electroporated DNA construct as cells proliferate (Sato et al., 2007). To stably integrate the 

gene of interest into chicken chromosome, a transposon-mediated system was developed 

(Kawakami and Shima, 1999). To study how Err2 and Err3 function during late embryonic 

stages of chick, the Tol2 transposon system cloned from the Medaka fish (Oryzias latipes) 

genome (Kawakami and Shima, 1999; Kawakami, 2007; Sato et al., 2007). The Tol2 

transposon element encodes a functional transposase, which can recognize Tol2 sequences 

and catalyzes the transposition of DNA inserts between two Tol2 sites (Sato et al., 2007). 

Two DNA constructs were co-electroporated: 1) A gene of interest is included in the DNA 

construct which is regulated by the CMV enhancer/promoter that is flanked by two Tol2 sites 

and 2) helper DNA construct comprising of the transposase gene, which is regulated by the 

ubiquitous CAGGS promoter (chick β-actin promoter) (Fig. 2.6A) (Kawakami, 2007; Sato et 

al., 2007). The CMV enhancer can express the transgene in MNs (Fig. 2.6B-D) that can be 

recorded electrophysiologically (Lee, 2013). Within the Tol2 construct, the Multiple Cloning 

Sites (MCS), where the gene of interest is subcloned, is inserted between CMV enhancer and 

the 2AeGFP coding sequence. The 2A peptide’s (Aphthoviruses) role is to act as a bridge or 

junction between the virus capsid and the replication polyprotein domains (Trichas et al., 

2008). Because it has ribosomal skipping activity, the 2A peptide is termed “cis-acting 

hydrolase element” (CHYSEL), thus, the gene of interest-2A-eGFP is translated as a fusion 

protein. VP16 is a polypeptide that controls the transcription of herpes simplex virus-1 (HSV-

1) immediate early (IE) genes through its cis-regulatory element mechanism and also has a 

trans-activating mechanism (Triezenberg et al., 1988). Thus, VP16 activation domain 
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(amplified from pActPL-VP16AD DNA construct) (Addgene) was used to increase the 

activity of transcription factors by fusing it to them (Weir, 2001). Studies have shown that 

Engrailed (En) is a Drosophila homeodomain protein is important for the determination of 

cell fate in body segmentation (Heemskerk et al., 1991). To suppress the activity of 

transcription factors, minimal repression domain of En can be used to fuse with heterologous 

DNA binding domain (Han and Manley, 1993). Thus, EnR repression domain (amplified 

from CAG-EnR DNA construct) (Addgene) was used to suppress the activity of transcription 

factors.     
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Figure 2.5 MN development in chick spinal cord 

A developmental time-line of the major events in MN development indicated by a gradient marked by 

approximate embryonic days, which are correlated with Hamburger-Hamilton (HH) stages in chick. 

Whole cell patch-clamp recordings were carried out in MNs from relatively mature spinal cords. 

(Adapted from Leber et al., 1990)                                                                                    

                

Mouse Err2 and Err3 DNA constructs were cloned by Dr. Tsung-I Lee (Lee, 2013). 

For cloning Err2 and Err3 DNA constructs, total RNA was isolated with the Trizol reagent 

from E18.5 (HH St. 44.5) chick spinal cords. Mouse Err2 (NM_011934.4) and mouse Err3 

(NM_011935.3) cDNA was synthesized using PrimeScript 1st cDNA Synthesis Kit (Takara 

Bio Inc.) following manufacturer’s procedures and PCR amplified with primers: 

 

1. Err2: Forward Primer-5’CATGCCATGGATGTCGTCCGAAGACAGGCACC’ and 

Reverse Primer-5’CATGCCATGGCACCTTGGCCTCCAGCATCTCCAGG 3’ 

2. Err3: Forward Primer- 5’ CATGCCATGGATGGATTCGGTAGAACTTTGC 3’ and 

Reverse Primer- 5’ CATGCCATGGGACCTTGGCCTCCAGCATTTCC 3’ 
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Figure 2.6 Stable transfection of chick MNs in the ventral horn of the spinal cord followed by 

whole cell patch-clamp recordings 

A) A Tol2 construct with two Tol2 sites flanking CMV enhancer and VP16-Err2-eGFP (gene of 

interest)  is co-electroporated with chick β-actin promoter driving the expression of transposase to 

express transgene in ventral horn, including MNs (Adapted from Sato et al., 2007; Lee, 2013). B-D) 

Confocal microscope images captured post-whole cell patch-clamp recording of a large soma size 

chick MN (solid arrow) in the ventral region of the spinal cord at E14 (HH St. 40), which was labeled 

using Alexa Fluor 568 dye-filled pipette. Scale bar represents 50 µm.                                                                                          

 

2.13.2 Chick Kcna10 DNA construct                                                                                                            

Dr. rer. nat. Piotr Fabrowski cloned the chick Kcna10 DNA construct. Total RNA from 

E5.5 (HH St. 27-28) chick embryo was purified using QIAzol Lysis Reagent (Qiagen). The 

embryonic cDNA library was synthesized using PrimeScript First Strand cDNA Synthesis Kit 

(Takara Bio Inc.) with OligodT primer following the manufacturer’s protocol. Chicken Kcna10 

(NP_989793), potassium voltage-gated channel subfamily A member 10, was PCR amplified 

from the embryonic cDNA library with primers:   
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1)5’primer-ATGATGGACGTGTCCAGTTGG                                                                                                                                

2)3’primer-TTTTTTGGCCTTGTCTCGAGG                 

The Kcna10 coding region was inserted between CMV enhancer and the 2A peptide–

eGFP fusion sequence in Tol2 DNA vector.                                                                                                                

2.13.3 Mouse Kcna10 enhancer DNA constructs                                                                                   

Dr. rer. nat. Piotr Fabrowski cloned the Kcna10 evolutionary conserved region (ECR) 

DNA construct. An ECR upstream of the Kcna10 promoter was identified using the ECR 

Browser (Ovcharenko et al., 2004). JASPAR CORE database was utilized to screen the putative 

binding sites for Err2/3 transcription factors (Mathelier, 2016). A 240 b.p. conserved region with 

three Err2/3 binding sites located 3.5 k.b. upstream of the transcription start site was chosen for 

further analysis: 1) AGAAGGCCA, 2) CAGAGGTCAG and 3) GCAAGGAGAT.  

This region was PCR amplified from mouse genomic DNA using primers:                                            

1) 5’primer-TCTCACAGCCCTGCTCATC                                                                                                                          

2) 3’primer-CTTGCCTGAGAACCTGATCTCC    

    

To assess the Kcna10 ECR for activity, the ECR sequence was subsequently cloned 

into the Tol2-transposase system based DNA construct upstream of the minimal promoter 

followed by the tdTomato sequence. Furthermore, all three of the putative Err2/3 binding 

sites were mutated for the Kcna10 ECR. The substitution mutations were introduced using 

site-directed mutagenesis by PCR in the Kcna10 ECR. 

 

1. AGAAGGCCA to AGAAttaaAA 

2. CAGAGGTCAG to CAtAaaTCAG 

3. GCAAGGAGAT to GCAAttAGAT 
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Several DNA constructs were electroporated for the Kcna10 ECR activity assay (Fig. 

2.7A-C). 
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Figure 2.7 Different combinations of DNA constructs electroporated in the chick neural tube for 

the Kcna10 ECR activity experiments 

Different DNA constructs were co-electroporated to check the effects of different constructs on the 

expression of tdTomato under the control of Kcna10 ECR.  

 

2.13.4  Chick RNA isolation and sequencing  

Chick embryos were electroporated with either control eGFP (CMV-eGFP), or 

Err2VP16 (CMV-VP16-Err2-eGFP), or Dlk1 (pCAGGS-Dlk-1-IRES-eGFP) DNA constructs 

and spinal cord columns were identified by the eGFP signal, dissected and collected at E12.5 

(HH St. 38-39) for the RNA sequencing studies (Fig. 2.8A-C). The RNA isolation and 

sequencing experiments were performed by Ashish Rajput following previous studies (Halder 
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et al., 2016). RNA was isolated from the spinal columns with Tri-Reagent (Sigma-Aldrich 

Co. LLC, Germany), extracted using Phenol-Chloroform and resuspended in double-distilled 

water (ddH2O). To observe the RNA quality Nanodrop 2000 (Thermo Scientific) was used, 

while the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., USA) was utilized for the 

RNA integrity number (RIN). Subsequently, cDNA was obtained by reverse transcribing 

RNA with the Transcriptor High Fidelity cDNA synthesis kit (Roche Applied Science, Inc.). 

Several steps were taken to prepare and analyze the RNA-Seq libraries: 1) they were prepared 

using TruSeq RNA Sample Preparation v2 kit (Illumina, Inc.), 2) the quality was confirmed 

with the Agilent 2100 Bioanalyzer (Agilent Technologies, Inc., USA), 3) the concentrations 

were measured with Qubit
R
 dsDNA HS Assay kit (Thermo Fisher Scientific), 4) they were 

normalized to 2 nM and subsequently, sequenced (50 b.p.) on a HiSeq 2000 sequencer 

(Illumina, Inc.) using TruSeq SR Cluster kit v3-cBot-HS (Illumina, Inc.) and TruSeq SBS kit 

v3-HS (Illumina, Inc.).  
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Figure 2.8 Different combinations of DNA constructs co-electroporated in the chick neural tube 

for the chick RNA sequencing studies 

Different constructs were co-electroporated for the chick RNA sequencing experiments. The LSL is a 

loxSTOPlox cassette in the Dlk1 (pCAGGS-Dlk1-IRES-eGFP) DNA construct that is excised in Cre 

expressing cells. 
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2.13.5  Chick RNA sequencing analysis                                                    

RNA sequencing analysis of the chick spinal column experiments was performed by 

Dr. Vikas Bansal, Ph.D. Raw reads were used to determine the RNA-sequencing quality with 

the FastQC quality control tool version 0.10.1 (Andrews, 2010). To align the sequence reads 

(single-end 50 b.p.) to reference genome in chick (Galgal5), Bowtie2 (v2.0.2) with RSEM 

(v1.2.29) with the provided settings were used (Langmead and Salzberg, 2012; Li and 

Dewey, 2011). First, in the reference genome fasta file and annotation GTF file, sequences 

and annotations of GFP, Err2, VP16, Dlk-1, and IRES were added. Then to index the chick 

genome, Ensembl annotations (version 86.5) with rsem-prepare-reference was utilized in the 

RSEM software (Yates et al., 2015). Then to align sequence reads and quantify genes, rsem-

calculate-expression was used to obtain a transcript per million (TPM) for single genes. 

Differential expression analysis was performed after obtaining gene read counts using 

DESeq2 package (Love et al., 2014). Finally, genes were filtered <5 reads (baseMean) and 

classified as differentially expressed (p-value <0.05).                                                                               

2.14 Chick and mouse electrophysiology  

2.14.1  Chick spinal cord slice preparation                                                                                                                     

Chick embryos were allowed to develop until E12-15 (HH stages 38-41). 

Thoracolumbar spinal cord regions with the vertebral column were dissected in chilled 

DaCSF/RaCSF solution (Table 2.8). To acquire slices for recordings, this region was inserted 

into a columnar agarose block (4% agarose mixed in DaCSF/RaCSF solution) and stabilized 

with a solidifying 20% gelatin (20% gelatin mixed in DaCSF/RaCSF solution). 

Thoracolumbar slices of 370 µm thickness were dissected using the Leica VT1200 S (Leica 

Biosystems, GmbH) and incubated in DaCSF/RaCSF for 30 min at RT (22°C) to recuperate 

from any injury and subsequently, recorded. 

2.14.2  Chick whole cell patch-clamp recordings                                                                                            

DNA constructs were electroporated into chick neural tube for the chick 

electrophysiology recordings (Fig. 2.9A-G).  
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Figure 2.9 DNA constructs electroporated in chick neural tube for chick the whole cell patch-

clamp recordings 

The following constructs were electroporated in the chick neural tube E2.7-3.0 (HH St. 14-18) for the 

whole cell patch-clamp recordings. Constructs A-F were co-electroporated with a helper DNA 

construct pCAGGS-T2TP carrying the transposase gene. Transposase recognizes the Tol2 sequences 

(flanking the DNA constructs A-F) and catalyzes the transposition of DNA inserts between the two 

Tol2 sites (Section 2.13.1). 

  

For the recordings, large soma size MNs in the ventral horn of the spinal cord were 

observed using GFP expression on an Olympus BX51W1 microscope installed with 4x air 

objective (Olympus UPlan FL N) and 40x water-immersion objective (Olympus UPlan FLN). 

Pipette with resistances between 3-6 MΩ were used to record MNs. To identify the recorded 

MNs, 25 µM Alexa Fluor 568 dye (Thermo Fisher Scientific) was also added to the 

intracellular solution. 

The recording signals obtained in current-clamp were amplified and filtered with a 

MultiClamp 700B patch-clamp amplifier (Molecular Devices). The signal was acquired at 20 

kHz with the Digidata 1322A digitizer (Molecular Devices) and pCLAMP 10.4 software 

(Molecular Devices).   
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2.14.3  Mouse spinal cord slice preparation                                                                                                                                

The preparation of spinal cord tissue and solutions followed a similar procedure to 

Mitra and Brownstone, (2012). To anesthetize mice, control and Err2/3
cKO

 mice at postnatal 

day (P20-P22) were intraperitoneally injected and observed until they lost their righting 

reflex. Then they placed on ice until they were unable to react to a toe pinch (~5 min). The 

mice were decapitated, eviscerated swiftly and to clear the torso of blood and body fluids, the 

torso was placed in chilled Dissecting aCSF (DaCSF) solution (Table 2.8 in section 2.8). The 

torso was fully submerged and pinned in a Sylgard petri dish containing DaCSF and 

vertebrectomy was performed to extract the spinal cord, ventral roots were cut and the 

meninges were removed to clean the spinal cord. The thoracolumbar portion (T10-L5) of the 

spinal cord was dissected and embedded in a columnar agar block (4% agarose in Recording 

aCSF (RaCSF)) and stabilized in the agararose block with 20% gelatin (20% gelatin in 

RaCSF). Spinal cord slices of 370 µm thickness were dissected with the Leica VT1200 S 

(Leica Biosystems, GmbH). The slices were incubated at 35°C in RaCSF for 30 min and 

incubated 30 min at RT (22°C) in RaCSF to recuperate from injury until recordings. MNs 

were recorded in RaCSF solution (Table 2.8 in section 2.8). 

2.14.4  Mouse whole cell patch-clamp recordings 

Whole cell patch-clamp recordings were performed in FG labeled MNs in the ventral 

horn from control and Err2/3
cKO

 mice at P20-P22. At this developmental stage, the γ-MNs 

have mature morphology in mice (Fig. 2.10).  FG
high

 and FG
low

 MNs were identified visually 

with Olympus BX51W1 microscope equipped with an FG longpass filter set (350 Bandpass 

and 425 Longpass-Filter) (AHF analysentechnik AG, Tübingen Germany). The identified 

MNs were recorded with a pipette that had resistances of 3-6 MΩ.  
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Figure 2.10 MN, SN and MS differentiation in mice 

A developmental time-line in approximate embryonic and postnatal days marking motor neuron 

(MN), sensory neurons (SN) and muscle spindles (MS) differentiation (indicated by a gradient). 

Whole cell patch-clamp recordings were performed in mature γ-MNs that innervate MSs with mature 

morphology. (Adapted from Ladle et al., 2009; Hippenmeyer et al., 2002; Chen and Frank, 1999; 

Sonner et al., 2017)                                                                                    

 

2.14.5  Chick and Mouse whole cell patch-clamp analysis                                                                                                                                       

To analyze the biophysical properties such as rheobase, F-I curve, AHP amplitude, 

half-width and half-decay times, input resistance and capacitance, protocols from previous 

studies were used for the recordings and the data was analyzed offline with Axograph X 

Version 1.6 software (AxoGraph Software) (Mitra and Brownstone, 2012; Müller et al., 

2014; Miles et al., 2004; Miles et al., 2005; Nakanishi and Whelin, 2010; Muramoto et al., 

1996). To analyze the discharge properties, action potentials were evoked by injecting 

increments of 20 pA, 1000 ms square current pulses to MNs to generate an entire F-I curve. 

For chick MN recordings, all neurons were subjected to increments of 20 pA, 1000 ms pulses 

(up to 1 nA) of current during the F-I curve protocol (Fig. 2.11A-C). The F-I curve acquired 

for MNs from control and Err2/3
cKO

 mice, MNs that incorporated high FG were subjected to 

increments of 20 pA, 1000 ms pulses up to 1 nA of current (since higher currents caused a 

firing block and highly unstable firing), while MNs that incorporated low FG were subjected 

to increments of 20 pA, 1000 ms pulses up to 3 nA of current. Similar to previous studies, the 

firing frequency (Hz) of a MN was calculated by taking the inverse of the time or duration 

between two action potentials, while mean firing frequency with respect to the current input 

generates a regression line whose slope is taken as the gain (Hz/nA) (Manuel et al., 2009; 

Hadzipasic et al., 2014). The neurons were placed into bins according to the initial onset of 

repetitive firing and a similar rate of current change was used to obtain the data points for 

firing frequency and gain. Three types of gain were determined according to the regularity of 

firing pattern during the F-I curve protocol: 1) gain, 2) gain (steady-state) and 3) gain 

(instantaneous) (Fig. 2.12A).  The gain was calculated as the slope of the firing frequency for 
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the entire duration (1 s) of the pulse (Fig. 2.12B). The gain (steady-state) was calculated as 

the slope of mean firing frequency from stable regions of firing consisting of 250 ms to 750 

ms of the pulse (Fig. 2.12B). The gain (instantaneous) was calculated by obtaining the slope 

of firing frequency from the first 2 spikes elicited (Fig. 2.12B).  

 

B) C)A)

 

Figure 2.11 F-I traces for calculating firing frequency and gain 

(A-C) For studying the discharge properties of MNs, F-I curves were attained by 

eliciting action potentials by injecting current increments of 20 pA, 1000 ms.  A voltage 

response trace with current injections shows that repetitive firing was elicited in the 

FG
high

 putative γ-MN. The pulse duration, amplitude and current injection are shown 

with scale bars that represent 0.5 (s), 20 mV, 100 pA, respectively. 
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Figure 2.12 Calculation of gain and firing frequency from F-I curve 

A) The firing frequency is defined as the 1/interspike interval and the gain captures the 

relationship of how firing frequency changes with current injection, which is calculated 

as the slope of the firing frequency plot. Gain spans 1 s and is marked by the blue bar. 

Gain (steady-state) spans 0.5 s and is marked by the red bar. Finally, gain 

(instantaneous) spans the first interspike interval is marked by the yellow bar. B) The 

mean firing frequency from these regions was plotted with respect to current injection 

and the slope of the best fit line was used to calculate the gain (1s), gain (steady-state) 

and gain (intantaneous). 
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2.15 Bacterial transformation and DNA extraction    

In general, the molecular biology methods were carried out according to Sambrook 

and Russell, 2001, if not specified. E. coli cells (One Shot TOP10 strain) (Thermo Fisher 

Scientific) were prepared and stored at -80°C according to previously published protocols 

(Inoue, 1990).  In order to transform the bacteria, the ligated reaction was mixed and 

incubated for 30 min on ice with 100 µl of chemically competent E. coli cells. The cells were 

then incubated on a block at 42° C for 1 min to heat shock and then transferred back to the ice 

for 1 min and 1 ml of antibiotic-free LB medium was added. To allow the transformed 

bacteria to grow, they were incubated on thermomixer for 1 h with the settings of 1000 r.p.m 

at 37° C, then centrifuged at 4000 r.p.m. for 3 min and plated on agar plates treated with 

Ampicillin after being disposed of their supernatant. The plates were then incubated 

overnight (O.N.) at 37°C for the bacteria to grow.  Single colonies of bacteria were selected 

with a toothpick or pipette tip and incubated in 15 ml of LB medium containing Ampicillin 

and placed a shaker O.N. with settings of 180 r.p.m. at 37°C to grow clones. Subsequently, 

500 µl of E. Coli clones were then vortexed with 500 µl of glycerol in 1.5 ml Eppendorf 

tubes and stored at -80°C as cryostocks.  

E. coli cells were regrown in 15 ml of LB medium containing Ampicillin for smaller 

quantities of DNA extraction (extracted using QIAprep spin miniprep kit) (Qiagen GmbH) 

and 200 ml of LB medium containing Ampicillin for larger quantities of  DNA extraction 

(extracted using QIAGEN DNA construct Maxiprep Kit).  DNA was eluted in 30 µl and 50 

µl of elution buffer and appropriate concentrations were adjusted for the experiments. The 

DNA construct concentrations were measured using Nanodrop 1000 UV-Vis 

Spectrophotometer (Thermo Fisher Scientific GmbH).  DNA was separated via gel 

electrophoresis and purified using QIAquick Gel Extraction Kit (Qiagen GmbH) using 

manufacturer’s protocol. DNA was sequenced using SEQLAB: Sequence laboratories 

Goettingen, GmbH.  

2.16 Statistical analysis                                                                                                 

                            

Quantification was presented as mean ± SEM (standard error of the mean) and 

statistical comparison of the quantitative immunodetection, the behavior and the 
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electrophysiology experiments was determined by using a two-tailed Student’s t-test 

assuming unequal variance except when specified differently.  
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3. RESULTS 

3.1 Characterization of Err2 and Err3 transcription factor expression pattern in 

wild-type mouse spinal cord 

Recent studies showed that Err3 expression becomes limited to γ-MNs in mice by 

postnatal day 14 (P14) (Friese et al., 2009). The closely related Err2 has been suggested to be 

a molecular correlate for slow α-MNs (Enjin et al., 2010). Thus, I reexamined Err2 and Err3 

expression patterns in wild-type mouse spinal cords during early postnatal development. 

3.1.1 Err2 and Err3 expression pattern during early postnatal development  

To reexamine Err2 and Err3 developmental expression patterns, wild-type (W.T.) 

(CD1 strain) mice were intraperitoneally injected with Fluoro-Gold
 
(FG), a retrograde tracer 

taken up by MNs and used to label MNs (Material & Methods section 2.12.3). For 

immunodetection studies, cryosections from the thoracolumbar region of the spinal cord were 

incubated with primary antibodies raised against Err2, Err3 and NeuN and appropriate 

secondary antibodies and imaged using a confocal microscope (Materials & Methods section 

2.12.5) (Materials & Methods Table 2.1 and 2.2 in section 2.1 and 2.2, respectively). The 

anti-Err2 and anti-Err3 primary antibodies specifically recognize Err2 (Fig. 7.1A-F in 

Appendix 1) and Err3 (Fig. 7.1G-L in Appendix 1), respectively. Moreover, IgG2b and 

IgG2a isotype-specific secondary antibodies specifically recognize Err2 (Fig. 7.2A-H in 

Appendix 1) and Err3 (Fig. 7.2I-P in Appendix 1), respectively. In agreement with the 

findings by Friese et al., (2009), relatively small soma size putative γ-MNs expressed high 

levels of Err3 (Fig. 3.1B) and low levels of NeuN (Fig. 3.1C). Furthermore, I observed that 

these putative γ-MNs expressed high levels of Err2 (Fig. 3.1A) and incorporated high levels 

of FG in their soma (Fig. 3.1D), while putative α-MNs expressed low levels of Err2 (Fig. 

3.1A) and Err3 (Fig. 3.1B), moderate-to-high levels of NeuN (Fig. 3.1C), and incorporated 

low levels of FG in their soma (Fig. 3.1D). Taken together, I observed that at P21, putative γ-

MNs co-express high levels of Err2 and Err3, low levels of NeuN and incorporate high levels 

of FG (Fig. 3.1A-E). 
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Figure 3.1 Co-expression of high levels of Err2 and Err3 in relatively small soma size putative γ-

MNs that express low levels of NeuN
 
and incorporate high levels of FG at P21 

(A-E) Confocal images showing the expression pattern of Err2 (red, nuclei), Err3 (green, nuclei), 

NeuN (blue, soma and nuclei), FG (gray, soma), in thoracolumbar cryosections from P21 W.T. mice. 

Solid arrows indicate putative γ-MNs with the expression levels of Err2
high

, Err3
high

, NeuN
low

, while 

incorporating high levels of FG. Triangles indicate putative α-MNs with the expression levels of 

Err2
low

, Err3
low

, NeuN
moderate-to-high

, that incorporate low levels of FG. Hollow arrow indicates non-

cholinergic cell with the expression levels of Err2
high

, Err3
high

, NeuN
high

, that incorporate no FG. Scale 

bar represents 50 µm.  

 

The developmental expression patterns of Err2 and Err3 is shown at P4 (Fig. 3.2A-E), 

P14 (Fig. 3.2F-J) and P21 (Fig. 3.2K-O) in W.T. mice. Furthermore, the developmental 

expression pattern of Err2 and Err3 was quantified in MNs during the early postnatal ages at 

P4 (Fig. 3.3A, B), P14 (Fig. 3.3C, D), and P21 (Fig. 3.3E, F). From P4 onwards MNs with a 

soma cross-sectional area of ~250 µm
2 

- 500 µm
2
 showed significantly higher expression 

levels of nuclear Err2 and Err3 compared to MNs with soma sizes > 500 µm
2
 (P4: Fig. 3.3A, 

B; n=100, N=6; P14: Fig. 3.3C, D; n=189, N=6). This segregated expression pattern became 

more pronounced up to P21 (Fig. 3.3E, F; n=159, N=6). Err2 and Err3 are therefore co-

expressed at high levels in relatively small soma size MNs that expressed low levels of NeuN 

and incorporated high levels of FG, hence, suggesting that high Err2 and Err3 levels are able 

to distinguish γ-MNs from other MNs (Fig. 3.2A-O; Fig. 3.3A-F).  
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Figure 3.2 High levels of Err2 and Err3 expression becomes more restricted to relatively small 

soma size MNs that express low levels of NeuN and incorporate high levels of FG at P21 

(A-O) Confocal images showing Err2 (red, nuclei), Err3 (green, nuclei), NeuN (blue, soma and 

nuclei), FG (gray, soma), and Merged during early postnatal stages of P4 (A-E), P14 (F-J), and P21 

(K-O). Solid arrows indicate putative γ-MNs with the expression levels of Err2
high

, Err3
high

, NeuN
low

 

and incorporation of high FG levels. Triangles indicate putative α-MNs with the expression levels of 

Err2
low

, Err3
low

, NeuN
moderate-to-high 

and incorporation low FG levels. Hollow arrows indicate non-

cholinergic cells with the expression levels of Err2
high

, Err3
high

, NeuN
high 

and lack of any FG 

incorporation. Scale bar represents 50 µm.  
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Figure 3.3 High expression levels of Err2 and Err3 distinguish relatively small soma size 

putative γ-MNs as development proceeds 

(A-F) Scatter-plots of Err2 and Err3 normalized fluorescent intensity at P4 (A, B), P14 (C, D), P21 

(E, F). X-axis depicting soma size in µm
2 

and y-axis depicting normalized % fluorescent intensity in 

relative fluorescence levels. The relatively small soma size MNs (~250-500 µm
2
) show high Err2 and 

Err3 expression levels and the relatively large soma size MNs (600 µm
2
-2000 µm

2
) show low Err2 

and Err3 expression levels. A segregation in Err2 and Err3 expression pattern is observable at P21.  

3.2 Err2 and Err3 expression pattern in Err2/3
cKO

 mouse spinal cord 

Previous studies in the host laboratory suggested that Err2 conditional knockout 

(Err2
cKO

) mice lacking Err2 in MNs showed no abnormal phenotype when they were 

subjected to the grip strength and running endurance tasks (Lee, 2013). Moreover, the 

sequence similarities and the co-expression of Err2 and Err3 in putative γ-MNs suggested 
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that Err2 and Err3 may be functionally redundant. To determine the role of Err2 and Err3 in 

the development of γ-MN functional properties, I intended to generate mice lacking Err2 and 

Err3 in γ-MNs. To generate conditional knockout (cKO) mice, I used the Cre/loxP system, 

which can be employed for cell-specific inactivation of gene in mice (Sauer and Hendersen, 

1988; Hall et al., 2009). To achieve this, I used the ChAT-IRES-Cre knockin (Chat
Cre

) mouse 

line, because it is known that cholinergic cells, including MNs, use Acetylcholine as their 

neurotransmitter, thus, express choline acetyltransferase (ChAT), an enzyme that catalyzes 

the reaction in Acetylcholine synthesis (Fig. 2.1A, B in Materials & Methods section 2.10) 

(Rossi et al., 2011). Upon interbreeding the Chat
Cre

 and “floxed” Esrrb allele mice with 

“floxed” Esrrg allele mice, a mouse line with cKO of Err2 and Err3 MNs was generated (Fig. 

2.3A, B in Materials & Methods section 2.10). 

Using quantitative immunodetection studies, I verified whether the Cre/loxP system 

led to a successful deletion of Esrrb and Esrrg genes in the putative γ-MNs of Err2/3
cKO

 

mice. Spinal cord cryosections of FG injected mice were incubated with specific anti-Err2 

and anti-Err3 primary antibodies and appropriate isotype-specific secondary antibodies and 

imaged using a confocal microscope. The putative α-MNs from control (C57BL/6 strain) 

mice expressed low levels of Err2 and Err3 (Fig. 3.4A, B), moderate-to-high levels of NeuN 

(Fig. 3.4C), and incorporated low levels of FG (Fig. 3.4D). While the putative γ-MNs from 

control mice expressed high levels of Err2 and Err3 (Fig. 3.4A, B), low levels of NeuN (Fig. 

3.4C), and incorporated high levels of FG (Fig. 3.4D). While the putative γ-MNs from 

Err2/3
cKO 

that incorporated high levels of FG (Fig. 3.4I) and expressed low levels of NeuN 

(Fig. 3.4H), lacked any Err2 and Err3 (Fig. 3.4F, G). The quantification showed that the 

expression levels of Err2 and Err3 in MNs from control mice (Fig 3.5A, B; n=125, N=6) was 

significantly different than the expression levels in MNs from Err2/3
cKO

 mice (Fig. 3.5C, D; 

n=145, N=4; p=5.02e
-12

, p=4.84e
-26

, respectively). Thus, the data showed that the expression 

of Err2 and Err3 was successfully eliminated in the putative γ-MNs from Err2/3
cKO

 mice 

(Fig. 3.4A-J; Fig. 3.5A-D).   
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Figure 3.4 Elimination of Err2 and Err3 expression from MNs in Err2/3
cKO

 mice  

(A-J) Representative confocal microscope images showing the ventral horn spinal cord from control 

and Err2/3
cKO

 mice. The spinal cord cryosections were incubated with anti-Err2, anti-Err3 and anti-

NeuN primary antibodies and appropriate isotype-specific secondary antibodies. (A-E) Control mice 

have high expression levels of Err2 and Err3 in putative γ-MNs (indicated by solid arrows), which 

also have low expression levels of NeuN and incorporate high levels of FG. Conversely, putative α-

MNs (indicated by triangle) have low expression levels of Err2 and Err3, express moderate-to-high 

levels of NeuN and incorporate low levels of FG. And non-cholinergic cells (indicated by hollow 

arrows) express high levels of Err2 and Err3,  high expression levels of
 
NeuN and do not incorporate 

FG. (F-J) Err2/3
cKO

 mice lack any expression of Err2 and Err3 in putative γ-MNs (noted by solid 

arrows), which also have low expression levels of NeuN and incorporate high levels of FG. Putative 

α-MNs (noted by triangle), lack any expression of Err2 and Err3 as well, which express moderate-to-

high levels of NeuN and incorporate low levels of FG. While non-cholinergic cells (noted by hollow 

arrows) have preserved expression levels of Err2 and Err3, have high expression levels of NeuN and 

incorporate no FG. Scale bar represents 50 µm.  
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Figure 3.5 Lack of Err2 and Err3 relative expression levels in the putative γ-MNs from 

Err2/3
cKO

 mice compared to control mice 

(A-D) Scatter-plots of normalized Err2 and Err3 expression levels in control and Err2/3
cKO

 mice 

where the x-axis represents the soma size in µm
2
 and y-axis represents normalized % fluorescence 

intensity in relative fluorescence levels. (A, B) Control relatively small soma size MNs (~250 µm
2
- 

500 µm
2
) show a pattern with high expression levels of Err2

 
and Err3. (C, D) Whereas Err2/3

cKO
 

relatively small soma size MNs (~250 µm
2
- 500 µm

2
) overall lack the expression of Err2 and Err3.  

 

3.2.1 Characterization of putative γ-MN connectivity in Err2/3
cKO

 mice  

Previous studies have shown that γ-MNs lack direct innervation of Ia sensory 

afferents, whereas α-MNs are directly innervated by Ia sensory afferents (Eccles et al., 

1957b; Eccles et al., 1960; Friese et al., 2009). Thus, I analyzed whether the loss of Err2 and 

Err3 in MNs from Err2/3
cKO

 mice leads to changes in Ia sensory innervation. The Ia sensory 

synaptic termini are enriched in vGlut1 (vesicular glutamate transporter 1) synaptic 

varicosities apposed to the α-MNs somatic and dendritic membrane. vGlut1 is a transporter 

protein that incorporates glutamate, the primary excitatory neurotransmitter used in the 

nervous system. Similar to previous quantitative immunodetection studies, cryosections from 

mice injected with FG retrograde tracer were treated with specific anti-Err2, anti-NeuN and 

anti-vGlut1 primary antibodies and appropriate secondary antibodies and imaged using a 

confocal microscope. Subsequently, neural surfaces and synaptic varicosities were rendered 
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and visualized using Imaris software (Bitplane AG) (Fig. 3.6A-E) (Materials & Methods 

section 2.12.7).  

 

Figure 3.6 Visualization of  Ia sensory synaptic termini enriched in vGlut1
+
 synaptic varicosities 

(A-E) Rendered images using Imaris (Bitplane A.G.) were used to visualize vGlut1 synaptic 

varicosities  on MN soma and proximal dendritic membrane. In control mice, a putative α-MN has 

low expression levels of Err2, high expression levels of NeuN and low FG levels and a putative γ-MN 

with high expression levels of Err2, low expression levels of NeuN and high FG levels. A) Err2
+
 (red 

nuclei, solid arrow), B) vGlut1
+
 (green synaptic varicosities, hollow arrow), C) NeuN, D) Fluoro-

Gold (FG), E) Merged image of all channels. High number of vGlut1 synaptic varicosities (hollow 

arrow) on the putative α-MN and essential lack of vGlut1
+
 synaptic varicosities on the putative γ-MN. 

Scale bar represents 20 µm.  

 

In control mice, relatively small soma size (250 µm
2
- 500 µm

2
) putative γ-MNs from 

control mice essentially lacked vGlut1
+
 synaptic varicosities (Fig. 3.7A-C, M). Compared to 

the putative γ-MNs from control mice, the putative γ-MNs from Err2/3
cKO

 essentially lacked 

vGlut1
+
 varicosities and thus, were not significantly different from control mice (Fig. 3.7D-F, 

M). Relatively large soma size (>600 µm
2
) putative α-MNs had a high number of vGlut1

+
 

synaptic varicosities (Fig. 3.7G-I, M). Compared to the putative α-MNs from control mice, 

the putative α-MNs from Err2/3
cKO

 mice also had a high number of vGlut1
+
 varicosities and 

were not significantly different from control mice (Fig. 3.7J-L, M). Therefore, the data 

showed that Ia afferent connectivity is not altered in Err2/3
cKO

 mice (Fig. 3.7A-M).  
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Figure 3.7 Ia sensory afferent connectivity is not altered in Err2/3
cKO 

 mice     

(A-M) Representative rendered images using Imaris software. (A-C) A putative γ-MN from control 

mice that is Err2
+
 (solid arrow) and incorporates high levels of FG and lacks vGlut1

+
 synaptic 

varicosities. (D-F) A putative γ-MN from Err2/3
cKO

 mice that is Err2
–
 and incoporates high levels of 

FG, lacks vGlut1
+
 synaptic varicosities. (G-I) A putative α-MN from control mice that is Err2

–
, has 

high levels of NeuN and incorporates low levels of FG, has a high number of vGlut1
+
 synaptic 

varicosities (green, hollow arrow). (J-L) putative α-MN from Err2/3
cKO

 mice that is Err2
–
 and has 

high levels of NeuN and incoporates low FG levels, also has a high number of vGlut1
+
 synaptic 

varicosities (hollow arrow). (M) Quantification of vGlut1
+
 synaptic varicosities comparing FG

high
 

control (putative γ-MNs) versus FG
high

 Err2/3
cKO

 (putative γ-MNs) and FG
low

 control (putative α-MN) 

versus FG
low

 Err2/3
cKO

 (putative α-MNs). Control FG
high 

putative γ-MNs (1.1 ± 0.368, n=10, N=6) 

showed no significant differences when compared to Err2/3
cKO

 FG
high 

putative γ-MNs: 2.4 ± 0.781, 

n=10, N=4; p=0.190). And control FG
low 

putative α-MNs (mean ± S.E.M.  n=neurons, N=animals; 20 
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± 3.48,  n=9, N=6) showed no significant differences when compared to Err2/3
cKO

 FG
low

 putative α-

MNs (23.1 ± 4.06, n=10, N=4; p=0.343). Scale bar represents 20 µm.  

3.3 Characterization of MN biophysical properties in Err2/3
cKO 

mice 

Next, studies were designed to test the effects of the loss of Err2 and Err3 in the 

putative γ-MN biophysical properties from Err2/3
cKO

 mice. Control (Chat::Tomato) and 

Err2/3
cKO

 were intraperitoneally injected with FG because I consistently observed that 

relatively small soma size MNs (putative γ-MNs) incorporated high levels of FG in their 

soma (Fig. 3.8). Whereas relatively large soma size MNs (putative α-MNs) incorporated low 

levels of FG in their soma (Fig. 3.8). Thus, I used the levels of FG and relative soma size to 

identify and perform whole cell patch-clamp recordings in putative α- versus γ-MNs from 

control and Err2/3
cKO

 mice at three weeks of age (Fig. 3.8). 
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Figure 3.8 Comparison of FG intensity and soma size to target γ-MNs in P21 W.T. mice for 

recordings 

Scatter-plots of normalized FG incoporation in control mice where the x-axis represents the soma size 

in µm
2
 and y-axis represents normalized % fluorescence intensity in relative fluorescence levels. FG 

combined with soma size enabled the targeting of whole cell patch-clamp recordings in putative α- 

versus γ-MNs. 

 

Several classical biophysical properties were analyzed after recording from putative 

α- versus γ-MNs. Some of these included the rheobase, the input resistance, the capacitance, 

the F-I curve, the AHP amplitude, the AHP half-width and the AHP half-decay times 

(Materials & Methods section 2.14.5) (Muramoto et al., 1996; Miles et al., 2004, 2005; 

Manuel et al., 2009; Nakanishi and Whelin, 2010; Mitra and Brownstone, 2012; Hadzipasic 

et al., 2014; Müller et al., 2014). Furthermore, the repetitive firing patterns of action 

potentials due to the square current pulse to MNs during the F-I curve protocol enabled the 
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opportunity to look more in-depth at MN firing behavior (Manuel et al., 2009; Hadzipasic et 

al., 2014).  

Previous studies in cat found that biophysical properties including low firing 

threshold and a high discharge rate were characteristic of γ-MNs (Kemm and Westbury, 

1978). Thus, I wished to compare properties like rheobase, firing frequency and gain between 

α- and γ-MN and distinguish them reliably. When the rheobase was plotted versus the mean 

firing frequency or the gain on a scatter-plot, the clustered patterns of MNs based on these 

properties allowed me to compare α-MN versus γ-MNs biophysical signatures. Thus, I 

assessed the effects of loss of Err2 and Err3 in putative γ-MN biophysical signature from 

Err2/3
cKO

 mice in comparison to control mice. When comparing the rheobase versus mean 

firing frequency or gain by entire duration of depolarizing current pulse (1 s), first interspike 

interval (instantaneous), or 0.5 s (steady-state) (Materials & Methods section 2.14.5).  

The data for the mouse whole cell patch-clamp studies are summarized in Table 8.1 of 

Appendix 2. First, I tested whether the levels of FG were sufficient to distinguish the 

difference in α- versus γ-MN biophysical properties in control mice. The comparison of mean 

rheobase, mean firing frequency and mean gain showed that the MNs that incorporated high 

levels of FG
 
(putative γ-MNs) showed lower mean rheobase (Fig. 3.9A), higher mean firing 

frequency (Fig. 3.9B) and higher mean gain (Fig. 3.9C), when compared to the MNs that 

incorporated low levels of FG
 
(putative α-MNs) (Fig. 3.9A-C). Thus, the electrophysiological 

data suggest FG levels and relative soma size can be employed as a ground for distinguishing 

MN subtypes for the recordings. Thus, FG
high 

(putative γ-MNs) and FG
low

 (putative α-MNs) 

from control and Err2/3
cKO 

mouse spinal cord slices were subsequently recorded. 

3.3.1 Characterization of putative α- and γ-MNs biophysical properties in control 

versus Err2/3
cKO 

mice  

I next compared the biophysical signatures of putative α- and γ-MNs from control and 

Err2/3
cKO 

mice. The mean rheobase for the putative γ-MNs from Err2/3
cKO

 mice was 

significantly higher than the mean rheobase for the putative γ-MNs from the control mice 

(Fig. 3.9A). The mean firing frequency for the putative γ-MNs from Err2/3
cKO

 mice was 

significantly lower than the mean firing frequency of the putative γ-MNs from control mice 

(Fig. 3.9B). And the mean gain for the putative γ-MNs from Err2/3
cKO

 was significantly 

lower than the mean gain for the putative γ-MNs from control mice (Fig. 3.9C). When 

comparing control versus Err2/3
cKO

 putative α-MNs, there were no significant differences in 

the mean rheobase (Fig. 3.9A), mean firing frequency (Fig. 3.9B) or mean gain (Fig. 3.9C).  
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Figure 3.9 The loss of Err2 and Err3 in the putative γ-MNs from Err2/3
cKO

 mice results in shifted 

biophysical properties towards putative α-MNs 

(A-C) Bar graph showing comparison of biophysical properties between control putative γ-MNs versus 

Err2/3
cKO

 putative γ-MNs, control putative α-MNs versus Err2/3
cKO

 putative α-MNs and control putative 

γ-MNs versus control putative α-MNs. (A) The putative γ-MNs from Err2/3
cKO

 had a much higher mean 

rheobase than the putative γ-MNs from control mice. While there were no differences in mean rheobase 

between putative α-MNs from Err2/3
cKO

 and control mice. B) The putative γ-MNs from Err2/3
cKO

 mice 

had a much lower mean firing frequency (steady-state) than the putative γ-MNs from control mice. While 

no differences in mean firing frequency (steady-state) was observed between putative α-MNs from 

Err2/3
cKO

 and control mice. C) The putative γ-MNs from Err2/3
cKO

 mice had a much lower mean gain 

(steady-state) than the putative γ-MNs from control mice. And no differences in mean gain (steady-state) 

was observed in putative α-MNs from Err2/3
cKO

 and control mice. Therefore, Err2/3
cKO

 putative γ-MNs 

show properties that are more like putative α-MNs. Comparison of biophysical properties of putative γ-

MNs versus α-MNs from control mice: (A) The mean rheobase for putative γ-MNs was significantly 

lower than the mean rheobase for putative α-MNs. (B) While the mean firing frequency (steady-state) and 

(C) the mean gain (steady-state) were significantly higher for putative γ-MNs when compared to putative 
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α-MNs. Thus, putative α-MN properties are distinct from putative γ-MN properties in MNs from control 

mice. 

 

The F-I curve protocol of incremental square current pulses to MNs showed 

significantly different voltage responses when comparing the putative γ-MNs from control 

mice versus the putative γ-MNs from Err2/3
cKO 

mice (Fig. 3.10A-F) (Materials & Methods 

section 2.14.5). 

 

 

Figure 3.10 A putative γ-MN from Err2/3
cKO 

mice loses its biophysical signature and shifts 

towards α-MN biophysical properties 

(A-F) Representative voltage response traces in a putative γ-MN (control and Err2/3
cKO

) subjected to 

increments of 20 pA, 1000 ms square current pulses during F-I curve square current pulse protocol. 

(A, D) a 240 pA, 1000 ms square current pulse to a putative γ-MN from control mice leads to a higher 

firing frequency compared to a putative γ-MN from Err2/3
cKO

 mice. (B, E) This pattern continues 

when 380 pA, 1000 ms square current pulse is applied to the MNs. (C, F) The firing frequency of a 

putative γ-MN from control mice further increases when a 680 pA, 1000 ms square current pulse is 

applied to the MN, however, the putative γ-MN from Err2/3
cKO

 mice shows a significantly lower 

increase in firing frequency. Scale bars represent 0.5 s duration of the square current pulse and 20 mV 

of the voltage-response due to the current pulse. 

 

For the whole cell patch-clamp recording data, I plotted the rheobase versus mean 

firing frequency or gain for putative γ-MNs from control and Err2/3
cKO 

mice (Fig. 3.11A, B). 

When compared to control, the putative γ-MNs from Err2/3
cKO

 mice showed a clear shift of 
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MN biophysical properties towards higher rheobase, lower mean firing frequency and lower 

gain (Fig. 3.11A, B). Taken together, these data suggest that in Err2/3
cKO

 mice, putative γ-

MNs lose their biophysical signature and shift towards that of α-MNs. 

 
A)

B)

 

Figure 3.11 The putative γ-MNs from Err2/3
cKO 

lose their biophysical signature and shift their 

biophysical properties towards α-MNs  

(A) Scatter-plot showing rheobase (pA) (x-axis) versus mean firing frequency (Hz) (steady-state) (y-

axis) in putative γ-MNs from control
 
versus Err2/3

cKO
 mice. Compared to control, the putative γ-MNs 

from Err2/3
cKO

 mice show a shift in the rheobase (higher) and the mean firing frequency (lower). (B) 

Scatter-plot showing rheobase (pA) (x-axis) versus gain (Hz/nA) (steady-state) (y-axis) for putative γ-

MNs from control
 
and Err2/3

cKO
. The putative γ-MNs in Err2/3

cKO
 mice show a shift in rheobase 

(higher) and gain (lower) when compared to the putative γ-MNs from control mice. 

 

Moreover, there was not a shift in the clustering of putative α-MN properties from 

Err2/3
cKO

 mice when compared to the putative α-MNs in control mice (Fig. 3.12A, B). In 

summary, the lack of Err2 and Err3 expression in the putative γ-MNs from Err2/3
cKO

 mice 

leads to significant changes in the biophysical properties when compared to the putative γ-

MNs from control mice. While no significant changes in the biophysical properties were 

observed in the putative α-MNs from Err2/3
cKO

 mice compared to the putative α-MNs from 

control mice. 
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A)

B)

 

Figure 3.12 The putative α-MNs from Err2/3
cKO 

do not shift their biophysical properties 

(A, B) Scatter-plots showing rheobase (pA) (x-axis) versus firing frequency (Hz) (steady-state) (y-

axis) or gain (Hz/nA) (steady-state) (y-axis) in putative α-MNs from control versus Err2/3
cKO

 mice. 

There were no shifts in putative α-MNs pattern of biophysical properties in Err2/3
cKO

 when compared 

to the putative α-MNs from control mice.  

 

3.4 Characterization of gait patterns and precision movements during locomotion in 

Err2/3
cKO

 mice 

Studies in cat have shown that proprioceptive feedback information from the muscle 

spindle (MS) and the Golgi tendon organ (GTO) is involved in the proper coordination of 

locomotion (Lam and Pearson, 2001; Grillner et al., 1978; Hiebert et al., 1996; Duysens et al., 

1980; Mcvea 2005). Similarly, studies in mice showed that normal locomotion depends on 

the proprioceptive feedback from MSs (Akay et al., 2014). Herein, mice with mutations in 

Egr3 (early growth response 3), were not able to develop MSs resulting in abnormal gait in 

mice (Tourtellotte et al., 1998, 2001). These locomotion defects included altered timing of 

the ankle flexor muscle action (Akay et al., 2014). However, the precise role of γ-MNs in 

determining motor behavior remains to be addressed in vivo. Hence, I hypothesized that the 

lack of Err2 and Err3 and the resulting shift towards α-MN properties in the putative γ-MNs 

of Err2/3
cKO

 mice could disrupt MS function and therefore result in gait and precision 

https://www.ncbi.nlm.nih.gov/pubmed/?term=Tourtellotte%20WG%5BAuthor%5D&cauthor=true&cauthor_uid=11401400
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movement deficits. Thus, I tested whether Err2/3
cKO

 mice would display abnormal gait 

patterns when running on a treadmill or performing more skilled tasks, such as walking 

across a horizontal ladder and beam.  

3.4.1 Characterization of gait in Err2/3
cKO

 mice using the DigiGait
TM

 treadmill task  

To assess gait deficits, I used the DigiGait
TM

 imaging system (Mouse Specifics Inc., 

Framingham, MA U.S.A.), which uses a motorized treadmill installed with a transparent belt 

and a high-speed digital video camera to record animal locomotion from below (Materials & 

Methods section 2.11.1) (Amende et al., 2005, Müller et al., 2014; Yuengert et al., 2015). 

Control (Chat-Cre) littermates and Err2/3
cKO 

littermates age-matched at 8-weeks of age were 

tested at six different treadmill belt speeds: 10 cm/s, 15 cm/s, 20 cm/s, 25 cm/s, 30 cm/s, 35 

cm/s. Various gait parameters were analyzed by the DigiGait
TM

 imaging system including 

stride, stance, swing, braking, and propulsion (Fig. 2.4 in Materials & Methods section 

2.11.1).  

The Digigait
TM

 analysis produced a large dataset with several variables for a small 

number of control and Err2/3
cKO

 mice. Thus, a method of multivariate analysis was required 

to understand and interpret the data. Thus, the Orthogonal Signal Correction Partial Least 

Squares (OSC-PLS) method was performed to analyze the dataset (Materials & Methods 

section 2.11.1.1). This method uses Principal Component Analysis (PCA) and Multiple 

Regression to rank or predict variables that are most important for explaining the variation in 

gait between control and Err2/3
cKO

 mice. 

The overall difference in gait between control and Err2/3
cKO

 mice was determined 

while considering all gait metrics initially. Scatter-plots with polygon graphs demonstrated 

the ability of the validated model to separate control and Err2/3
cKO

 mouse groups (Fig. 

3.13A, B). An optimized model with 2 components or dimensions plotted against each other 

was able to describe >25% of the variance in the predictors of the mouse forelimb and 

hindlimb gait (Fig. 3.13A, B) (Table 2.9 Materials & Methods section 2.11.1.1). The 

separation between control and Err2/3
cKO

 mice is visualized by a scatter-plot with polygons 

added to visualize the two cluster groups. Based on PCA-1 alone, control and Err2/3
cKO

 mice 

were clustered into two groups for the forelimbs and the hindlimbs, thus, this component by 

itself was sufficient to understand the model. Overall, the data analysis suggests that control 

and Err2/3
cKO

 mice show different gait patterns.  
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Figure 3.13 Err2/3
cKO

 mice have a different gait pattern in the forelimbs and the hindlimbs when 

compared to control mice 

(A) Scatter-plots with polygon graphs depicting the maximum variance between-group (PCA-1, x-

axis) and the maximum variance within-group (PCA-2, y-axis) in the forelimbs for control versus 

Err2/3
cKO 

groups. Each individual dot (score) in the scatter-plot represents a single mouse projection 

across 2 partial least square (PLS) regression components of the model. The percentage of variance 

explained by each component is shown as percent of the total variance marked on the axes for the 

model components. Principle Component 1 (PCA-1) explains the maximum between-group variance 

of 31.1% and is sufficient to separate mice into two genotypes, while Principle Component 2 (PCA-2) 

explains a maximum within-group variance of 13.5% in forelimbs of control and Err2/3
cKO

. Polygon 

of Err2/3
cKO

 (dark gray) shows a separate cluster of mice from control (light gray) polygon. (B) 

Similar to the forelimbs, the hindlimbs PCA-1 explains a maximum between-group variance of 37.7% 

and PCA-2 explains a maximum within-group variance of 13.0%. Furthermore, PCA-1 is also 

sufficient to separate the control versus Err2/3
cKO

 mice. Thus, control versus Err2/3
cKO

 mice 

comparison shows different gait characteristics in the forelimbs and the hindlimbs at 25 cm/s 

treadmill speed.  

 

The variables (gait parameters) important in determining the differences in gait 

pattern between control and Err2/3
cKO

 mice were analyzed (Table 2.9 in Materials & 

Methods section 2.11.1.1). For example, at an arbitrary threshold, the most predictive gait 

parameters can be seen on the bar graph (Fig. 3.14). Err2/3
cKO

 mice display reduced stance-

swing ratio, thus, show an altered gait phase. Err2/3
cKO

 mice show reduced propulsion 

velocities like max. DA/DT indicating shifts in force. Err2/3
cKO

 mice show reduced stance 
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width, which suggests shifts in posture. Moreover, Err2/3
cKO

 mice also show increased paw 

angle variability, which points to shifts in stride during locomotion. 

For all speeds, several gait parameters had a potent predictive capacity for 

distinguishing control versus Err2/3
cKO 

mice in the forelimbs: absolute axis distance (cm), 

stance width (cm), stride frequency (strides/s), amongst others (Table 9.1 in Appendix 3). 

Likewise, for the hindlimbs, several gait parameters predicted the genotypes powerfully 

between the two groups at all speeds: max DA/DT, paw area (cm
2
), propulsion (ms), amongst 

other (Table 9.2 in Appendix 3).  

Therefore, the changes seen in Err2/3
cKO 

mice suggest that normally functioning γ-

MNs are required for precise gait patterns during locomotion. 

 
Err2/3cKO < control

Err2/3cKO > control

 

Figure 3.14 Specific gait variables predicted in distinguishing control versus Err2/3
cKO

 

mouse gait patterns 

Color-coded bar graphs showing loadings for variables (gait parameters) that were important in 

distinguishing control versus Err2/3
cKO

 mice gait patterns. Blue bars indicate mean loading of 

Err2/3
cKO

 < mean loading of the control group. While red bars indicate mean loading of Err2/3
cKO

 > 

mean loading of the control group. The sign of the bar (blue or red) indicates how the variable 

influences the direction of the phenotype of the animal. Thus, the highest blue or red bar 

representing loadings for gait parameters are ranked as the most predictive in determining the gait 

pattern of segregating control versus Err2/3
cKO

 mice, which can be determined by the threshold 
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value (0.20-(-0.20) in arbitrary units) on the x-axis. These gait parameters can be grouped based on 

the relation to gait phase, force, posture and stride. 
 

 

3.4.2 The horizontal ladder task  

Previous studies have shown that Egr3-deficient mice lacking MSs exhibit abnormal 

gait patterns when navigating a horizontal ladder (Akay et al., 2014, Takeoka et al., 2014). 

Thus, the next set of experiments tested the precision movements in Err2/3
cKO

 mice. Eight 

weeks-old age-matched control and Err2/3
cKO

 mice were trained and tested to walk across a 

horizontal ladder while being recorded with a camera from below (Materials & Methods 

section 2.11.2). The hind paws were scored as hits or misses (Fig. 3.15A). Analysis of the 

videos from the experiments showed that Err2/3
cKO

 mice (mean misses ± S.E.M., N=animals, 

p=p-value; 6.48 ± 2.06, N=5, p=1.26e
–6

) committed more misses by a factor of >6 when 

compared to the control mice (1.0 ± 0.55, N=5) (Fig. 3.15B) (Materials & Methods section 

2.11.2 for “Miss Index” details). Thus, the data suggest that Err2/3
cKO

 mice fail to place their 

hind paws precisely on the rungs during the horizontal ladder task due to impaired muscle 

proprioception. 
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Figure 3.15 Err2/3
cKO

 mice show deficits in precision movements when walking across a horizontal 

ladder 

(A) Images from videos captured from below the mice as they traversed the horizontal ladder. The task 

was scored using specific criteria: 1) “hit” of the hindlimbs is scored when the mouse had a stable paw 

position in the middle of the ladder rung (white arrow), 2) “miss” is scored when the hind paw dropped 

through the rung (red arrow), 3) “miss” is scored when the mouse failed to locate the rung (red arrow). 

(B) Bar graph showing the quantification of the hindlimb stepping errors for mice when walking across 

a horizontal ladder. Err2/3
cKO

 mice committed more misses by a factor of >6-times when compared to 

control mice.  
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3.4.3 The horizontal beam task                                                                                                      

To further assess fine motor skills during locomotion, Err2/3
cKO

 mice were challenged 

on a horizontal beam task (Bourane et al., 2015). Control and Err2/3
cKO

 mice age-matched at 

10 months-old were placed onto flat beams of 20 mm, 25 mm or 30 mm in width (Materials 

& Methods section 2.11.3). The mice were recorded with a camera from the side as they 

performed the task. The hind paws were scored as hits or misses (Fig. 3.16A). Data analysis 

of the videos showed that Err2/3
cKO

 mice (mean miss ± S.E.M., N=animals, p=p-value; 22.09 

± 1.75, N=4, p=0.01) committed more misses by a factor of >21 when compared to control 

mice (1.0 ± 0.17, N=4) on the 30 mm beam width (Fig. 3.16B) (Materials & Methods section 

2.11.3 for “Miss Index” details). Similarly, data analysis showed that Err2/3
cKO

 mice (50.36 ± 

2.20, N=4, p=5.2e
–3

) committed more misses by a factor of >49 when compared to control 

mice (1.0 ± 0.125, N=4) on 25 mm wide beam (Fig. 3.16B). Finally, on the 20 mm wide 

beam, Err2/3
cKO

 mice (63.50 ± 3.49, N=4, p=9.0e
–3

) committed more misses by a factor of 

>62 when compared to control mice (1.0 ± 0.125, N=4) (Fig. 3.16B). Thus, data indicate that 

Err2/3
cKO

 mice show diminished precision movement skills which further decreased with the 

difficulty of the task.  
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Figure 3.16 Err2/3
cKO

 show precision movement deficits when challenged with horizontal beam 

task  

(A) Video images of mice walking across a horizontal beam. The task was scored using specific 

scoring criteria: 1) “hit” of hind paw is scored when the animal had a flat and stable position on the 

beam (white arrow) or 2) when the hind paw straddled the side of the flat beam with a grip (white 
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arrow). 3) A “miss” is scored when the hind paw slipped/hanged on the beam without a grip onto the 

side of the beam (red arrow) or when the mouse failed to locate the beam. (B) Bar graph showing the 

quantification of hindlimb stepping errors for control and Err2/3
cKO

 mice when challenged with the 

horizontal beam task. Err2/3
cKO

 committed more mean misses by a factor of  >22, >49 or >62 at the 

beam widths of 30, 25 or 20 mm, respectively. Thus, Err2/3
cKO

 mice show impaired precision 

movements and the data suggests that stepping errors increased with the increase in the difficulty of 

the task. 

 

3.5 Err2 and Err3 function in driving chick MN biophysical properties 

The capacity of forced Err2 and Err3 expression to drive chick MN biophysical 

properties into a specific MN subtype was studied using whole cell patch-clamp recordings 

carried out on acute chick spinal cord slices. In ovo electroporation was used to stably express 

several constructs into chick MNs through the Tol2 transposon-mediated system (Fig. 2.6 in 

Materials & Methods section 2.13.1) (Kawakami and Shima, 1999; Kawakami, 2007; Sato et 

al., 2007). Several different constructs were electroporated into the chick neural tube for 

electrophysiological recordings (Fig. 2.9 in Materials & Methods section 2.14.2). The 

constructs carrying VP16 and EnR along with Err2 were used to test whether the increase of 

transcription factor activity or repression can influence biophysical properties, respectively 

(Materials & Methods section 2.13.1). MNs were identified using GFP fluorescent signal in 

the ventral horn of the chick spinal cord and recorded. 

The data for chick whole cell patch-clamp studies are summarized in Table 8.2 of 

Appendix 2. The data showed that the forced expression of Err2VP16 in MNs resulted in a 

much higher mean firing frequency with respect to current injection when compared to the 

MNs that expressed control eGFP (Fig. 3.17). Forced Err2 and Err3 expression in MNs 

showed increased mean firing frequency, however, the shift was not as robust as the forced 

expression of Err2VP16. Furthermore, forced expression of Err2EnR in MNs showed no 

changes in the firing frequency when compared to MNs that expressed control eGFP. 
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Figure 3.17 Forced expression of DNA constructs in MNs shifts their mean firing frequency 

Several DNA constructs were electroporated: 1) control eGFP (CMV-eGFP), 2) Err2 (CMV-Err2-

eGFP), 3) Err3 (CMV-Err3-eGFP), 4) Err2VP16 (CMV-VP16-Err2-eGFP), 5) Err2EnR (CMV-EnR-

Err2-eGFP). Scatter-plot showing current injection (pA) (x-axis) versus mean firing frequency (Hz) 

(steady-state) (y-axis) in MNs that expressed either control eGFP, Err2VP16, Err2, Err3, or Err2EnR 

in MNs. The highest mean firing frequency shift with respect to current injection was observed in 

MNs that expressed Err2VP16. Thus, the highest shift in gain (Hz/nA) (steady-state) was observed 

with the forced expression of Err2VP16.  

 

The data also showed that forced expression of VP16Err2 in MNs had the most robust 

shift in biophysical properties like mean rheobase (Fig. 3.18A), mean firing frequency (Fig. 

3.18B) and mean gain (Fig. 3.18C). Thus, Err2VP16 promotes MN excitability towards a 

putative γ-MN phenotype of low rheobase, high firing frequency and high gain. 
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Figure 3.18 Forced expression of Err2VP16 in chick MNs drives their biophysical properties 

towards lower rheobase, higher firing frequency and gain                                                               

Several constructs were electroporated and the control eGFP (CMV-eGFP) construct was used to 

compare the effects of different DNA constructs (CMV-Err2-eGFP, CMV-Err3-eGFP, CMV-VP16-

Err2-eGFP, CMV-EnR-Err2-eGFP) on MN properties in chick. (A) The mean rheobase in MNs that 

expressed Err2VP16 was significantly lower than the mean rheobase for MNs expressed control 

eGFP. While the expression of Err2, Err3, EnR in MNs did not have any effects on the rheobase when 

compared to the expression of control eGFP (B) Furthermore, the mean firing frequency (steady-state) 

for MNs that expressed Err2VP16 was significantly higher than the mean firing frequency for MNs 

that expressed control eGFP. While the expression of Err2 and Err3 in MNs showed higher mean 

firing frequency when compared to MNs that expressed control eGFP, although the expression of EnR 

showed no significant effects compared to MNs that expressed control eGFP. (C) Similar to the mean 

firing frequency patterns, the mean gain (steady-state) for MNs that expressed Err2VP16 was 

significantly higher than the mean gain for MNs that expressed control eGFP. Overall, these data 

suggest that Err2VP16 influences the biophysical properties including rheobase, firing frequency and 

gain.  
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Overall, the F-I curve protocol of square current pulses to MNs showed significant 

differences in firing properties between the MNs that expressed Err2VP16 compared to the 

MNs that expressed control eGFP (Fig. 3.19A-F). 

 

 

Figure 3.19 Forced expression of Err2VP16 in chick MN leads to a pattern of significantly 

higher firing frequency and higher gain   

(A-F) Representative voltage response traces in MNs due to increments of 20 pA, 1000 ms square 

current pulses during F-I curve square current pulse protocol. (A, D) A 100 pA, 1000 ms square 

current pulse leads to a higher firing frequency in MN that expressed Err2VP16 when compared to 

MN that expressed control eGFP. (B, E) This pattern continues when a 200 pA, 1000 ms square 

current pulse is applied. (C, F) The firing frequency of the MN that expressed Err2VP16 increased 

still more with a 400 pA, 1000 ms square current pulse, thus, showing higher gain (rate of change in 

firing frequency).  

 

Like the mouse studies, scatter-plots comparing rheobase versus mean firing 

frequency or gain show a clear segregation of MNs that expressed Err2VP16 (lower 

rheobase, higher mean firing frequency, higher gain) from the MNs that expressed control 

eGFP (high rheobase, low mean firing frequency and low gain) (Fig. 3.20A, B).  
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Figure 3.20 Forced expression of Err2VP16 in chick MNs drives their biophysical properties 

towards lower rheobase, higher firing frequency and gain  

(A) Scatter-plot showing rheobase (pA) (x-axis) versus mean firing frequency (Hz) (steady-state) (y-axis) 

in MNs that express either control eGFP or Err2VP16 MNs. A distinct cluster of shifted MNs with low 

rheobase (pA) and high mean firing frequency (Hz) is observed in MNs that expressed Err2VP16 when 

compared to MNs that expressed control eGFP. (B) Scatter-plot showing rheobase (pA) (x-axis) versus 

gain (Hz/nA) (steady-state) (y-axis) in the same MNs. Similarly, high gain (Hz/nA) is observed in the 

MNs that were expressed Err2VP16 when compared to MNs that expressed control eGFP. Scale bars 

represent 0.5 s duration of the square current pulse and 20 mV of voltage-response upon the current pulse. 

3.6 The mechanistic role of Err2 in the influence of γ-MN biophysical properties 

The next logical step was to identify Err2-target genes through which it promotes γ-

MN biophysical properties. Therefore, RNA sequencing studies were designed and 

bioinformatic analyses using the JASPAR CORE containing published transcription factor 

binding site profile for eukaryotic organisms were carried out (http://jaspar.genereg.net/; 

Matheliar et al., 2016). 

3.6.1 Err2 up-regulates Kcna10 gene expression 

In order to understand Err2 actions in a broader context, RNA sequencing 

experiments were performed by isolating electroporated motor columns from the chick neural 

tube at E12.5 (HH St. 38-39) (Fig. 2.8 in Materials & Methods section 2.13.4). Err2VP16 

http://jaspar.genereg.net/
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differential gene expression was compared with Delta-like homolog 1 (Dlk1) differential 

gene expression in the chick neural tube because Dlk1 was recently identified as necessary 

and sufficient in promoting a fast α-MN biophysical signature (Müller et al., 2014). At E12.5 

(HH St. 38-39), chick spinal motor columns showing eGFP expression were dissected to 

extract the RNA (Materials & Methods section 2.13.4). Gene expression analysis indicated 

several genes that showed significant differential expression in the motor columns of chick 

embryos that expressed either control eGFP, Err2VP16 or Dlk1 (Fig. 3.21). Interestingly, 

chick Kcna10 was up-regulated by Err2VP16 when compared to the RNA profile of control 

eGFP and Dlk1. Thus, the data suggest that Err2 regulates the expression of Kcna10 in chick 

spinal motor columns.  

      

Control eGFP

Err2VP16

Dkl1

 

Figure 3.21 Forced expression of CMV-VP16-Err2-eGFP up-regulates Kcna10 RNA in chick 

spinal columns at E12.5 (HH St. 38-39)                                                                                                                                              

Different DNA constructs were electroporated for the RNA sequencing experiment: 1) control eGFP 

(CMV-eGFP), or 2) Err2VP16 (CMV-VP16-Err2-eGFP) or 3) Dlk1 (pCAGGS-Dlk-1-IRES-eGFP). 

Differential transcript reads depicted by a Heat-map when control eGFP, or Err2VP16 or Dlk1 is 

electroporated into chick motor columns. Up-regulated gene expression is shown in yellow, while 

down-regulated gene expression is shown in blue (z-score): (-2.0 to 2.0). Chick Kcna10 (solid red 

arrow), was differentially expressed between control eGFP and Err2VP16. Err2VP16 up-regulates 

chick Kcna10 (red arrow). The heat map includes several comparisons: 1) genes which are up-

regulated (p<0.05) in Err2VP16 (versus control eGFP) and up-regulated in Err2VP16 (versus Dlk1), 

2) genes which are up-regulated (p<0.05) in Dlk1 (versus control eGFP) and up-regulated in Dlk1 

(versus Err2VP16). (The embryos were electroporated and dissected by Mudassar N. Khan, the RNA 

sequencing was  performed by Ashish Rajput and the analysis was performed by Dr. Vikas Bansal)  
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3.6.2 Err2 directly regulates Kcna10 gene activity 

Bioinformatic and quantitative immunodetection studies were used to analyze 

whether Err2 directly influences Kcna10 gene activity. Screening studies in Japanese patients 

with heart arrhythmias (long QT syndrome, LQTS) showed genetic variations or Single-

nucleotide polymorphisms (SNPs) in Kcna10, thus, it was suggested that Kcna10 may be 

important for action potential properties in cardiomyocytes (Iwasa et al., 2001). Furthermore, 

Kcna10 is expressed in hair cells in mouse inner ear and Kcna10-deficient mice show 

vestibular and hearing impairments (Lee et al., 2013). Evolutionarily conserved regions 

(ECRs) located upstream of the Kcna10 gene were identified using the ECR Browser 

(Materials & Methods section 2.13.3) (Ovcharenko et al., 2004). The mouse Kcna10 ECR 

contained three putative Err2/3 binding sites or motifs (Fig. 3.22). The ECR containing the 

Err2/3 binding sites was cloned into a DNA construct containing tdTomato sequence as a 

reporter for Kcna10 gene activity (Materials & Methods section 2.13.3). I analyzed whether 

Err2 may be able to bind its putative binding sites in the Kcna10 ECR and drive the 

expression of tdTomato reporter activity when this DNA construct is co-electroporated with 

Err2VP16 in chick motor columns (Fig. 2.7 in Materials & Methods section 2.13.3). 

Moreover, a construct containing mutated Err2/3 motifs was also co-electroporated with 

Err2VP16 to test for tdTomato reporter expression (Fig. 3.22) (Materials & Methods section 

2.13.3).  

 

 

 

Figure 3.22 Schematic of Kcna10 genomic locus showing the putative Err2/3 bindings sites in the 

Kcna10 ECR  

Site-directed mutagenesis by PCR was used to make substitution mutations in the three putative 

Err2/3 binding sites in the mouse Kcna10 ECR (red arrows): 1) AGAAGGCCA to AGAAttaaAA, 2) 

CAGAGGTCAG to CAtAaaTCAG, 3) GCAAGGAGAT to GCAAttAGAT.  

 

Quantitative immunodetection studies were performed on chick E6.5 (HH St. 28-29) 

spinal cord cryosections treated with anti-GFP and anti-DsRed primary antibodies and 

appropriate secondary antibodies. These cryosections were then imaged using a confocal 

microscope and quantified (Fig. 3.23A-I) (Materials & Methods section 2.12.6).  
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Figure 3.23 Err2 regulates chick Kcna10 gene activity in MNs 

(A-I) Representative confocal microscope images showing ventral horn of the chick neural tube at 

E6.5 (HH St. 28-29) co-electroporated with different DNA constructs. Cryosections of the embryos 

were incubated with anti-DsRed and anti-GFP antibodies. For all panels, tdTomato reporter 

expression is seen in red and GFP expression is seen in green. (A-C) Kcna10
W.T. 

+ control eGFP co-

electroporation resulted in some cells with tdTomato
 
reporter expression in the GFP

+
 cells (indicated 

by solid arrow), while majority of the cells that had high expression levels of endogenous tdTomato 

were also GFP
–
 cells (indicated by hollow arrows). (D-F) When Kcna10

W.T. 
+ Err2VP16 were co-

electroporated, there was a robust increase the expression levels of tdTomato in the GFP
+
 cells 

(indicated by solid arrows). While there were still some endogenous tdTomato reporter expression 

GFP
–
 cells (indicated by hollow arrows) (G-I) When Kcna10

mut. 
+ Err2VP16 were co-electroporated, 

there was an increase in tdTomato reporter expression in GFP
+ 

(indicated by solid arrow), however 

the expression levels were not as elevated as compared to the co-electroporation of Kcna10
W.T. 

+ 

Err2VP16. The scale bar represents 50 µm.  

 

 The data quantification showed that electroporation of Err2VP16 significantly elevated 

the expression levels of Kcna10 gene activity reporter, tdTomato (Fig. 3.24). While the 

electroporation of Err2VP16 with the three binding sites mutated in Kcna10 ECR showed 

significantly decreased expression levels of tdTomato. Thus, the data suggest that Err2 directly 

binds Kcna10 ECR containing the Err2/3 binding sites and regulates Kcna10 gene activity. 
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Figure 3.24 Forced expression of Err2VP16 increases Kcna10 gene activity 

Significantly robust normalized % mean tdTomato intensity in relative fluorescence levels was observed 

when Kcna10
W.T.

 DNA construct was co-electroporated with Err2VP16 DNA construct than when 

Kcna10
W.T.

 was co-electroporated with control eGFP DNA construct. While significantly less elevated 

normalized % mean tdTomato intensity in relative fluorescence levels was observed when Kcna10
mut.

 

DNA construct was co-electroporated with Err2VP16 DNA construct than when Kcna10
W.T.

 and 

Err2VP16 DNA constructs were co-electroporated. The data showed that the cells that co-expressed 

Kcna10
W.T. 

and Err2VP16 (mean ± S.E.M., n=neurons, N=embryos, p=p-value; 18.14 ± 1.85, n=103, 

N=3, p=6.9e
–9

) resulted in significantly higher mean tdTomato expression levels compared to the cells 

that co-expressed Kcna10
W.T. 

and control eGFP (4.57 ± 1.23, n=101, N=3). Moreover, the co-expression 

of Kcna10
mut. 

and Err2VP16 (8.85 ± 1.38, n=102, N=4, p=8.63e
-5

) resulted in significantly less elevated 

mean tdTomato expression levels in the cells when compared to the cells that co-expressed Kcna10
W.T. 

and Err2VP16. Thus, the data suggests that Err2 regulates Kcna10 gene activity by binding three motifs 

in the Kcna10 ECR.  

3.6.3 Kcna10 biophysical properties in chick MNs 

Potassium channels have been implicated in the regulation of membrane potential and 

action potentials of excitable cells, I therefore tested the role of Kcna10 in influencing MN 

biophysical properties in the chick. Thus, a DNA construct carrying chick Kcna10 (CMV-

Kcna10-eGFP) was electroporated into chick embryo MNs and electrophysiological 

recordings were performed (Fig. 2.10 in Materials & Methods section 2.14.2). Biophysical 

properties from the whole cell patch-clamp studies were analyzed (Summary provided in 

Table 8.2 of Appendix 2). These data suggest that the forced expression of Kcna10 partially 

drives MN biophysical properties towards lower rheobase (Fig. 3.25A), higher firing 

frequency (Fig. 3.25B), higher gain (Fig. 3.25C), which is similar to the shift in biophysical 

properties observed when Err2VP16 is expressed in MNs.    
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Figure 3.25 Forced Kcna10 expression in chick MNs promotes γ-MN biophysical signature  

(A) The mean rheobase for Kcna10 (CMV-Kcna10-eGFP) expressing MNs was significantly lower 

than the mean rheobase for MNs that expressed control eGFP (CMV-eGFP). B) The mean firing 

frequency (steady-state) for Kcna10 expressing MNs was significantly higher than the mean firing 

frequency for MNs expressing control eGFP. C) The gain (instantaneous) for Kcna10 expressing MNs 

was significantly higher than for MNs expressing control eGFP.  

 

The comparison of mean rheobase versus mean firing frequency or gain 

(instantaneous) in scatter-plots showed a clear segregation of MNs that expressed Kcna10 

(which showed lower rheobase, higher mean firing frequency, higher gain (instantaneous)) 

when compared to MNs that expressed control eGFP (Fig. 3.26A, B). 
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A)

B)

 

Figure 3.26 Forced expression of Kcna10 in chick MNs to a shift in biophysical properties 

towards lower rheobase, higher firing frequency, and higher gain  

(A) Scatter-plot showing rheobase (pA) (x-axis) versus mean firing frequency (Hz) (y-axis) in control 

eGFP (CMV-eGFP) versus Kcna10 (CMV-Kcna10-eGFP) MNs. MNs expressing Kcna10 shift 

towards lower rheobase (pA) and higher mean firing frequency (Hz) in comparison to MNs that 

express control eGFP. (B) Comparing rheobase (pA) (x-axis) versus gain (instantaneous) (Hz/nA) (y-

axis), Kcna10 drives chick MNs to have a lower rheobase (pA) and higher gain (instantaneous) 

(Hz/nA)).  
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4. DISCUSSION 

Spinal motor neurons (MNs) generate and control movements. Alpha MNs (α-MNs) 

signal to generate force during movement, while gamma MNs (γ-MNs) regulate the 

sensitivity of the muscle spindle (MS) apparatus that is involved in muscle reflexes and 

muscle proprioception during movement. The circuit consisting of γ-MNs, intrafusal fibers, 

and Ia sensory afferents within the MS apparatus gauges the overall change and the rate of 

change in muscle length. Thus, the MS provides proprioceptive information to the nervous 

system about limb position and muscle velocity. The nervous system’s capacity to control the 

MS through γ-MN innervation has evolved in higher vertebrates, which enables them to 

perform intricate and precise motor behaviors. Ultimately, γ-MN biophysical properties and 

therefore their function in controlling the MS are shaped by the action of specific genes. 

However, at the beginning of my thesis there was no mechanistic understanding of the 

acquisition of α- versus γ-MN functional diversity. Therefore, this study was designed to 

identify molecular mechanisms that endow MNs with specific biophysical properties, which 

in turn allow them to function in spinal networks to regulate motor behavior in mice. 

4.1 Molecular characteristics of γ-MNs                                                                                  

The α- and γ-MNs likely express distinct sets of genes, which shape their biophysical 

properties and their function. Thus, to understand how α- and γ-MNs diversify functionally, 

my initial studies focused on assessing the developmental expression pattern of unique 

molecular correlates in the mouse spinal cord. Previously, studies have demonstrated that γ-

MNs have high estrogen-related receptor 3 (Err3) expression levels and low expression levels 

of NeuN, while α-MNs have low or negligible Err3 expression levels and high NeuN 

expression levels (Friese et al., 2009). In another study, estrogen-related receptor 2 (Err2), a 

closely related paralogue of Err3, was suggested to be expressed by slow α-MNs (Enjin et al., 

2010). Because both Err2 and Err3 are molecularly very similar, I reexamined the expression 

pattern of Err2 in relation to that of Err3 in W.T. (CD1 strain) mice through quantitative 

immunodetection. My studies showed that at postnatal day 21 (P21), Err2 and Err3 were co-

expressed at high levels in relatively small soma size MNs that also had low expression levels 

of NeuN and incorporated high levels of Fluoro-Gold (FG) retrograde tracer.  

Furthermore, quantitative immunodetection studies carried out in FG injected W.T. 

mice at P4, P14 and P21 suggested that Err2 and Err3 are co-expressed at high levels in 

relatively small soma size MNs that incorporated high FG levels and expressed low NeuN 
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(Rbfox3) levels. More specifically, high Err2 and Err3 expression levels become restricted to 

γ-MN populations beginning at P14 and become completely restricted by P21. Thus, my data 

supports the finding by Friese et al., 2009 that γ-MN populations express distinct molecular 

correlates that refine in the first two weeks of postnatal development.  

Previously, using RNA in situ hybridization and immunodetection studies, Enjin et 

al., (2010), suggested that Err2 may be a molecular correlate for slow α-MNs. Enjin et al., 

(2010), observed that Err2 was expressed in small soma size cholinergic (ChAT
+
) and non-

cholinergic cells (Enjin et al., 2010). The authors proposed that Err2 is not likely a γ-MN 

molecular correlate since RNA in situ hybridization experiments in control versus Egr3
–/–

 

mutant mice at P11 revealed that Err2 transcript expression was not overtly different. The 

authors reasoned that altered Err2 expression levels should have been observed in Egr3
–/–

 

mutant mice, since the mice had degenerated MSs that resulted in γ-MN degeneration due to 

the lack of trophic factors from the MSs (Enjin et al., 2010). My data from the quantitative 

immunodetection studies however showed that Err2 is expressed by three distinct populations 

of cells in the ventral spinal cord: 1) the putative γ-MNs expressed high Err2 and Err3 levels, 

low NeuN levels and incorporated high levels of FG, 2) the putative α-MNs expressed low 

Err2 and Err3 levels, moderate-to-high NeuN levels and incorporated low levels of FG and 3) 

non-cholinergic cells expressed high Err2 and Err3 levels, high NeuN levels and incorporated 

no FG. It is possible that the non-cholinergic populations of cells comprising of interneurons 

and/or glial cells may be the source of Err2
+
 cells identified in the RNA in situ hybridization 

studies in Egr3
–/–

 mice performed by Enjin et al., 2010. Therefore, I infer that Err2 was 

misassigned as an α-MN molecular correlate due to the complex expression pattern in these 

cell populations.  

My studies therefore show that Err2 and Err3 are co-expressed at high levels in 

putative γ-MNs. These observations also suggest that the expression pattern of molecular 

markers or transcription factors, like Err2 and Err3 in spinal MNs may be more complex than 

previously suggested, which may shape the functional properties of different neural subtypes 

in the spinal cord. Studies have shown that combinations of transcription factors regulate the 

diversity of cell fates during development (Lu et al., 2015). Thus, it is possible that the 

functional diversity of neurons other than MNs is also regulated by a combinatorial pattern of 

gene expression. 
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4.2 Distinct biophysical properties of α- and γ-MNs in mice                                                                                

Mature γ-MN biophysical properties were previously recorded in the cat 40 years ago 

(Kemm and Westbury, 1978). The fortuitous finding that small soma size putative γ-MNs 

incorporate high levels of FG retrograde tracer in their somas enabled me to identify and 

record mature mouse γ-MNs from the ventral horn of the spinal cord. Moreover, my studies 

also showed that the putative γ-MNs that incorporated high levels of FG also lacked the Ia 

sensory afferent connectivity, which is consistent with previous findings that showed that γ-

MNs lack Ia sensory afferent innervation (Eccles et al., 1960; Friese et al., 2009). Initially, I 

performed whole cell patch-clamp recordings in FG
high

 (putative γ-MNs) and FG
low 

(putative 

α-MNs) from control mice to determine the baseline differences in their biophysical 

properties. In agreement with various studies in cat (Kemm and Westbury, 1978), my 

recordings in mice confirm that α- and γ-MNs have distinct biophysical properties, which are 

likely important for generating force and movements by α-MNs and for proprioception, 

stretch reflex and the patterns of locomotion by γ-MNs.   

4.3 The role of Err2 and Err3 in driving γ-MN biophysical properties 

The data from my whole cell patch-clamp recordings showed that α- and γ-MNs had 

distinct biophysical properties in control mice. Therefore, I used the levels of FG and relative 

soma size in the ventral horn of the spinal cord to guide my recordings of the putative α- and 

γ-MNs from Err2/3
cKO

 mice. In order to characterize the Err2/3
cKO

 MNs, I decided to focus 

on firing frequency, gain and rheobase to distinguish putative γ-MNs from putative α-MNs 

since these properties are thought to segregate them. My data showed that the putative γ-MNs 

from Err2/3
cKO

 at postnatal days (P20-P22) have higher rheobase and lower firing frequency 

when compared to the putative γ-MNs in control MNs at the same ages. This data suggested 

that the lack of Err2 and Err3 expression in the putative γ-MNs of Err2/3
cKO

 mice results in a 

shift in their biophysical properties towards α-MN-like. Moreover, the data showed no 

significant differences in the biophysical properties of the putative α-MNs from Err2/3
cKO

 

versus control mice. Overall, I therefore concluded that Err2 and Err3 drive γ-MN 

biophysical signature. 

Studies in mice have shown that MSs mature morphologically during the third week 

of postnatal development (Sonner et al., 2017). This is also consistent with the development 

of the neuromuscular system and the ability of mice to bear weight at about two-weeks of age 

postnatally (Jiang et al., 1999). By this developmental stage, γ-MNs are functionally mature 

since they are tuned to control the sensitivity of the mature MSs. Since mice have essentially 
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mature MSs at P20-P22 and the expression pattern of Err2 and Err3 is more restricted to γ-

MNs, the recordings I performed were from mature γ-MNs. When mice begin to walk with 

bearing weight (P8-P11), they have significantly different action potential properties and 

properties like rheobase (higher), input resistance (lower), AHP half-decay times (lower), 

however, no significant changes in gain are observed when compared to mice at P3-P5 

(Durand et al., 2015). Thus, MN biophysical properties change significantly during this 

developmental period. 

Previous recordings in P0-P6 mice found immature γ-MN biophysical properties to be 

between fast and slow α-MNs (Enjin et al., 2012), while intracellular recordings in young 

decerebrate cat have demonstrated that γ-MNs have higher discharge rates and lower 

discharge thresholds than α-MNs (Kemm and Westbury, 1978). My findings were consistent 

with the latter studies despite the differences in the model organism and the recording 

technique. Thus, differences between the data from my recordings of γ-MN biophysical 

properties and those of Enjin et al., 2012, are likely due to the differences in developmental 

stage of the mice. Hence, this suggests that the maturation of MN properties, including the 

consolidation of ion channel expression, allows optimized tuning of the MS, thus, facilitates 

in the maturation of locomotor behavior observed between P6-P20 in mice. In summary, my 

recordings show that γ-MN properties can be distinguished at early postnatal stages based on 

the pattern of gene expression, but acquire their typical biophysical properties later (between 

P10-P20), matching the maturation of posture and movement in mice. 

4.4 The role of Err2 and Err3 in determining mouse gait and precision movements 

The proprioceptive information provided by the MS apparatus is important for normal 

gait and precision movements in vertebrates. Recently, studies have shown that Egr3-

deficient mice, which do not develop MSs, show gait deficits (Akay et al., 2014). However, 

the specific contribution of intact γ-MNs to control proprioception and gait in vivo has not 

been directly investigated. Thus, I performed behavioral studies to observe gait, posture and 

precision movements in Err2/3
cKO

 mice. 

Previous studies in cat have shown that proprioceptive feedback information is 

important for stance-swing phase transition of the stepping cycle (Grillner and Rossignol, 

1978; Duysens and Pearson, 1980; Hiebert et al., 1996; Lam and Pearson, 2001; Mcvea et al., 

2005). Moreover, the lack of proprioceptive information due to the lack of MS development 

in Egr3-deficient mice leads to altered muscle activities in ankle flexor and thus, produces an 

abnormal gait pattern (Akay et al., 2014). My data from the treadmill task showed that 
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control and Err2/3
cKO

 mice could be distinguished by their gait patterns and distinct gait 

variables or parameters that contributed to the differences observed in the gait patterns. For 

instance, there was reduced stance-swing ratio in Err2/3
cKO

 mice, which suggests a shift in 

gait phase and implies that γ-MNs are important for precise gait patterns in mice.  

Furthermore, studies have shown that the mechanism of co-activation of α-MNs and 

γ-MN (α-γ co-activation) occurs during the control of movement and posture (Vallbo, 1971; 

Taylor et al., 2004; 2006; Prochazka and Ellaway, 2012; Li et al., 2015). Data from my 

studies showed that Err2/3
cKO 

mice displayed decreased stance widths, which imply postural 

changes in the mice. My studies suggest that the lack of proprioceptive input from the MSs 

due to the loss of γ-MN biophysical properties in Err2/3
cKO 

mice results in the alteration of 

posture, thus, γ-MNs are essential for the control of posture. Moreover, this suggests that γ-

MNs regulate the mechanism of α-γ co-activation to control posture in mice. 

MSs appear in higher numbers in vertebral and lumbrical muscles that are vital for 

generating fine movements and the soleus muscle which is important for postural control 

(Barker, 1974; Fitz-Ritson, 1982). My data showed that Err2/3
cKO

 mice had higher number of 

stepping errors while navigating the horizontal ladder and horizontal beam when compared to 

control mice, therefore, suggesting that γ-MN function is integral to performing precision 

movements.  

Studies have shown that in mice, as in most other animals, gait patterns change with 

locomotion speed (Bellardita and Kiehn, 2015). Moreover, locomotion is generated by the 

central pattern generator (CPG) networks independent of the sensory information, however, 

proprioceptive information is needed to adjust CPG network activity, in order to adapt their 

locomotion to changes encountered in the environment (Grillner, 2006). My data showed that 

Err2/3
cKO 

mice were able to perform the same range of running speeds as control mice, albeit 

with gait alterations. Thus, Err2/3
cKO 

mice are still able to generate movements or locomote 

despite lacking functional γ-MNs. To summarize, my studies suggest that normal γ-MN 

biophysical properties and ultimately, function is needed to regulate MS function in order to 

maintain proper gait and posture and execute precision movements. 

4.5 The role of Err2 and Err3 in driving a γ-MN biophysical signature 

I next hypothesized that Err2 and Err3 are involved in driving the MN biophysical 

properties towards a γ-MN-like signature. The whole cell patch-clamp recordings I performed 

in Err2 or Err3-electroporated chick MNs showed significant increases in the firing frequency 

and gain combined with lower rheobase. The data analyses suggested that MNs that 
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expressed Err2VP16 had the highest shift in biophysical properties when compared to the 

MNs that expressed control eGFP. Specifically, the forced expression of Err2VP16, a fusion 

protein that results in high transcriptional activation, caused the most dramatic shift in 

biophysical properties towards lower rheobase, higher firing frequency, and higher gain 

compared to the forced expression of control eGFP. Moreover, the forced expression of 

Err2EnR, a fusion protein with transcription repressor activity did not recapitulate Err2, Err3 

or Err2VP16 actions on MN biophysical properties. I therefore concluded that Err2 alters 

biophysical properties through transcriptional activation. 

Previous studies have demonstrated that α-MN-subtype biophysical properties can be 

regulated by Delta-like 1 homolog (Dlk1), which is expressed by fast α-MNs from mice and 

is important for generating the fast α-MN biophysical properties, including higher firing 

thresholds and firing frequencies, lower firing durations and after-hyperpolarization (AHP) 

(Müller et al., 2014). Studies in other organisms have shown that Islet, a LIM-Homeodomain 

(LIM-HD) transcription factor is sufficient in regulating Drosophila MN subtype excitability 

(Wolfram et al., 2012). In line with this evidence, my studies suggest that the expression of 

specific molecules like Err2/3 and their downstream actions can shape the functional 

properties of MN subtypes. Moreover, my studies have implicated a functionally redundant 

role of Err2 and Err3 in promoting γ-MN biophysical properties, thus, it may be fruitful to 

investigate whether other molecularly related genes may be involved in promoting functional 

diversification of MNs or other neural subtypes in the CNS. 

4.6 Working towards a molecular mechanism that generates α- and γ-MN functional 

diversification 

At the start of my thesis work, there was no known molecular mechanism that 

promoted α-MN and γ-MN functional diversification. Therefore, RNA sequencing studies 

were performed using chick motor columns and the data showed that Kcna10 expression was 

up-regulated in chick motor columns when the chick neural tube was electroporated with 

VP16Err2 when compared to control eGFP or Dlk1. Furthermore, Err2 target genes were 

different from those regulated by Dlk1, which is consistent since it was previously found to 

promote a fast α-MN biophysical signature (Müller et al., 2014). In parallel, bioinformatic 

studies showed that evolutionary conserved region (ECR) of Kcna10 contained the three 

putative Err2/3 binding sites. The Kcna10 ECR containing the putative Err2/3 binding sites 

was cloned into a DNA construct containing tdTomato reporter gene. The fluorescence 

expression levels of tdTomato were used to quantify the ability of Err2VP16 to elevate 
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reporter gene activity, which was under the control of Kcna10 ECR. The data quantification 

of the immunodetection experiments showed that the expression of Err2VP16 significantly 

elevated the tdTomato reporter gene activity when compared to the expression of control 

eGFP. Moreover, the expression of Err2VP16 was not able to recapitulate this elevated 

tdTomato reporter gene activity when it was co-electroporated with Kcna10 ECR containing 

mutated Err2/3 binding sites. Taken together, the experiments suggest that Err2VP16 can 

bind to the predicted binding sites in the Kcna10 ECR and thereby mediate the increase in 

activity of tdTomato reporter gene through regulating the Kcna10 ECR. To summarize, these 

studies suggest that there are distinct pathways that lead to the functional diversification of 

MNs that are regulated by genes like Err2/3 and Dlk1.  

 Previous studies have suggested that voltage-gated K
+
 channels function to control 

frequency and duration of action potentials through repolarization (Humphries and Dart et al., 

2015). Studies have also shown that voltage-gated K
+ 

channels regulate neuronal excitability 

(Murakoshi and Trimmer, 1999). Kcna10, a voltage-gated K
+ 

channel was intriguing due to 

its possible function in cardiomyocyte action potential (Lang et al., 2000; Iwasa et al., 2001). 

More specifically, studies have shown that K
+
 ion currents set the discharge threshold and 

firing frequency in MNs (Leroy et al., 2015; Müller et al., 2014). My recordings showed that 

forced expression of Kcna10 in chick MNs resulted in decreased rheobase and increased 

firing frequency. Overall, my studies showed that expression of Kcna10, like the expression 

of Err2VP16, shifted MN biophysical properties towards γ-MN biophysical signature. 

Furthermore, studies that aim to characterize Kcna10 protein expression in mouse MNs may 

potentially provide evidence of whether Err2 regulates Kcna10 gene activity to promote a γ-

MN biophysical signature. My studies also imply that the expression of a specific type of 

voltage-gated K
+ 

channel may be responsible for the differences seen in the properties of α- 

versus γ-MNs. Indeed studies have shown that the control of voltage-gated K
+
 channel 

expression by transcription factor protein, Islet determines MN subtype specific biophysical 

properties (Wolfram et al., 2012). Thus, it is likely that the diversity of voltage-gated K
+
 

channel expression may tune the functional properties of different MN subtypes. 

4.7 Err2 and Err3 actions specifically promote γ-MN function but not identity  

 Previous studies had demonstrated that compared to α-MNs, γ-MNs lacked Ia 

sensory innervation, thus, they lacked vesicular glutamate transporter 1 (vGlut1), which is 

used to package glutamate into vesicles and is a marker for Ia sensory afferents (Eccles et al., 

1960; Friese et al., 2009; Oliveira et al., 2003). In agreement with previous findings, my data 
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showed that γ-MNs essentially lacked Ia sensory afferent innervation, since they essentially 

lacked vGlut1
+
 synaptic varicosities apposed to MN soma and proximal dendrites when 

compared to α-MNs from control mice. Like the γ-MNs from control mice, γ-MNs from 

Err2/3
cKO

 mice essentially lacked vGlut1
+
 synaptic varicosities. Furthermore, no significant 

changes were observed in the number of vGlut1
+
 synaptic varicosities in α-MNs from control 

versus Err2/3
cKO

 mice. Thus, suggesting that the lack of Err2 and Err3 in Err2/3
cKO 

mice does 

not alter Ia sensory afferent innervation pattern.  

Furthermore, quantitative immunodetection studies carried out in our laboratory 

suggest that γ-MN axonal innervation of intrafusal fibers in the MS from Err2/3
cKO

 was 

preserved. Moreover, sensory afferent responses recorded by using suction electrode 

recording technique in Err2/3
cKO

 mice showed that the MSs were functional. This suggests 

that Err2 and Err3 do not seem to affect sensory and motor innervation patterns. Studies have 

shown that the combinatorial expression patterns of LIM-homeodomain (HD) transcription 

factors and Hox genes are responsible for the initial stages of MN diversification (Jessell, 

2000; Dasen and Jessell, 2009; Philippidou and Dasen, 2013). However, the knowledge about 

how MNs maintain and tune their functions later in development is limited. Taken together, 

my studies showed that the expression of Err2 and Err3 transcription factors specifically 

promote γ-MN functional diversification but seem to have no influence on γ-MN identity, 

since the populations of small soma size putative γ-MNs with high FG levels and large soma 

size putative α-MNs with low FG levels were both present in Err2/3
cKO

 mice. Therefore, the 

high expression levels of Err2 and Err3 may endow certain cell populations with specific 

biophysical properties that in turn enable organisms to perform certain function. Hence, the 

high expression levels of Err2 and Err3 could potentially be used to classify particular cell 

type’s biophysical properties and functions within a system. 

4.8 Outlook: The role of Err2 and Err3 in extraocular MN functional properties and 

proprioception 

To focus images on the fovea precisely, reflexive and voluntary eye movements are 

regulated by the extraocular muscles (EOMs), which possess proprioceptive receptors. The 

EOMs of submammalian species are devoid of muscle spindle (MS) proprioceptors, while 

mammalian species like humans, some primates, mice and the artiodactyls have them (see 

Donaldson, 2000; Büttner-Ennever, 2007 for review). Moreover, EOM tendons of 

artiodactyls have the Golgi tendon organ (GTOs) proprioceptors (Büttner-Ennever, 2007). 

Furthermore, a special putative proprioceptor called the palisade endings is present in the 
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EOMs of nearly every species observed thus far (Büttner-Ennever, 2007). Even though these 

proprioceptors are observed in various species, a major gap in knowledge exists about 

whether these receptors generate sensory information that is provided to the nervous system 

and why a variation in the type of propriceptor exists between different species.  

In mammals, there are six different types of extraocular muscles (EOMs) that form 

two groups: 1) recti EOMs (superior, inferior, medial and lateral) and 2) oblique EOMs 

(superior and inferior) (Spencer and Porter, 2006). While there are six morphologically and 

histochemically distinct EOM fiber types identified in mammals: Orbital layer containing 1) 

orbital singly innervated fiber type (orbital SIF), orbital multiply innervated fiber type 

(orbital MIF), and global layer containing 1) global red SIF, 2) global white SIF, 3) global 

intermediate SIF, 4) global MIF (Spencer and Porter, 2006; Büttner-Ennever, 2007). 

Moreover, studies have shown that EOM fiber types can be grouped into two types based on 

their morphology and physiological properties: non-twitch multiply innervated fiber types 

(MIF) and twitch singly innervated fiber types (SIF) (Spencer and Porter, 2006; Büttner-

Ennever et al., 2001).  

MNs from several nuclei including the oculomotor, trochlear and abudcens innervate 

EOM fibers that ultimately generate eye movements (Büttner-Ennever, 2007). Studies 

suggest that MIF or SIF innervating MNs in the oculomotor nucleus have different afferent 

inputs and thus, have different functions (Wasicky et al., 2004; Ugolini et al., 2006; Büttner-

Ennever, 2007). Moreover, it is proposed that fast eye movements are produced by SIF 

innervating MNs, while MIF innervating MNs regulate muscle tension to produce smooth 

pursuit eye movements, convergence and gaze holding. Therefore, it would be interesting to 

investigate the differences in biophysical properties of these MN populations and how these 

properties influence eye movements in mice. 

Since my current investigations in the spinal cord showed that Err2 and Err3 promote 

functional diversification of γ-MNs, I explored whether this mechanism may be relevant to 

the oculomotor system as well. Immunodetection studies I performed using midbrain slices 

from P21 Chat::Tomato transgenic mice expressing tdTomato in cholinergic neurons (Fig. 

4.1D) showed that Err2 (Fig. 4.1A) and Err3 (Fig. 4.1B) are indeed expressed by oculomotor 

MNs. Moreover, previous studies have used retrograde tracers like cholera toxin subunit B 

(CTB) and Fluoro-Gold (FG) to characterize different MNs that innervate the extraocular 

muscles (Büttner-Ennever et al., 2002; Padmowijoyo and Yamadori, 1995). After 

characterizing oculomotor neurons with specific molecular markers, I plan to use retrograde 

tracers to label MNs and perform whole cell patch-clamp recordings of MNs from control 
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mice initially to establish baseline properties of different MN types in the oculomotor 

nucleus. Furthermore, Err2/3
cKO

 mice would be also injected with FG to label MNs in the 

oculomotor nucleus, recorded and compared to the control mice. In order to gauge whether 

the loss of Err2/3 in the oculomotor MNs has any impact on eye movements, both control and 

Err2/3
cKO

 mice will be subjected to behavioral tests to observe fast eye movements versus 

smooth pursuit eye movements or gaze holding. Furthermore, stretch-responses from sensory 

afferents innervating superior, medial and inferior recti muscles and inferior oblique muscles 

that are innervated by oculomotor nuclei will be recorded, which may resolve the issue of 

whether these muscles can provide proprioceptive input to the nervous system and ultimately, 

influence eye movements. Furthermore, the afferent responses elicited due to the stretch of 

the same muscles can be performed in Err2/3
cKO

 mice, which may show whether the lack of 

Err2/3 impacts the proprioceptor function. Therefore, the identification of a potential 

mechanism that drives oculomotor control may unravel the mystery of whether and to what 

extent extraocular muscles possess proprioceptive sense of eye movements. Ultimately, 

pursuing this line of investigation may reveal overlapping molecular strategies that tune 

neural biophysical properties to particular function throughout the nervous system.  

 

Figure 4.1 Err2 and Err3 expression in oculomotor nucleus of ChAT
Cre

; Rosa26
floxtdTomato 

mice at 

three weeks of age postnatally      

(A-E) Err2 (red, nuclei), Err3 (green, nuclei), NeuN (blue, soma), tdTomato (purple, soma). 

Err2 and Err3 (arrows) are expressed in oculomotor MNs of the midbrain. The scale bar 

represents 50 µm.  
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5. SUMMARY  

In terrestrial vertebrates, the control of gait, posture and precision movements require 

a functioning muscle spindle (MS) system that is regulated by gamma motor neurons (γ-

MNs). γ-MNs regulate the MS sensitivity, however, another MN subtype called alpha motor 

neurons (α-MNs) generate muscle force. The molecular mechanisms that promote the 

functional diversification of MNs into α- and γ-subtypes remain largely unknown. The 

objective of this study was to characterize the role of novel transcription factors and their 

downstream targets in shaping γ-MN biophysical properties, and ultimately their role in 

determining gait, posture and precision movements in vivo.  

Quantitative immunodetection studies showed that high levels of a known γ-MN 

marker, Err3, and a closely related protein, Err2, were co-expressed in putative γ-MNs that in 

addition had relatively small soma sizes, expressed low NeuN levels and incorporated high 

levels of Fluoro-Gold (FG) retrograde tracer. By contrast, putative α-MNs expressed low 

levels of Err2 and Err3, expressed moderate-to-high levels of NeuN and incorporated low 

levels of FG. 

To study MN biophysical properties and locomotion in mice lacking Err2 and Err3 

expression specifically in their MNs, Err2 and Err3 conditional knockout (Err2/3
cKO

) mice 

were generated using the Cre/LoxP technology, which resulted in a successful deletion of 

Err2 and Err3 genes in MNs. The fortuitous finding that putative γ-MNs incorporate high 

levels of FG, conversely, α-MNs incorporate low levels of FG provided the opportunity to 

study mature mouse γ-MN for the first time since studies in cat were performed in 1978. 

Indeed, whole cell patch-clamp studies using spinal cord slices from control mice showed 

that the FG
high

 putative γ-MNs had significantly different biophysical properties compared to 

the FG
low

 putative α-MNs. After determining the baseline properties of α- versus γ-MNs in 

control mice, recordings of the putative γ-MNs from Err2/3
cKO

 mice showed shifted 

biophysical properties to putative α-MN-like when compared to the putative γ-MNs from 

control mice. While no significant differences in biophysical properties were observed 

between the putative α-MNs from Err2/3
cKO

 mice versus the putative α-MNs from control 

mice. Furthermore, the data showed that the loss of Err2/3 did not alter the Ia sensory afferent 

connectivity of the γ- or α-MNs from Err2/3
cKO

 mice, therefore, implying that Err2/3 are 

important for determining γ-MN function but not identity.  

Gait and posture in mice was studied using a high-speed video camera that captured 

locomotion from below while it moved across a transparent treadmill. The data showed a 
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significant shift in gait and posture between Err2/3
cKO

 versus control mice. Thus, the 

regulation of MS apparatus through functional γ-MN is essential for normal gait and posture 

during locomotion. Furthermore, precision movements were studied using a horizontal ladder 

and horizontal beam that the mice walked across, which showed significant differences in the 

precision movements of Err2/3
cKO

 mice when compared to control mice. Thus, the lack of 

appropriate γ-MN biophysical properties to regulate MS apparatus function disrupts the 

execution of precision movements in Err2/3
cKO

 mice. 

Moreover, whole cell patch-clamp recordings in chick MNs that expressed Err2VP16 

(fusion of heterologous transcriptional activation domain VP16 to Err2), showed shifted 

biophysical properties towards a γ-MN-like biophysical signature acquired through 

transcriptional activation. To investigate a potential mechanism through which Err2 may act, 

RNA-sequencing studies in chick spinal columns showed that the expression of Err2VP16 

significantly up-regulated Kcna10 (a voltage-gated K
+
 channel) gene expression. The 

bioinformatical analysis identified three putative Err2/3 binding sites in the evolutionary 

conserved region (ECR) of Kcna10, which was cloned into a DNA construct. Subsequently, 

co-electroporation experiments showed that Err2VP16 significantly elevated the tdTomato 

reporter gene activity that was under the control of Kcna10 ECR.  Furthermore, the forced 

expression of Kcna10 protein in chick MNs shifted their biophysical properties towards a γ-

MN-like biophysical signature. Overall, these studies suggest that Err2 may regulate γ-MN 

biophysical properties through regulating Kcna10 expression.   

The major finding of this study is that Err2 and Err3 regulate γ-MN biophysical 

properties, which allow for the control of MS function that in turn provide proprioceptive 

information needed for control of gait, posture and precision movements during locomotion. 

Similar molecular strategies that drive functional diversification of neurons may operate 

throughout the nervous system.  
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7. APPENDIX 1 

To verify that the anti-Err2 and anti-Err3 primary antibodies used in quantitative 

immunodetection studies were specific for mouse Err2 or mouse Err3 proteins, mouse Err2 

and mouse Err3 genes inserted into Tol2 transposase system were expressed in chick MNs 

using in ovo electroporation technique (Materials & Methods section 2.13.1). Chick neural 

tube cryosections were incubated with appropriate primary and secondary antibodies to check 

for cross-reactivity (Fig. 7.1). The studies showed that anti-Err2 primary antibody binds 

mouse Err2 protein, while anti-Err3 primary antibody binds to mouse Err3 protein. However, 

some fluorescent signal was detected on both electroporated and non-electroporated sides of 

spinal cord when chick cryosections were incubated with anti-Err3 primary and appropriate 

secondary antibodies, suggesting that anti-Err3 primary antibody may possibly bind 

endogenous chick Err3 protein or show some background fluorescence.  

 

Figure 7.1 Anti-Err2 and anti-Err3 antibodies specifically recognize Err2 and Err3 

proteins, respectively  

(A-F) Split channel and merged confocal images of the ventral horn of the chick neural tube at E5.5 

(HH St. 27-28) electroporated with a DNA construct carrying mouse Err2 (CMV-Err2-eGFP) and 

incubated with primary anti-Err2 antibody and anti-GFP antibody and appropriate secondary 

antibodies (A-C) or anti-Err3 and anti-GFP antibodies and appropriate secondary antibodies (D-F). 

(A-C) Solid arrows indicate co-localization of the anti-Err2 fluorescent signal with GFP fluorescent 

signal on the electroporated side (+). (D-F) While hollow arrows indicate endogenous fluorescent 

signal upon the incubation with the anti-Err3 antibody on both the electroporated (+) and the non-
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electroporated side (–) of the neural tube. (G-L) Confocal microscope images of chick embryo at E5.5 

(HH St. 27-28) electroporated with a DNA construct carrying mouse Err3 (CMV-Err3-eGFP) and 

cryosections incubated with anti-Err3 and anti-GFP antibodies primary antibodies and appropriate 

secondary antibodies (G-I) or anti-Err2 and anti-GFP antibodies and appropriate secondary antibodies 

(J-L). (G-I) Solid arrows indicate co-localization of the anti-Err3 fluorescent signal with GFP 

fluorescent signal on the electroporated side (+), while hollow arrows indicate endogenous signal on 

the non-electroporated side (–) of the neural tube. (J-L) No signal is detected by anti-Err2 antibody 

when electroporated with Err3 (CMV-Err3-eGFP) DNA construct. Scale bar represents 100 µm.  

 

Wild-type mouse cryosections were used to verify whether Err2 and Err3 primary 

antibodies were bound by isotype-specific secondary antibodies (Fig. 7.2). The 

immunodetection studies showed that IgG2b and IgG2a secondary antibodies are isotype-

specific for Err2 and Err3 primary antibodies, respectively. Thus, anti-Err2 and anti-Err3 

primary antibodies were co-incubated in a cryosection and treated with IgG2b and IgG2a 

isotype-specific secondary antibodies to observe the co-expression patterns of Err2 and Err3 

in mouse spinal cord postnatally. 

  

 

Figure 7.2 Secondary antibodies IgG2b and IgG2a are isotype-specific for Err2 and Err3, 

respectively 

(A-P) Split channel and merged confocal images from P21 thoracolumbar spinal cord regions 

incubated with anti-Err2 or anti-Err3 primary antibodies and then with isotype-specific anti-Err2 
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IgG2a or IgG2b and anti-Err3 IgG2a or IgG2b secondary antibodies, respectively. (A-D) Cryosections 

co-incubated with anti-Err2 primary antibody and anti-Err2 Alexa Fluor IgG2a secondary antibody 

showed no fluorescent signal in putative γ-MNs (solid arrows), putative α-MNs (triangle), putative 

non-cholinergic cells (hollow arrows). (E-H) While cryosections co-incubated with anti-Err2 primary 

antibody and Alexa Fluor IgG2b secondary antibody showed high fluorescent signal (solid arrows) in 

putative γ-MNs. (I-L) Cryosections co-incubated with anti-Err3 primary antibody and anti-Err3 Alexa 

Fluor IgG2a secondary antibody showed fluorescent signal in putative γ-MNs (solid arrows). (M-P) 

While cryosections co-incubated with an anti-Err3 primary antibody and anti-Err3 Alexa Fluor IgG2b 

secondary antibody showed no signal in putative γ-MNs (solid arrows), putative α-MNs (triangle), or 

putative non-cholinergic cells (hollow arrows). Scale bar represents 50 µm.  
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 Table 8.1 Summary of biophysical properties of putative α- and γ-MNs from 

control and Err2/3
cKO

 mice 
Biophysical 

Property 

putative γ-MNs 

(control) (n=24) 

putative α-MNs  

(control) (n=22) 

putative γ-MNs 

(Err2/3
cKO

)
  
(n=18) 

putative α-MNs 
 

(Err2/3
cKO

)
  
(n=9) 

mean input resistance 

[MΩ] 

 

136.62 ± 14.63 
 

36.55 ± 4.16 
a 

***
 

114.48 ± 17.89 
b 

N.S. 

35.79 ± 7.62 
 c 

N.S. 

mean capacitance [pF] 

 

76.07 ± 6.01 
 

239.1 ± 17.17 
a 

*** 

117.67 ± 8.93 
b 

*** 

247.85 ± 22.19 
c 

N.S. 

mean rheobase [pA] 

 

221.87 ± 31.34 
 

909.09 ± 82.11 
a 

*** 

419.72 ± 84.11 
b 

* 

855.55 ± 124.85 
c 

N.S. 

mean AHP amplitude 

[mV] 

 

3.23 ± 0.45 
 

4.57 ± 0.28 
a 

* 

3.69 ± 0.56 
b 

N.S. 

4.27 ± 0.30 
c 

N.S.  

mean AHP half-width 

[ms] 

 

32.22 ± 2.36 
 

39.76 ± 2.75 
a 

* 

45.31 ± 3.03 
b 

*** 

33.55 ± 3.27 
c 

N.S. 

mean AHP half-decay 

[ms] 

 

22.10 ± 1.89 
 

27.78 ± 1.94 
a 

* 

30.08 ± 2.50 
b 

* 

23.89 ± 2.55 
c 

N.S. 

mean firing frequency 

[Hz] 

 

                

50.65 ± 3.23 
 

20.41 ± 1.70 
a 

*** 

27.61 ± 3.15 
b 

*** 

25.03 ± 3.76 
c 

N.S. 

mean firing frequency  

(steady-state) [Hz] 

 

                

49.37 ± 3.20 
 

20.18 ± 1.32 
a 

*** 

26.25 ± 3.10 
b 

*** 

24.99 ± 2.42 
c 

N.S. 

mean firing 

frequency 

(instantaneous) [Hz] 

 

                

104.88 ± 6.90 
 

30.09 ± 3.79 
a 

*** 

56.52 ± 7.86 
b 

*** 

35.83 ± 5.90 
c 

N.S. 

mean gain [Hz/nA] 

 

                

161.01 ± 9.77 
 

32.64 ± 4.02 
a 

*** 

84.01 ± 12.34 
b 

*** 

43.04 ± 9.81 
c 

N.S. 

mean gain (steady-

state) [Hz/nA] 

 

                

155.12 ± 9.87 
 

31.66 ± 3.57 
a 

*** 

78.01 ± 12.25 
b 

*** 

41.86 ± 8.81 
c 

N.S. 

mean gain 

(instantaneous) 

[Hz/nA] 

 

                

350.57 ± 17.15 
 

70.62 ± 15.22 
a 

*** 

215.45 ± 22.58 
b 

*** 

79.15 ± 23.97 
c 

N.S. 

MNs held at mean 

membrane potential 

[mV] 

 

 

-69.74 ± 0.23 
 

 

-68.70 ± 0.20 
 

 

-69.43 ± 0.35 
 

 

-68.53 ± 0.73 
 

 

 
 

 

 

Values show mean ± standard error of the mean (S.E.M.). 
a 
indicates significant difference between the putative γ-MNs (control) (n=24) and the putative α-MNs

 

(control) (n=22) (student’s t-test); 
b 
indicates significant difference between the putative γ-MNs (control) (n=24) and the putative γ-MNs 

(Err2/3
cKO

)
  
(n=18) (student’s t-test); 
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c 
indicates significant difference between the putative α-MNs (control) (n=22) and the putative α-MNs 

 

(Err2/3
cKO

)
  
(n=9) (student’s t-test); 

*** p-value <0.001; 

** p-value <0.01; 

* p-value <0.05; 
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 Table 8.2 Summary of biophysical properties of chick spinal cord MNs  

Biophysical 

Property 

 

CMV-eGFP 

 (n=21) 

CMV-VP16-   

Err2-eGFP 

    (n=20) 

CMV- 

Err2-eGFP 

 (n=21) 

CMV-Err3- 

    eGFP 

   (n=21) 

CMV-EnR-

Err2-eGFP 

  (n=17) 

†CMV-

eGFP 

 (n=23) 

†CMV-

Kcna10-  

eGFP    

(n=24) 

mean input 

resistance [MΩ] 

 

 

272.13 ± 

34.62 
 

 

298.72 ± 

26.67 
a 

N.S. 

309.96 ± 

28.96 
a 

N.S. 

299.52 ± 

31.54 
a 

N.S. 

181.48 ± 

14.14 

a 
* 

263.26 ± 

31.59 
b 

N.S. 

373.99 ± 

47.38 
c 

N.S. 

mean capacitance 

[pF] 

 

               

237.77 ± 

14.82 

 
 

141.63 ± 

7.38 

a 
*** 

185.20 ± 

7.96 

a 
*** 

189.54 ± 

7.33 

a 
*** 

218.26 ± 

8.91 
a
 N.S. 

241.29 ± 

12.01 
b 

N.S. 

183.96 ± 9.74 

c 
*** 

mean rheobase [pA] 

 

              

160.95 ± 

25.85 
 

 

61 ± 6.36 

a 
*** 

114.28 ± 

15.10 
a 

N.S. 

129.28 ± 

23.41 
a 

N.S. 

182.94 ± 

18.81 
a 

N.S. 

160.43 ± 

19.97 
b 

N.S. 

67.91 ± 11.15 

c 
*** 

mean AHP 

amplitude [mV] 

 

               

8.48 ± 0.75 
 

 

5.85 ± 0.51 

 
a 

*** 

6.54 ± 0.81 
a 

N.S. 
          

5.44 ± 0.51 

a 
*** 

8.17 ± 0.61 
a 

N.S. 

7.52 ± 0.58 
b 

N.S. 

6.33 ± 0.54 
c 

N.S. 

mean AHP half-

width [ms] 

 

                 

118.53 ± 

9.37 
 

 

97.27 ± 5.57 
a 

N.S. 

110.39 ± 

7.13 
a 

N.S. 

110.62 ± 

4.01 
a 

N.S. 

94.80 ± 4.06 

a 
* 

130.96 ± 

8.22 
b 

N.S. 

121.55 ± 8.14 
c 

N.S. 

mean AHP half-

decay [ms] 

 

                

85.97 ± 7.16 
 

 

69.91 ± 4.26 
a 

N.S. 

75.60 ± 

5.54 
a 

N.S. 

77.0 ± 3.22 
a 

N.S. 

67.49 ± 3.12 

 a 
* 

93.34 ± 5.88 
b 

N.S. 

87.34 ± 6.17 
c 

N.S. 

mean firing 

frequency [Hz] 

 

                

13.63 ± 0.63 
 

 

19.82 ± 1.10 

a 
*** 

15.91± 0.78 

a 
* 

16.93 ± 1.12 

a 
*** 

15.08 ± 0.87 
a 

N.S. 

12.69 ± 0.73 
b 

N.S. 

15.83 ± 0.57 

c 
*** 

mean firing 

frequency  

(steady-state) [Hz] 

 

                

13.26 ± 0.62 
 

 

19.14 ± 1.06 

a 
*** 

15.66 ± 

1.05 

a 
* 

16.65 ± 0.67 

a 
*** 

14.42 ± 0.87 
a 

N.S. 

12.51 ± 0.73 
b 

N.S. 

15.49 ± 0.56 

c 
*** 

mean firing 

frequency 

(instantaneous) 

[Hz] 

 

                

14.87 ± 1.05 
 

 

32.01 ± 2.36 

a 
*** 

18.39 ± 

1.42 

a 
* 

22.0 ± 1.26 

a 
*** 

14.79 ± 1.36 
a 

N.S. 

14.12 ± 1.22 
b 

N.S. 

21.46 ± 0.94 

c 
*** 

mean gain [Hz/nA] 

 

                

44.84 ± 2.75 

 

 

101.01 ± 

6.58 

a 
*** 

58.0 ± 3.49 

a 
*** 

62.47 ± 2.66 

a 
*** 

44.58 ± 5.14 
a 

N.S. 

42.45 ± 2.63 
b 

N.S. 

46.57 ± 2.69 
c 

N.S. 

mean gain (steady-

state) [Hz/nA] 

 

                

44.35 ± 2.79 
 

 

93.21 ± 6.13 

a 
*** 

57.12 ± 

4.33 

a
*** 

60.75 ± 2.69 

a 
*** 

43.99 ± 5.43 
a 

N.S. 

42.1 ± 2.63 
b 

N.S. 

44.26 ± 2.76 
c 

N.S. 

mean gain 

(instantaneous) 

[Hz/nA] 

 

                

60.86 ± 5.67 
 

 

209.59 ± 

16.68 

a 
*** 

79.59± 8.88 
a 

N.S. 

106.75 ± 

8.27 

a 
*** 

54.67± 8.99 
a 

N.S. 

58.07 ± 5.20 
b 

N.S. 

85.72 ± 5.36 

c 
*** 

MNs held at mean 

membrane potential 

[mV] 

 

-60.82 ± 

0.44 
 

 

-59.64 ± 0.51 
 

 

-60.38 ± 

0.21 
 

 

-60.82 ± 

0.24 
 

 

-60.13 ± 0.27 
 

 

-60.91 ± 

0.16 
 

 

-60.88 ± 0.28 
 

 

 
 

 

CMV-eGFP (control) versus CMV-VP16-Err2-eGFP, CMV-Err2-eGFP, CMV-Err3-eGFP, CMV-

EnR-Err2-eGFP studies were carried out using same internal solution; 

†CMV-eGFP (control) versus CMV-Kcna10-eGFP studies were carried out using same internal 

solution. 

Values show mean ± standard error of the mean (S.E.M.). 
a 
indicates significant difference compared to CMV-eGFP (student’s t-test); 

b 
indicates significant difference between CMV-eGFP and CMV-eGFP (student’s t-test); 
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c 
indicates significant difference between CMV-eGFP and CMV-Kcna10-eGFP (student’s t-test); 

*** p-value <0.001; 

** p-value <0.01; 

* p-value  <0.05; 
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   Table 9.1 Forelimb variables control versus Err2/3
cKO

 at mice at all speeds 

 

Variables Importance in relation to belt speed (cm/s) 

 

FORELIMB. 

WEIGHT. 

SUPPORT (real #) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

 

ABS. AXIS. 

DISTANCE (cm) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

NORM. STANCE. 

WIDTH (real #), 

STANCE WIDTH 

(cm) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

STRIDE. 

FREQUENCY 

(strides/s) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

PAW. OVERLAP. 

DISTANCE (cm) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

 BRAKE (s) 
10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 

 

 

 

 X.BRAKE. 

STANCE (%) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

X.BRAKE. STRIDE 

(%) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

X. PROPEL. 

STANCE (%) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

X.PROPEL.STRIDE   

            (%) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

PPP (cm) 
10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
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color key 

mean Err2/3
cko

 < mean control 

mean Err2/3
cko

 > mean control 

more important at speed 

less important at speed 

not important at speed  

 

 

 

 



9. APPENDIX 3 

 

 

150 
 

 

   Table 9.2 Hindlimb variables control versus Err2/3
cKO

 at mice at all speeds 

 

Variable Importance in relation to belt speed (cm/s) 

 

 MAX.DA.DT (cm
2
/s) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 

 

 

   

PAW.AREA (cm
2
)  

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

X.PROPEL.STRIDE 

(%), PROPULSION 

DURATION (ms) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

X.STANCE.WIDTH 

VARIANCE (cm), 

STANCE.WIDTH. 

CV (CV%)  

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

ATAXIA.COEFFICI

ENT (real #) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

PAW AREA 

VARIANCE (cm
2
) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

 X.BRAKE.STRIDE    

         (%) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

 X.BRAKE.STANCE  

        (%) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

X.STANCE.STRIDE 

         (%) 

 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 

 

 

     

MIDLINE.DISTANC

E (cm) 

 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

SHARED.STANCE 

(ms) 

10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
 

 

PPP (cm) 
10 cm/s 15 cm/s 20 cm/s 25 cm/s 30 cm/s 35 cm/s 
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color key 

mean Err2/3
cko

 < mean control 

mean Err2/3
cko

 > mean control 

more important at speed 

less important at speed 

not important at speed  

 

Statistical analysis using a Student’s t-test gave a probability of <0.1% of replicating 

the selected model’s performance due to chance. The Q
2
 and RMSEP p-value are 

summarized for both forelimbs and hindlimbs for all Digigait treadmill speeds (10 cm/s, 15 

cm/s, 20 cm/s, 25 cm/s, 30 cm/s, 35 cm/s).  

Table 9.3 Q
2 
and RMSEP p-value for forelimbs and hindlimbs 

 Forelimbs Hindlimbs 

Belt Speed Q
2
 RMSEP Q

2
 RMSEP 

cm/s p-value p-value p-value p-value 

10 7.356E-28 1.446E-36 3.473E-24 6.717E-42 

15 7.191E-26 2.613E-35 8.789E-25 4.683E-37 

20 3.558E-30 2.613E-41 2.434E-29 2.648E-38 

25 1.113E-30 2.263E-36 1.810E-33 2.393E-38 

30 2.864E-26 3.168E-28 4.584E-34 5.116E-44 

35 8.827E-33 3.984E-29 2.915E-39 4.437E-43 
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