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ABSTRACT 

Greater than 50% of all spinal cord injuries (SCIs) in humans occur at the cervical 

level and the biggest desire of quadriplegic patients is recovery of hand and digit 

function.  Several weeks after SCI, re-organization and re-modeling of spared 

endogenous pathways occurs and plasticity of both supraspinal and interneuronal 

networks are believed to mediate functional recovery. Propriospinal interneurons (PNs) 

are neurons found entirely in the spinal cord with axons projecting to different spinal 

segments. PNs function by modulating locomotion, integrating supraspinal motor 

pathways and peripheral sensory afferents. Recent studies have postulated that if PNs are 

spared following SCI, these neurons can contribute to functional recovery by establishing 

synaptic connections onto motor neurons. However, to what extent cervical PNs are 

involved in recovery of reaching behavior is not known.  

In our first study, we generated a lentiviral vector that permits highly efficient 

retrograde transport (HiRet) upon uptake at synaptic terminals in order to map 

supraspinal and interneuronal populations terminating near forelimb motoneurons (MNs) 

innervating the limb. With this vector, we found neurons labeled within the C3-C4 spinal 

cord and in the red nucleus, two major populations which are known to modulate 

forelimb reaching behavior. We also proceeded to use a novel two-viral vector method to 

specifically label ipsilateral C3-C4 PNs with tetracycline-inducible GFP. Histological 

analysis showed detailed labeling of somas, dendrites along with axon terminals. Based 

on this data, we proceeded to determine the contribution of C3-C4 PNs and rubrospinal 

neurons on forelimb reaching and grasping before and after cervical SCI. 
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In our second study, we have examined a double-infection technique for 

shutdown of PNs and rubrospinal neurons (RSNs) in adult rats. Adult rats were 

microinjected with a lentiviral vector expressing tetracycline-inducible inhibitory 

DREADDs into C6-T1 spinal levels. Adeno-associated viral vectors (AAV2) expressing 

TetON mixed with GIRK2 were injected into the red nucleus and C3-C4 spinal levels 

respectively. Rats were tested for deficits in reaching behaviors upon application of 

doxycycline and clozapine-n-oxide (CNO) administration. No behavioral deficits were 

observed pre-injury. Rats then received a C5 spinal cord lesion to sever cortical input to 

forelimb motoneurons and were allowed four weeks to spontaneously recover. Upon re-

administration of CNO to activate inhibitory DREADDs, deficits were observed in 

forelimb reaching. Histological analysis of the C3-C4 spinal cord and red nucleus showed 

DREADD+ neurons co-expressing GIRK2 in somas and dendrites of PNs and RSNs. PN 

terminals expressing DREADD were observed near C6-T1 motoneurons and in the 

brainstem. Control animals did not show substantial deficits with CNO administration. 

These results indicate both rubro- and propriospinal pathways are necessary for recovery 

of forelimb reaching.  

In a separate study, we sought to determine if promoting severed CST sprouting 

rostral to a C5 lesion near C3-C4 PNs could improve behavioral recovery post SCI. Past 

studies have examined sprouting and regeneration of corticospinal tract (CST) fibers 

post-cervical SCI through viral upregulation of key components of the PI3K/Akt/mTOR 

cascade. We examined the regenerative growth potential of CST fibers that are 

transduced with AAV2 expressing constituively active Akt3 or STAT3 both separately 

and in combination (Akt3 + STAT3). We have observed significant increases in CST 
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axonal sprouting and regeneration in Akt3 and Akt3 + STAT3 transduced samples. 

However, no recovery was observed as animals transduced with viral constitutively 

active Akt3 displayed an epileptic phenotype. Further, epileptic animals with 

constitutively active Akt3 were found to have significant cortical neuron cell 

hypertrophy, activatived astrogliosis, increased dendritic arbors and hemimegencephalitis 

(HME). These results indicate a new model for examining mechanisms of  HME and 

mTOR hyperactivity-induced epilepsy in adult rodents. 
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CHAPTER 1 

INTRODUCTION 

Spinal Cord Injuries 

Epidemiology  

 Spinal cord injuries (SCIs) are a devastating ailment that impacts patients as well 

as their families. Depending on the level of the injury and its severity, insults to the spinal 

cord can damage several axonal tracts which result in neurological deficits. Such 

impairments can range from a loss of voluntary motor control to initiate limb movement, 

sensory information and disrupt autonomic functions (Binder, 2013; see Ahuja and 

Fehlings, 2016 for review). The extent and location of a spinal cord injury can lead to 

disabilities that diminish the quality of life and predicate if a patient may end up either 

paraplegic or quadriplegic (Herrmann et al., 2011; Hill et al., 2010). Approximately 

45.9% of human SCIs lead to incomplete quadriplegia, 20.9% incomplete paraplegia, 

19.7% complete quadriplegia and 13.2% complete paraplegia respectively (National 

Spinal Cord Injury Statistical Center, 2017). Additional complications include loss of 

bowel, kidney or bladder function, and in higher level injuries, cardiac and/or respiratory 

dysfunction. 

There are approximately 285,000 people living with SCI in the United States 

(National Spinal Cord Injury Statistical Center, 2017). Direct costs for treatment and care 

of patients with SCI are ~$1.1 – 4.6 million per patient over the course of their lifetime 

(Spinal cord injury (SCI) 2016 facts and figures at a glance. 2016). The incidence of SCI 

is approximately 54 cases per million individuals (National Spinal Cord Injury Statistical 

Center, 2017; Cripps et al., 2011). Major causes of SCIs arise from motor vehicle 
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accidents (38%), falls (31%), violence (14%), sports (9%) and other causes (9%) 

(National Spinal Cord Injury Statistical Center, 2017; Y. Chen et al., 2016; see Branco et 

al., 2007 for review) (Figure 1). A majority (~60%) of human spinal cord injuries occur 

at the cervical level, followed by thoracic (32%) and lumbosacral (9%) (Y. Chen et al., 

2016) (Figure 1). Many patients with cervical level injuries are left quadriplegic with loss 

of sensory and motor inputs to the upper and lower extremities. These patients, when 

polled, desired the recovery of hand and digit function the most to improve their daily 

lifestyle. Their desire to regain distal forelimb function was a greater priority than 

regaining sexual function, trunk stability, and the ability to walk (Anderson, 2004).  

 

Figure 1: Spinal Cord Injury Statistics 

 

Pathophysiology: Primary vs Secondary Injury  

 The pathophysiology of SCI is separated into primary and secondary injury. The 

primary injury is considered the mechanical insult to the spinal cord that begins 
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neurological damage. This can result from either a contusion, a vertebral 

fracture/displacement or a transection (in rare instances). The primary injury creates an 

area of damage to axons, and neurons within the spinal cord grey matter, and initiates a 

series of events (secondary injury) that further extends tissue damage (Rowland et al., 

2008). 

 The secondary injury is divided into several temporal stages: acute (<48 hours), 

subacute (48 hours to 14 days), intermediate (14 days to 6 months) and chronic (>6 

months) (see Ahuja et al., 2017 for review). Each of these stages correlate to cellular and 

pathological changes manifesting after the primary insult. Initial stages (during the acute 

and subacute phase) are characterized by neuronal dysfunction and cell death at the 

location of the injury (LaPlaca et al., 2007; Choo et al., 2007).  Several events occur at 

this specific point in time: a disruption of the microvascular supply to the spinal cord, 

hemorrhages and an increased influx of macrophages, neutrophils and lymphocytes 

(Rowland et al., 2008; Pineau and Lacroix, 2007; Norenberg et al., 2004). The presence 

of these cell types also increases the presence of inflammatory cytokines such as tumor 

necrosis factor and interleukin 1B (Pineau and Lacroix, 2007). The inflammatory 

response causes increased swelling of the injured spinal cord and results in further 

damage. Later stages (intermediate and chronic) are characterized by an altered 

microenvironment due to the presence of several factors: reactive oxygen species, 

disruption of ionic homeostasis, reactive astrocytosis, development of cystic cavity and 

excitotoxic molecules (M. Liu et al., 2015; Y. Wang et al., 2014; Rowland et al., 2008; 

Norenberg et al., 2004; Hausmann, 2003; Dizdaroglu et al., 2002; S. Li and Stys, 2000; S. 

Li et al., 1999). An additional hallmark during this phase is the formation of the 
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astrocytic glial scar. Reactive astrocytes can interlink to separate the damaged tissue from 

the surrounding uninjured areas (Stichel and Muller, 1998). During the formation of the 

scar, several molecules are released or expressed which include cytokines, inhibitory 

axon guidance molecules (ex. Chondroitin sulfate proteoglycans (CSPGs)) (Galtrey and 

Fawcett, 2007; Jones et al., 2003; Snow et al., 1990; McKeon et al., 1991; see Fitch and 

Silver, 2008; Hoke and Silver, 1996 for reviews), cell adhesion and extracellular matrix 

proteins (see Busch and Silver, 2007 for review). The presence of all of these molecules 

and events following SCI create significant barriers to permit axonal regrowth (Case and 

Tessier-Lavigne, 2005; Davidoff, 1929) and significant functional recovery in human 

patients in the absence of combinatorial therapeutic methods. 

 

Impediments to axonal growth post injury  

 Following SCI, it is known that severed adult central nervous system (CNS) 

axons fail to regenerate and re-establish functional synaptic connections with their 

original targets (Schwab and Bartholdi, 1996). Recovery following an SCI is very limited 

in humans and depending on the severity of the injury in rodents, full spontaneous 

recovery is not often observed. Major impediments to axon regeneration in the adult CNS 

are due to 1) downregulated intrinsic growth promoting signaling cascades (ex. JAK-

STAT, PI3K/Akt/mTOR) (see He and Jin, 2016; Moore et al., 2011; Park et al., 2010; 

Sun and He, 2010 for reviews), 2) diminished abundance of extrinsic growth permissive 

molecules (ex. Nerve growth factor (NGF), brain derived growth factor (BDNF) or 

neurotrophin-3 (NT3)) (see Blesch et al., 2012; Hollis and Tuszynski, 2011; Lu and 

Tuszynski, 2008; Hendriks et al., 2004 for reviews), and 3) presence of inhibitory 
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molecules (ex. Chondroitin sulfate proteoglycans (CSPGs), oligodendrocyte-myelin 

glycoprotein (O-Mgp), myelin associated inhibitors (MAIs) and myelin associated 

glycoproteins (MAGs)) usually present within the astrocytic glial scar (see Schwab and 

Strittmatter, 2014; Fitch and Silver, 2008; Yiu and He, 2006; Schwab, 2004; Filbin, 2003 

for reviews). The combination of these factors makes supraspinal (from the brain or 

brainstem) axon regeneration within the adult CNS non-permissive compared to 

embryonic developing stages.  

Past studies have attempted to promote severed CNS axons to regenerate by using 

gene therapy to upregulate axon growth promoting signaling cascades (Park et al., 2010; 

Sun and He, 2010), increasing expression of neurotrophic factors by exogenous 

application (see Blesch et al., 2012; Hollis and Tuszynski, 2011; Lu and Tuszynski, 2008; 

Hendriks et al., 2004 for reviews), or using antibodies to inhibit myelin associated 

inhibitors and myelin associated debris (see Schwab and Strittmatter, 2014; Fitch and 

Silver, 2008; Yiu and He, 2006; Schwab, 2004; Filbin, 2003 for reviews). In combination 

with the said methods, several investigators have attempted enzymatic digestion of 

CSPGs present within the glial scar in a effort to promote axon regeneration (Fitch and 

Silver, 2008; Snow et al., 1990). Despite these attempts to promote severed axons to 

regenerate, many axons that regenerate fail to re-establish contacts onto original targets 

(see Tuszynski and Steward, 2012 for review). Instead, intact axonal tracts tend to 

undergo compensatory sprouting to reinnervate targets of severed axons (Tuszynski and 

Steward, 2012; Yiu and He, 2006; D. Wu et al., 2009). However, it is widely accepted 

that severed CNS axons fail to undergo long distance regeneration to re-establish 

connectivity with original targets. 
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Descending motor pathways involved in forelimb function 

Corticospinal Tract 

 Many descending motor pathways in mammals are conserved and have similar 

functions across multiple species. Motor pathways in quadrupedal and bipedal mammals 

are divided into pyramidal and extrapyramidal tracts based on origin, axonal projection 

and termination within the spinal cord (see Lemon, 2008 for review). The major input for 

motor movements in many mammalian species arises from corticospinal neurons (CSNs). 

CSNs are found in layer V of the cortex and project axons to several important 

subcortical structures and innervate all levels of the spinal cord (Antal, 1984; see Lemon, 

2008; Armand, 1982 for reviews). In humans, major brain regions that give rise to the 

corticospinal fibers are the primary motor and sensory cortices. In rodents, corticospinal 

axons have their origins in motor, somatosensory, cingulate, prefrontal, visual and 

parietal cortices (Kamiyama et al., 2015; Tennant et al., 2011; Akintunde and Buxton, 

1992; Miller, 1987). The corticospinal tract (CST) has an extensive role in voluntary 

skilled motor function of the distal extremities including reaching and grasping behaviors 

(Schieber, 2007; Lemon and Griffiths, 2005; Lawrence and Kuypers, 1968a; Alstermark, 

1992; see Alstermark and Isa, 2012; Lemon, 2008 for review). From their origin in the 

cortex, CST axons travel through the internal capsule, cerebral peduncle and medullary 

pyramid to reach the caudal brainstem. Upon reaching the pyramidal decussation, many 

fibers cross to the side contralateral from their point of origin. In rodents, a majority 

(~95%) of the CST fibers that decussate descend to form the dorsal corticospinal tract 

(dCST), which is found in the ventral part of the dorsal funiculus (Joosten et al., 1992; 
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Joosten et al., 1987; Kuypers, 1981; L. T. Brown Jr, 1971) (Figure 2A). The remaining 

fibers (~3-5%) are found in the lateral funiculus (crossed fibers that compose the lateral 

CST) and the ventral funiculus (uncrossed fibers that are part of the ventral CST) (K. L. 

Fink et al., 2015; Oudega and Perez, 2012; Joosten et al., 1992). The organization of the 

CST in rodents differs from humans, primates, and cats (Oudega and Perez, 2012). In 

human, primates and cats, the majority of CST fibers are instead found in the dorsolateral 

funiculus (Figure 2B). The CST has many synaptic terminals in the cervical spinal cord 

in both the dorsal and intermediate portions of the grey matter incorporating peripheral 

sensory inputs to modulate distal limb motor control (Wolpert et al., 2001; Brosamle and 

Schwab, 2000; Brosamle and Schwab, 1997; Canedo, 1997; Wall and Lidierth, 1997). 

 

Figure 2: Representative example of location of CST in mammals. 

A) Location of CST fibers in the spinal cord of rodents. A majority (~95%) of fibers are 

found in the ventral portion of the dorsal columns (dorsal CST). Remaining fibers are 

found in the lateral funiculus (lateral CST) and in the ventral funiculus (ventral CST). B) 

Location of CST fibers in humans, primates and cats. A majority of fibers are found in 

the lateral funiculus with remaining fibers found in the ventral funiculus. 
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Rubrospinal Tract  

Several subcortical nuclei house neurons that participate in parallel functions and 

can compensate for CST function. Extrapyramidal pathways such as rubrospinal, 

reticulospinal and tectospinal play essential roles in skilled forelimb movements. In the 

midbrain, the red nucleus (RN) is found to contain rubrospinal neurons (RSNs) that 

innervate both forelimb and hindlimb muscles (Kuchler et al., 2002; Jankowska, 1988; 

Petrovicky, 1974). The RN is divided into two substructures based on neuronal 

morphology; magnocellular and parvocellular. The magnocellular RN provides the origin 

of the rubrospinal fibers that descend into the mammalian spinal cord (Murray and 

Gurule, 1979; Massion, 1967) and is involved in arpeggio movement, where the digits are 

spread apart during pronation to retrieve a food pellet during forelimb reaching (Morris et 

al., 2015; Morris et al., 2011). The parvocellular RN provides less input, but also is 

involved in aiming and supination of the forepaw (Morris et al., 2015; Whishaw et al., 

1998; Whishaw and Gorny, 1996). Fibers from this nucleus decussate at the ventral 

tegmental decussation and descends into the spinal cord with fibers found in the 

dorsolateral funiculus across many species (Kuchler et al., 2002; Antal et al., 1992; Shieh 

et al., 1983; Murray and Gurule, 1979; L. T. Brown, 1974; Waldron and Gwyn, 1969) 

(Figure 3). The rubrospinal tract (RST) innervates the intermediate and ventral portions 

of the cervical spinal cord grey matter (Antal et al., 1992; Holstege and Tan, 1988; 

Kuchler et al., 2002). This innervation pattern of forelimb musculature is believed to 

participate in distal forelimb function such as hand, wrist and digits of quadrupedal 

species. In higher level organisms, such as humans and primates, the RST is believed to 
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have smaller role in digit function as corticospinal systems play a predominant role in 

forelimb function (see ten Donkelaar, 1988 for review). 

 

 

Figure 3: Illustration showing location of RST in mammals. 

 

Reticulospinal Tract  

 A major pathway playing an important role in forelimb function in humans and 

quadrupeds is the reticulospinal tract (RtST). In vertebral mammals, the RtST is involved 

in innervating axial musculature for posture and anti-gravity tone, especially during 

locomotion (Alstermark et al., 1983; Shapovalov and Gurevitch, 1970; Wilson and 

Yoshida, 1968). Reticulospinal neurons (RtSNs) are found in several dispersed nuclei 

within the brainstem: oral pons (PnO), caudal pons (PnC), gigantocellular reticular 

nucleus (NRG) and medullary reticular nucleus ventral part (MdV) (Villanueva et al., 

1995; Tavares and Lima, 1994). Each of these nuclei comprise the pontomedullary 

reticular formation first described by Brodal (Brodal, 1957). RtSNs project axons 

bilaterally into the spinal cord and are found primarily in the ventral and ventrolateral 

funiculus (Martin et al., 1985; Zemlan et al., 1984; Waldron and Gwyn, 1969) (Figure 4). 
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The RtST has axon terminals medially within the spinal cord grey matter from Rexed’s 

Laminae V, VI, VII-IX in both the cervical and lumbar enlargements (Nyberg-Hansen, 

1965). Upon RtST fibers entering into the grey matter, many axon terminals contact 

monosynaptically onto motoneurons responsible for innervating the forelimb or hindlimb 

(Alstermark, Kummel et al., 1987). RtSNs are known to receive cortical inputs in 

mammalian species (Alstermark et al., 2004; Alstermark and Ogawa, 2004; Buford and 

Davidson, 2004; Davidson and Buford, 2006; Davidson and Buford, 2004; Davidson et 

al., 2007). Evidence has been demonstrated in rodents that reticulospinal pathways 

transmit cortical commands to the forelimb especially during skilled reaching 

(Alstermark and Pettersson, 2014; Alstermark et al., 2004). In humans, the RtST is 

believed to have a similar although slightly redundant role of innervating the distal 

forelimb and is thought to play a role in recovery post-SCI (Baker and Perez, 2017). 

 

Figure 4: Location of RtST in rodents 

 

Tectospinal Tract  

 The last motor pathway known to play an important role in forelimb movements 

is the tectospinal tract (TST). This particular tract in mammals originates from the 
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superior colliculus and projects to the cervical spinal cord primarily to innervate muscles 

controlling the head and eye (Nudo et al., 1993; Nudo and Masterton, 1989; Castiglioni et 

al., 1978; Nyberg-Hansen, 1964). TST neurons are found in the intermediate and ventral 

portions of the superior colliculus which receive inputs from visual fields (Nudo and 

Masterton, 1989). Visual inputs are then relayed to TST fibers that cross the dorsal 

tegmental decussation prior to descending into the spinal cord (Dean et al., 1989; 

Redgrave et al., 1987; Harting, 1977). TST fibers project contralaterally into the spinal 

cord and primarily travel within ventral funiculus (Satoda et al., 2002; Yasui et al., 1998; 

Castiglioni et al., 1978) (Figure 5). These fibers are known to terminate in higher cervical 

levels within Rexed Lamina V, VII and VIII (Satoda et al., 2002; Yasui et al., 1998; 

Castiglioni et al., 1978). The TST is known to participate in skilled forelimb reaching 

behavior in rodents as many supraspinal fibers (CST, RST and RtST) contact onto 

interneuronal populations (see Alstermark and Isa, 2012; Alstermark et al., 2007 for 

review). It is believed that input from the tectospinal neurons enable visually guided 

target reaching in several species in conjunction with major supraspinal pathways for 

motor movements (Alstermark, Gorska et al., 1987). 

 

Figure 5: Location of TST in rodents. 
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Propriospinal interneurons 

History  

In the 1900s, Sir Charles Sherrington first described descending neuronal 

populations innervating cervical and lumbar motoneurons in the cat. His early studies 

identified “short” and “long” descending tracts that were involved in spinal reflexes 

(Sherrington and Laslett, 1903; Sherrington and Laslett, 1902).  These findings 

highlighted neurons projecting axons several segments beyond their point of origin and 

potentially extended to various regions of the cervical, thoracic or lumbar areas of the 

spinal cord. David Lloyd provided additional evidence using electrophysiology to show 

cervical interneurons providing inputs to lumbar motoneurons (Lloyd and McIntyre, 

1948; Lloyd, 1942). Subsequent neuroanatomical tracing and physiology identified the 

location and potential functions of interneurons which include motor reflexes, modulation 

of voluntary movements and integration of sensory feedback (see Alstermark et al., 2007 

for review). These interneurons were eventually termed propriospinal interneurons (PNs) 

for their important role in limb movement and function. 

 

Neuroanatomy  

 Many studies have examined PNs in regards to neuroanatomy, location of somas 

within the intermediate grey matter and lastly projection and termination of axons near 

motoneuron pools (see Flynn et al., 2011 for review). In brief, PNs are interneurons 

found throughout the entire spinal cord including several mammalian species: humans, 

primates, rodents and cats (Nicolas et al., 2001; Pauvert et al., 1998; Pierrot-Deseilligny, 

1996; Burke et al., 1994; see Alstermark and Isa, 2012; Alstermark et al., 2007 for 
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reviews). Many spinal cord interneurons are characterized by a soma found in the spinal 

cord and have axons that terminate in the same segment. PNs are a unique interneuron 

population as their axons can project several segments beyond the location of their soma 

found in the spinal cord. PNs can integrate descending motor information from many 

supraspinal pathways and relay sensory information to update and modulate limb 

movements. Several classes of PNs have been identified within the mammalian spinal 

cord and described based on 1) the location of the somas, 2) where their axons travel 

within the spinal cord, 3) axonal projection in either a unilateral or bilateral manner and 

4) their primary function to communicate ascending and/or descending information. 

 

Subdivisions of Propriospinal Interneurons    

Short PNs (SPNs) are defined based on their based on their axonal projection 

pattern of six or fewer spinal segments. SPNs have somas found mainly within the 

intermediate zone with axons traveling along the grey matter-white matter interface 

(Menetrey et al., 1985; Matsushita, 1970; Petko and Antal, 2000; Rustioni et al., 1971; 

Sterling and Kuypers, 1968; Szentagothai, 1951; Szentagothai, 1964; Yezierski et al., 

1980). Similar to the somatotopical organization of neurons in the spinal cord, the 

location of SPN somas dictate the projection of their axons. SPNs found medially within 

the spinal cord grey matter usually project axons contralaterally to motoneuron pools 

innervating axially musculature. Whereas PNs found laterally within the grey matter 

project axons ipsilaterally and innervate motoneurons controlling distal musculature, such 

as the hand, wrist and digits (Molenaar and Kuypers, 1978; Rustioni et al., 1971; Sterling 

and Kuypers, 1968). 
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Long PNs are defined by their axons projecting greater than six spinal segments. 

This class of PNs are divided into “descending” and “ascending” populations 

(Alstermark, Lundberg et al., 1987). Long descending PNs (LDPNs) are found within the 

cervical enlargement with somas found medially within the intermediate grey matter. 

Their axons travel within the outer edges of the spinal cord white matter and in a bilateral 

manner to the lumbar spinal cord. Long ascending PNs (LAPNs) function in a similar 

manner as their somas are found in the lumbar enlargement. LAPNs project their axons to 

the cervical enlargement and are believed to play a role with central pattern generators 

(CPGs) by receiving hindlimb sensory inputs in order to coordinate the rhythmicity of 

forelimbs and hindlimbs during locomotion with LDPNs.  

The last class of PNs that have been examined are thoracic PNs (TPNs). Little is 

known about TPNs aside from their ability to modulate respiration. Previous studies have 

illustrated that following an injury at the thoracic level, TPNs can undergo plasticity to 

re-innervate lumbar MNs and function as endogenous detours to restore locomotion (van 

den Brand et al., 2012; Courtine et al., 2008). Several studies by Stelzner’s group have 

examined TPNs and descending cervical PNs in regards to axotomy and retrograde cell 

death following thoracic SCI (Conta Steencken et al., 2011; Conta Steencken and 

Stelzner, 2010; Siebert et al., 2010; Conta and Stelzner, 2004). Although TPNs are more 

susceptible to cell death post-thoracic SCI, this population still has importance in the 

restoration of hindlimb recovery.  Due to recent evidence illustrating this aspect of 

endogenous propriospinal circuits, these interneurons have become attractive targets to 

understand spontaneous recovery of function in the injured spinal cord. 
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PNs originate from the V2 neural precursors during spinal cord development. In 

early embryonic stages, bone morphogenic protein and sonic hedgehog are expressed as a 

gradient to establish the dorsoventral axis of the spinal cord (see Jessell, 2000 for 

review). This axis establishes eleven progenitor neurons (six progenitors in the dorsal 

plane; five progenitors in the ventral plane) in what develops as the spinal cord (Alaynick 

et al., 2011; Goulding, 2009; Kiehn, 2011; see Jessell, 2000 for review). From these 

progenitors, post-mitotic division occurs with expression of specific transcription factors 

that dictate the projection and excitatory/inhibitory characteristics of the neurons. For 

simplicity, the V2 interneurons of which PNs are a subpopulation, are ipsilaterally 

projecting. They express Lhx2 and are subdivided into V2a and V2b subtypes during 

maturation by Notch signaling with the cofactor Lmo4 (Joshi et al., 2009; S. Lee et al., 

2008; Kimura et al., 2008; Del Barrio et al., 2007). V2a interneurons have excitatory pre-

synaptic terminals and develop with the expression of Chx10 (also known as Vsx2) and 

Sox1 transcription factors (Crone et al., 2009; Crone et al., 2008); V2b subtype develops 

with the expression of GATA3 transcription factor and has inhibitory terminals (Panayi et 

al., 2010). V2a interneurons play an important role in left-right alternation during high 

speed locomotion, but have also been found to play a role in forelimb target-directed 

reaching (Azim, Jiang et al., 2014; Crone et al., 2009; Crone et al., 2008). 

 

Importance to SCI  

Spared endogenous propriospinal circuits have generated interest over the last 

several years for their ability to re-organize and form bypass relays around spinal cord 

lesions. These relays aid in the restoration of supraspinal input to denervated 

motoneurons and re-establish spontaneous recovery of locomotive behaviors in rodents 
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(Bareyre et al., 2004). Re-organization of both short descending (SDPNs) and LDPNs in 

the cervical spinal cord can receive severed corticospinal tract (CST) axon sprouts post-

T11 dorsal hemisection. After three weeks, increased BDA-labeled CST fiber sprouts are 

observed in the intermediate grey matter of the cervical spinal cord where both 

populations of both SDPNs and LDPNs are found. This regenerative sprouting of CST 

fibers undergoes continued refinement and plasticity where contacts onto LDPNs are 

maintained since long descending propriospinal fibers can bypass a thoracic lesion to 

contacting lumbar motoneurons. In addition, TPNs have been shown to undergo 

extensive reorganization upon temporal and spatially staggered thoracic unilateral 

hemisections in the adult mouse (Courtine et al., 2008). Upon loss of supraspinal input to 

hindlimb motoneurons controlling dorsal stepping and locomotion, partial spontaneous 

recovery is seen upon each staggered lesion. Further, TPNs can regenerate severed axons 

into transplanted peripheral nerve tissue after a complete thoracic transection (D. Wu et 

al., 2015) and into Schwann cell grafts expressing glial derived nerutrophic factor (Deng 

et al., 2013).  

Evidence of cervical PN populations undergoing anatomical and synaptic 

plasticity post-SCI has been observed. Cervical PNs found in the C3-C4 spinal segments 

(C3-C4 PNs), were found to undergo sprouting following a C5 unilateral hemisection. 

Anatomical analysis of labeled PN fiber sprouts were observed at spinal segments 

containing forelimb motor pools, potentially illustrating an endogenous bypass relay for 

severed supraspinal inputs for overground locomotion (Filli et al., 2014). From previous 

studies, spared endogenous interneuronal populations have the capacity to form bypass 

circuits around spinal cord lesions. It is believed that since supraspinal axons fail to 



17 

regenerate, PNs due to their close proximity to SCI, can undergo plasticity and can 

upregulate regeneration associated genes (ex. GAP43, STAT3, Sox11, Hsbp1 and Jun) to 

initiate axonal growth, the formation of collaterals and synapse formation (Siebert et al., 

2010; Sun and He, 2010; Nguyen et al., 2009; Raivich and Makwana, 2007; Zhou and 

Snider, 2006; Caroni, 2001; Meiri and Burdick, 1991; Meiri et al., 1998). In this manner, 

PNs become an attractive target to examine spontaneous recovery of limb function. 

However, a majority of work has highlighted importance of PNs on recovery hindlimb 

function including locomotion in several mammalian species including rodents. Little 

work has examined cervical PNs on function and recovery of skilled voluntary forelimb 

movements such as reaching and grasping in a rodent model of SCI. 

 

C3-C4 Propriospinal Interneurons  

In the 1980s, Bror Alstermark and his colleagues examined a population of 

cervical PNs in the feline spinal cord with importance for forelimb target-directed 

reaching behavior (see Alstermark and Isa, 2012; Alstermark et al., 2007 for reviews). In 

several cat studies, they examined descending supraspinal inputs to motoneurons found in 

the C6-T1 segments that innervate all of the muscles in the cat forelimb: biceps, triceps, 

deltoids and flexors and extensors of the hand, wrist and digits (Tantisira et al., 1996; 

Alstermark and Kummel, 1990; Alstermark and Sasaki, 1986). Several animals received 

a C5 dorsolateral funiculus lesion, severing the CST and RST in the cat. Upon electrical 

stimulation of the CST and recording responses from C6-T1 MNs, disynaptic excitatory 

post-synaptic potentials (EPSPs) were observed. The presence of disynaptic EPSPs in 

recorded forelimb motoneurons indicated a spared pathway through a second neuron that 
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was unaffected by the injury and allows corticospinal transmission to the forelimb MNs. 

In a separate cohort which received C2 lateral funiculus lesions and repeating the 

stimulation of CST fibers, no EPSPs were detected in C6-T1 MNs (Alstermark and Isa, 

2012). An analysis of the location of such neurons were verified by injecting wheat germ 

agglutinin-horse radish peroxidase (WGA-HRP) into deltoid muscles. Transneuronal 

transport of WGA-HRP showed positive labeling throughout the cervical enlargement 

including C3-C4 spinal segments with no labeling found in the brainstem (Alstermark 

and Kummel, 1990). Due to the location of these neurons within the C3-C4 segments and 

that they were propriospinal in nature, they were termed C3-C4 PNs. 

Additional electrophysiological and SCI studies by Alstermark and his colleagues 

had found C3-C4 PNs received convergent input from descending supraspinal pathways: 

cortico-, rubro-, reticulo- and tectospinal tracts (Alstermark et al., 1984a; Illert et al., 

1977; see Alstermark and Isa, 2012; Alstermark et al., 2007 for reviews). By receiving 

convergent input of motor commands, C3-C4 PNs can relay this input to C6-T1 forelimb 

motoneurons (Illert et al., 1977). In addition, C3-C4 PNs were found to have an 

ascending axonal branch to the lateral reticular nucleus (LRN) (Illert and Lundberg, 

1978; Alstermark, Lindstrom et al., 1981). The LRN, found in the caudal brainstem, 

functions as a pre-cerebellar relay providing mossy fiber input to the cerebellar cortex. 

These inputs from the spinal cord include a copy of supraspinal motor commands that 

C3-C4 PNs receive, along with peripheral sensory information regarding limb position, 

limb velocity and reaching trajectory (Matsushita and Ikeda, 1976; Dietrichs and 

Walberg, 1979; Ito et al., 1982). This information allows the cerebellum to update 

cortical and brainstem pathways (ex. RST and RtST) to modulate activity in C3-C4 PNs 
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through feed-forward inhibition. In addition to modulation of supraspinal activity through 

feed-forward mechanisms, C3-C4 PNs receive inputs of inhibitory PN populations that 

mediate feed-back inhibition through peripheral sensory inputs. It is by this combination 

of supraspinal and sensory inputs that allow rapid updating of the forelimb during skilled 

movements.  

Many of Bror Alstermark’s studies in the cat have examined the importance of 

C3-C4 PNs on target-directed reaching behaviors. In several cats with C5 lateral 

funiculus lesions, animals did exhibit target-reaching and grasping impairments upon 

reaching for a morsel of food from a horizontal tube compared to the uninjured state. 

However, when a separate cohort received C2 lesions, the animals were unable to 

perform target directed reaching due to severing of CST and RST to C3-C4 PNs and C6-

T1 MNs.  Similar evidence has been found in primate models where performing either 

spinal cord lesions severing cortico- and rubrospinal inputs or genetic silencing of C3-C4 

PNs affects both reaching and grasping behaviors (Tohyama et al., 2017; Kinoshita et al., 

2012; Isa et al., 2006). Additional evidence illustrating the importance of C3-C4 PNs on 

updating forelimb reaching has been shown by lesions and genetic methods. Specific 

neuronal ablation of cervical V2a interneurons, of which the C3-C4 PN are a 

subpopulation, by diptheria toxin or channelrhodopsin-2 activation of the ascending 

axonal branch leads to increased forepaw reversals and reduced forelimb velocity in the 

single-pellet reaching test (Azim et al., 2014). Spinal cord lesions to the branch updating 

the LRN for limb position and velocity in cats is also found to effect target trajectory 

(Pettersson et al., 1997). The interference with ascending sensory information not only 
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affects forelimb proprioception, but also the internal copy of motor commands necessary 

to update limb position during a target-reaching movement. 

 

Functional redundancy of motor pathways 

 Injuries to major axonal pathways cause deficits in distal forelimb motor function. 

Such impairments are compensated by intact axonal tracts unaffected by the injury and 

can undergo anatomical and/or synaptic plasticity. Several important studies have 

illustrated the redundant roles of motor pathways in primates, cats and rodents. In higher 

level mammalian organisms, such as primates and humans, it is widely believed that 

direct and indirect corticomotoneuronal (CM) pathways exist that are responsible for the 

execution of forelimb movements (see Isa et al., 2013 for review). In humans and 

primates, cortical neurons can form direct synaptic connections with forelimb motor 

pools that control skilled functions such as fractionated digit movements and hand 

dexterity (Lemon and Griffiths, 2005; R. S. Heffner and Masterton, 1983; R. Heffner and 

Masterton, 1975; Lawrence and Kuypers, 1968a; Lawrence and Kuypers, 1968b; C. N. 

Liu and Chambers, 1964; Bernhard and Bohm, 1954; TOWER, 1940). Indirect CM 

pathways exist in primates and function through segmental interneurons, C3-C4 PNs, 

rubrospinal and reticulospinal pathways (Fisher et al., 2012; Alstermark et al., 2011; 

Riddle et al., 2009; Davidson et al., 2007; Davidson and Buford, 2006; Isa et al., 2006; 

Alstermark et al., 1999; Humphrey et al., 1984; Cheney, 1980).  

Lawrence and Kuypers’ early work in primates showed the importance of direct 

CM connections on fractionated digit movements. Loss of the CST following a bilateral 

pyramidotomy lesion caused initial forelimb reaching deficits. With prolonged time post-
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injury, recovery of forelimb reaching but not independent digit movements, was restored 

(Lawrence and Kuypers, 1968a). The authors deduced that recovery of the forelimb was 

likely through subcortical neuronal pathways, such as the RST or RtST and with 

increased damage to mid-brain or brainstem nuclei expounds CST deficits (Lawrence and 

Kuypers, 1968b). For example, an additional lesion to the brainstem which can damage 

RST fibers, causes injured primates to exhibit deficits in gross forelimb and fine motor 

function. Spontaneous recovery from these deficits did not manifest after several months 

post-injury (Lawrence and Kuypers, 1968b). Additional studies with spinal cord lesions 

that sever the CST have shown spontaneous recovery of forelimb reaching can occur, but 

is dependent on lesion size, location and the specific rehabilitative task used (Freund et 

al., 2006; Schmidlin et al., 2004; Galea and Darian-Smith, 1997a; Galea and Darian-

Smith, 1997b). Recovery of the proximal and distal forelimb in primates with 

rehabilitative training after a cervical SCI can occur by indirect pathways mediating 

cortical transmission several weeks post-injury (Tohyama et al., 2017; Alstermark et al., 

2011; Takei and Seki, 2010; Nishimura et al., 2009; Nishimura et al., 2007; S. Sasaki et 

al., 2004). Behavioral recovery of forelimb reaching occurs following a cervical lateral 

funiculus lesion in the primate spinal cord. This recovery indicates that although the CST 

and RST inputs are severed, interneurons and/or reticulospinal pathways can compensate 

and may have an important role in recovery of forelimb function (Tohyama et al., 2017; 

Nishimura et al., 2007; S. Sasaki et al., 2004). Lastly, anatomical plasticity of cortical 

fibers manifests within the spinal cord and in supraspinal nuclei to permit recovery 

(Rosenzweig et al., 2010; Higo et al., 2009). Spared neuronal pathways can function as 
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bypass circuits have important roles in the recovery of hand dexterity in primates 

following cervical SCI. 

In quadrupedal mammals such as rodents, direct CM pathways are not present and 

transmission of cortical commands are solely through di- and tri-synaptic pathways 

(Alstermark et al., 2004; Alstermark, 1992; Illert et al., 1977). Rodents, when trained, 

make similar reaching movements analogous to humans and primates. (Whishaw et al., 

1992). In this respect, rodents models of skilled forelimb reaching are used to determine 

contribution of pathways with importance on recovery. In several studies, spontaneous 

recovery of forelimb reaching is observed following specific injury to CST fibers 

(Mosberger et al., 2017; Hollis et al., 2016; Alstermark and Pettersson, 2014; Girgis et 

al., 2007; Piecharka et al., 2005; Weidner et al., 2001; McKenna and Whishaw, 1999; 

Whishaw et al., 1993; Kartje-Tillotson and Castro, 1980; Castro, 1972; see Alstermark 

and Isa, 2012 for review). In a majority of these studies, training of a skilled motor task 

(ex. reaching) is conducted prior to severing of CST fibers with improvements in the task 

observed several weeks post-injury. In several studies, compensatory mechanisms are 

observed in rodents using alternative methods to perform reaching and grasping 

movements (Hurd et al., 2013; Hollis et al., 2009; McKenna and Whishaw, 1999; 

Whishaw et al., 1993; Whishaw et al., 1990). This spontaneous recovery driven by 

rehabiliation is thought to be mediated by cortical inputs re-dirtected onto subcortical 

networks (ex. rubrospinal, reticulospinal and propriospinal pathways) following injury. 

(Mosberger et al., 2017; Alstermark and Pettersson, 2014; see Alstermark and Isa, 2012 

for review). 
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In rodents, spared endogenous circuits receive cortical inputs can re-establish 

skilled forelimb recovery similar to primates. Prior work by Ian Whishaw’s group has 

explored the importance of the RST and its contributions to forelimb reaching in rodents. 

Specific lesions to the lateral funiculus severing the RST cause deficits in arpeggio 

movements (Morris et al., 2011). Excitotoxic neuronal ablation of the magnocellular red 

nucleus leads to similar deficits in arpeggio movements even though the CST and other 

motor pathways are left intact (Morris et al., 2015). Lesioning the RST after 

pyramidotomy lesions in rodents exacerbates forelimb reaching and grasping deficits 

(Whishaw et al., 1998; Whishaw and Gorny, 1996; Whishaw et al., 1990). However, 

recovery of forelimb reaching with both the CST and RST severed by a single spinal cord 

lesion has been observed (Hurd et al., 2013). With complete unilateral cervical 

hemisections severing descending motor pathways found in the ventral funiculus, no 

recovery of reaching and grasping is observed (Hurd et al., 2013; Strong et al., 2009; 

Anderson et al., 2005). Partial lesions sparing white matter tracts and/or subcortical 

nuclei are candidates for determining neuronal circuits that undergo plasticity post-injury 

and contribute to spontaneous recovery (Mosberger et al., 2017; Morris et al., 2015; 

Alstermark and Pettersson, 2014; Filli et al., 2014; van den Brand et al., 2012; Morris et 

al., 2011; Bareyre et al., 2004; Courtine et al., 2008).  

In many reports illustrating spontaneous recovery of reaching and grasping in  

rodents and primates post-cervical SCI, severing of multiple axonal tracts (motor and 

sensory) occur with a lesion model. This prevents determing the role and contribution of 

individual pathways on motor function especially following recovery of post-injury. With 

the advancement of viral and genetic methods, recent studies can determine the 
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contribution of individual circuits on motor behavior post-injury (Mosberger et al., 2017; 

Tohyama et al., 2017; Hilton et al., 2016; Azim et al., 2014; Esposito et al., 2014; 

Kinoshita et al., 2012). These newer methods now permit examination of potential 

mechanisms of how endogenous circuits undergo plastic changes which mediate 

spontaneous recovery. 

 

Signaling cascades and axonal regeneration 

PI3K/Akt/mTOR pathway  

 In the developing nervous system, intrinsic axonal growth programs are active 

and allow neurons to connect with numerous targets. Once the nervous system matures 

and synaptic connections are refined, many signaling cascades are downregulated (see 

Park et al., 2010 for review). Several effects of downregulated intrinsic growth programs 

following an injury to adult CNS axons is the inability to initiate elongation, growth cone 

formation and protein synthesis. One such signaling cascade that has generated interest 

over the last several years is the PI3K/Akt/mTOR pathway (see Park et al., 2010 for 

review). The mammalian target of rapamycin (mTOR) cascade is involved in several 

important processes including cell metabolism, cell survival and proliferation (Laplante 

and Sabatini, 2012; Courtney et al., 2010; Ma and Blenis, 2009; Fresno Vara et al., 2004). 

In neurons, upregulation of this cascade has shown involvement in axon elongation (Abe 

et al., 2010; Christie et al., 2010; Courtney et al., 2010; Danilov and Steward, 2015; de 

Lima et al., 2012; Duvel et al., 2010; Jin et al., 2015; Kurimoto et al., 2010; Ohtake et al., 

2014; Singh et al., 2014; see Park et al., 2010 for review). Components of this cascade 
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have been examined using genetic and viral means to understand mechanisms behind 

axon regeneration following nervous system injury. 

 In brief, receptor tyrosine kinases (RTKs) are activated upon ligand binding by 

various molecules (ex. insulin-like growth factor, hormones and mitogenic factors) 

(Ruggero and Sonenberg, 2005). Upon binding, RTKs activate phosphoinositide 3-

kinases (PI3K) which mediates the conversion of phosphatidylinositol (4,5) bisphosphate 

(PIP2) to phosphatidylinositol (3,4,5) trisphosphate (PIP3)(see Fresno Vara et al., 2004; 

Fruman et al., 1998 for reviews). The reverse reaction of PIP3 into PIP2 is controlled by 

phosphatase and tensin homolog (PTEN) and functions as an inhibitor of downstream 

signaling (Figure 6). With abundant levels of PIP3, recruitment and activation of 

phosphatidylinositol-dependent kinase 1/2 (PDK1/2) directly activates the 

serine/threonine kinase Akt (also known as protein kinase B (PKB))(Manning and 

Cantley, 2007). Activated Akt leads to phosphorylation of several downstream effector 

molecules and ultimately cellular responses (Myers and Cantley, 2010). One specific 

substrate, tuberosclerosis complex 1/2 (TSC 1/2) is inhibited upon phosphorylation. TSC 

1/2 directly inhibits the activity of Ras homolog enriched in brain (Rheb), a direct 

activator of the serine/threonine protein kinase mTORC1 (see Manning and Cantley, 

2003 for review). Akt’s disinhibition of TSC allows upregulation of Rheb and 

consequently mTORC1 activation. mTOR has two downstream targets: 1) ribosomal S6-

kinase and 2) 4E-BP1 (see Hay and Sonenberg, 2004 for review). Activation of  

ribosomal S6 kinase leads to activated S6 (phosphorylated S6) and phosphorylation and 

activation of 4E-BP1 releases eukaryotic initiation factor 4E (eIF4E) during the initiation 

of protein translation and lipid synthesis (Hannan et al., 2003; Duvel et al., 2010; see 
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Magnuson et al., 2012). The ultimate effect of activated mTORC1 is cap-dependent 

protein translation, increased cell size and cell growth (Fumarola et al., 2014; Slomovitz 

and Coleman, 2012; Hung et al., 2012; Ma and Blenis, 2009; Laplante and Sabatini, 

2012).  

  

Figure 6: Schematic of PI3K/Akt/mTOR cascade. 
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Several important studies have examined the effect of upregulation of mTOR on 

severed axon regeneration in the CNS. The earliest work by Zhigang He’s group 

examined intravitreal injections of AAV-Cre in transgenic PTENf/f mice. Combined with 

an optic nerve crush to sever retinal ganglion cells (RGCs) axon fibers, PTEN deletion 

increased RGC survival post-injury and approximately 10% had axons regenerate past 

the crush injury (Park et al., 2008). Several groups have explored enhancing optic nerve 

axon regeneration with mTOR upregulation in combination with other methods: for 

example upregulation of B-raf (O'Donovan et al., 2014), co-injection of zymosan and 

cAMP analog (de Lima et al., 2012; Kurimoto et al., 2010) and upregulation of additional 

signaling cascades (ex. JAK-STAT) (Sun et al., 2011) have yielded improvements in 

severed RGC axons to regenerate. 

Several studies examining CST axon regeneration have shown similar results by 

using viral, genetic and pharmacological methods to regulate the PI3K/Akt/mTOR 

pathway. Deleting PTEN with AAV-Cre injections in neonatal conditional knockout 

mice and lesioning CST axons with a pyramidotomy lesion increases compensatory axon 

sprouting at the cervical level (K. Liu et al., 2010). In the same study, PTEN deletion 

promoted CST axon regeneration after a T8 spinal cord injury with several synaptic 

structures observed distal to the injury (K. Liu et al., 2010). Administration of rapamycin, 

a direct pharmacological inhibitor of mTOR combined with PTEN deletion reduced 

sprouting of midline CST crossing axons post-pyramidotomy (D. H. Lee et al., 2014). 

Adeno-associated viral (AAV) vectors encoding a short-hairpin RNA (shRNA) to silence 

PTEN expression were recently utilized to promote CST axon regeneration following 

thoracic SCI (Zukor et al., 2013). Forelimb behavioral recovery with PTEN conditional 
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knockouts was also observed following cervical contusions (Danilov and Steward, 2015). 

Usage of PTEN antagonist peptides increased CST axon regeneration in adult mice and 

with increased axonal growth, which could contribute to hindlimb recovery post injury 

(Ohtake et al., 2014). Lastly, upregulation of mTOR in adult CNS neurons has been 

combined with other therapeutic methods in the study of axon regeneration. For example, 

digestion of CSPGs by chrondrotinase ABC at the site of injury with tissue 

transplantation can permit severed axons to regenerate when combined with mTOR 

upregulation (D. H. Lee et al., 2014; Lewandowski and Steward, 2014; D. Wu et al., 

2015). In addition, similar results with CST regeneration was observed in combination 

with salmon fibrin transplants that aided in partial recovery of the forelimb in the 

staircase test (Lewandowski and Steward, 2014).  

Targeting different components of the PI3K/Akt/mTOR cascade has yielded 

promising results in severed axon regeneration. Viral transduction of RGCs with 

myristolated and constitutively active Akt3 increased optic fiber axon regeneration along 

with promoting RGC survival after optic crush injury (Miao et al., 2016). This finding is 

similar to RGC studies with Cre-mediated deletion of PTEN. Inhibition of S6 kinase, but 

not 4E-BP, was found to be critically important for mediating the effects of mTOR 

upregulation by PTEN deletion for optic nerve regeneration (L. Yang et al., 2014). 

Increasing mTOR activity in interneuronal populations by AAV mediated expression of 

Rheb similarly increases severed fiber regeneration into a peripheral nerve transplant (D. 

Wu et al., 2015). Overall, increasing activity of the PI3K/Akt/mTOR cascade either 

through upregulation of key proteins or deletion/inhibition of negative regulators 

promotes increased axonal growth post-injury. 
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JAK-STAT pathway  

 An important signaling cascade that is known to regulate neurite growth and axon 

regeneration is the Janus Kinase-Signal Transducer and Activator of Transcription 

pathway (JAK-STAT). This pathway plays important roles in the nervous system and 

activation of this pathway is in response to cytokines, growth factors, interleukins, 

interferons and hormones that are released after injury (see Schindler, 2002; Bromberg, 

2001 for reviews). Following ligand binding to RTKs, the receptor dimerizes and recruits 

JAKs which become phosphorylated and activated (see Lamb et al., 1998 for review). 

The interaction of the intracellular domains of the receptor and JAKs creates docking 

sites for unphosphorylated STAT molecules. Phosphorylated tyrosine residues on STATs 

lead to homo- or heterodimerization prior to translocating into the nucleus in the absence 

of a second messenger (Figure 7). By this action phosphorylated STATs can regulate 

gene expression for many cellular processes especially within the nervous system (Zhang 

and Darnell, 2001; John et al., 1999; Vinkemeier et al., 1996; see Levy and Darnell, 2002 

for review). After initiating gene transcription, STATs are subsequently 1) inactivated by 

phosphatases and recycled to the cytosol (ten Hoeve et al., 2002; T. R. Wu et al., 2002; 

Schaper et al., 1998; see Reich and Liu, 2006 for review) or 2) targeted by ubiquitin for 

proteasome degradation (Kim and Maniatis, 1996). In addition to these molecules that 

inhibit STAT activity, suppressor of cytokine signaling 3 (SOCS3) can suppress JAK 

activity and prevent STAT3 phosphorylation (see Krebs and Hilton, 2000 for review). 
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Figure 7: Illustration of JAK-STAT pathway. 

 

 There are seven mammalian forms of STATs that are found within the cytosol as 

unphosphorylated monomers or as high molecular weight complexes (Sehgal, 2008; 

Chatterjee-Kishore et al., 2000; Ndubuisi et al., 1999; Lackmann et al., 1998). Of all of 

the STAT isoforms, STAT3 is the most studied and is expressed in the nervous system in 

areas such as the cortex, striatum, forebrain, and hippocampus, from development up to 

adulthood (De-Fraja et al., 1998). Expression of STAT3 is present in both neurons and 

glia (Gautron et al., 2006) and is highest during embryonic developing stages. However, 

upon maturation of neural circuits, low levels of STAT3 protein are detected in the cell. 

Increased phosphorylation of STAT3 and activity occurs upon injury to neurons and 

axons (see Dziennis and Alkayed, 2008 for review). Previous groups have examined the 
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importance of STAT3 on axon regeneration within the CNS using viral and genetic 

means.  

 Upregulation of STAT3 signaling has shown promise for axon regeneration of 

peripheral and CNS axons. Deletion of the negative regulator suppressor of cytokine 

signaling 3 (SOCS3) in adult RGCs following optic nerve crush was shown to increase 

axon regeneration (P. D. Smith et al., 2009). In lumbar dorsal root ganglion (DRGs), 

deletion or viral overexpression of STAT3 was able to modulate axonal growth several 

days after injury (Bareyre et al., 2011). CNS neurons have been shown to undergo axonal 

sprouting with modulation of STAT3 signaling post-injury by either overexpression or 

deletion of SOCS3 (Luo et al., 2016; Mehta et al., 2016; Jin et al., 2015; Lang et al., 

2013). Combining SOCS3 and PTEN deletion in transgenic conditional knockout mice, 

additive effects of regeneration on severed optic nerve axons were observed, illustrating 

the importance of targeting multiple growth promoting pathways (Sun et al., 2011). Such 

growth was shown to be dependent on STAT3 signaling by deletion of the receptor 

gp130 and by administration of ciliary neurotropic factor (Jin et al., 2015). In addition, 

compensatory CST sprouting was observed upon co-deletion of SOCS3 and PTEN in 

neonatal mice (Jin et al., 2015). Upregulation of JAK-STAT and PI3K/Akt/mTOR lead to 

increases in midline CST sprouting of intact fibers following a pyramidotomy lesion (Jin 

et al., 2015). Targeting components of signaling cascades, such as JAK-STAT or even 

PI3K/Akt/mTOR has yielded important insights into axon regeneration following central 

or peripheral nerve injury.  
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Chemogenetic neuronal silencing 

 For many years, understanding the functional role of neurons on behavior by 

neuroscientists has been desired. In recent years, several tools have become established as 

methods to neuronally silence projection neurons involved in learning, memory, and limb 

movements. One method used to temporally control neuronal firing is chemogenetics. 

Chemogenetics (“chemical genetics”) is the use of small molecules that interact with 

engineered protein receptors (X. Chen et al., 2005; see Sternson and Roth, 2014; Rogan 

and Roth, 2011 for reviews). One popular method that is now widely used within the 

neuroscientific field are designer receptors exclusively activated by designer drugs 

(DREADDs) (see Zhu and Roth, 2014; Sternson and Roth, 2014; H. M. Lee et al., 2014; 

Rogan and Roth, 2011 for reviews).  

DREADDs are synthetic G-protein channel receptors (GPCRs) and third 

generation receptors activated solely by a synthetic ligand, clozapine-n-oxide (CNO) (see 

Urban and Roth, 2015 for review). The modified GPCRs are based on the human 

muscarinic receptor studied by Bryan Roth’s group using molecular evolution (Dong et 

al., 2010; Armbruster et al., 2007). Several DREADD receptor variants have been 

developed and signal through G-proteins, Gi or Gq. hM4Di is an inhibitory Gi-coupled 

DREADD with specific point mutations on the human M4 acetylcholine muscarinic 

receptor (mAchR) (Y3.33C and A5.46G) (Armbruster et al., 2007). These point 

mutations in human M4 mAchR are conserved in human M3 mAchR and with 

mutagenesis creates hM4Di and hM3Dq respectively. Both DREADD variants are unique 

in the respect that, they can be activated by nanomolar concentrations of CNO, have little 
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to no affinity for acetylcholine and do not have any constitutive activity (Armbruster et 

al., 2007; see Urban and Roth, 2015 for reviews; Dong et al., 2010).  

These two DREADD receptor variants are used to perform gain- and loss-of-

function studies in a wide variety of cell-types within the nervous system. Both hM4Di 

and hM4Dq when expressed can affect neuronal firing upon activation by CNO 

(Armbruster et al., 2007). Activation of hM4Di causes dissociation of inhibitory Giβ/ɣ 

protein subunits to translocate and thus activates G-protein inward-rectifying potassium 

channels (GIRKs) (Armbruster et al., 2007). Activation of GIRK channels increases K+ 

efflux and creates a temporary hyperpolarized state (Armbruster et al., 2007; see Luscher 

and Slesinger, 2010 for review). In addition, the effects of hM4Di are believed to also 

inhibit cAMP and PKA activity which  similar to other inhibitory GPCRs and can inhibit 

voltage-gated Ca2+ channels, preventing neurotransmitter release (Saloman et al., 2016; 

Herlitze et al., 1996; Ruiz-Velasco and Ikeda, 2000; Ikeda, 1996; see Luscher and 

Slesinger, 2010; Sadana and Dessauer, 2009 for reviews). Conversely, activation of 

hM3Dq (excitatory DREADD) signals through Gq proteins that directly activates the 

phospholipase C cascade leading to increases in Ca2+ influx (Armbruster et al., 2007; see 

Rogan and Roth, 2011 for review). This leads to depolarization, increased excitability 

and promotes increased burst firing (Krashes et al., 2013; Atasoy et al., 2012; Kong et al., 

2012; Krashes et al., 2011; Alexander et al., 2009).  

As chemogenetic tools, DREADDs are utilized to determine the roles of specific 

circuits and their functions in the context of behavior and neurological disease. DREADD 

usage has been reported in the context of schizophrenia, feeding behaviors driven by 

hypothalamic circuits, pain and in many drug/substance abuse studies (Iyer et al., 2016; 
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see H. M. Lee et al., 2014; Sternson and Roth, 2014; Zhu and Roth, 2014; Wess et al., 

2013 for reviews). Many DREADD variants that are inhibitory, excitatory or even 

coupled to a specific receptor can have inducible expression by viral-mediated gene 

transfer using adeno-associated virus (AAV) or lentiviral (LV) vectors which have cell-

type specific promoters (K. Sasaki et al., 2011; see Powell et al., 2015; Parr-Brownlie et 

al., 2015 for reviews). In addition, tagging DREADD with a fluorophore allows 

histological assessment of the anatomical location within the brain or spinal cord where 

the receptor is being expressed. The major advantage in using DREADDs is the ability to 

reversibly control neuronal circuits upon a systemic injection or site-specific 

administration of CNO. This allows investigators to elucidate function within a 

behavioral assay similar to newer temporal methods such as optogenetics. Further, 

utilization of DREADDs allows repeatability to determine neuronal activity either within 

a behavioral paradigm or by electrophysiology. Lastly, overexpressing a DREADD 

receptor does not cause any changes in basal activity of a particular cell type on which it 

is expressed (see Urban and Roth, 2015 for review). It is only upon administration of 

CNO that permits activation of DREADD and elucidation of neuronal circuit function. 

The development of DREADD constructs to temporally control endogenous supraspinal 

and interneuronal circuits provides advantages to examine how spared and regenerating 

pathways are involved in recovery post-injury. 

.  
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Summary 

In summary, examination of neuronal plasticity that occurs after cervical SCI in a 

rodent model has become necessary based on patient epidemiological data. Since CNS 

axons have a limited ability of axon regeneration of pathways important for voluntary 

movement, interneuronal circuits have become an area of key interest. Previous studies 

have examined PN pathways in different contexts from reaching and grasping to 

locomotion. Many of these studies have found the importance of PNs in spontaneous 

recovery following SCI. With increasing advances and improvements of gene therapy 

tools, investigators are now able to target specific neuronal populations, upregulate 

signaling pathways involved in axon growth and provide exogenous neurotrophic 

signaling molecules. Several of these methods are able to examine specific neuronal 

populations, determine their role in recovery of forelimb function and to develop 

therapeutic treatments for cervical SCI. 
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CHAPTER 2 

RETROGRADELY TRANSPORTABLE LENTIVIRUS TRACERS FOR 

MAPPING SPINAL CORD LOCOMOTOR CIRCUITS 

Introduction 

Early mapping studies of neuroanatomical pathways of the central and peripheral 

nervous system utilized tracing of neurons and axons with chemical tracers. Markers such 

as biotinylated dextran amines (BDA) (Veenman et al., 1992), cholera toxin beta subunit 

(Trojanowski et al., 1982; Luppi et al., 1990), fluorogold (Schmued and Fallon, 1986), 

microbeads (Katz et al., 1984; Katz and Iarovici, 1990) and phaseolus vulgaris-

leucoagglutinin (Gerfen and Sawchenko, 1984) provide a clear and distinct labeling of 

neuronal morphology including somas, dendrites and axons. Each of these methods 

permit investigators to examine different populations of neurons based on injection 

volume, sensitivity of labeling, diffusion and resistance to fading. Depending on the type 

of tracer used, visualization of neuronal populations can be enhanced through 

immunohistochemistry. 

Classical tracers such as BDA and fluorogold are considered gold standard for 

many experiments, but they do have certain disadvantages. BDA can be taken up by 

damaged axons in the injection area, or by axons in passage in the white matter 

surrounding an injection site (Brandt and Apkarian, 1992; Reiner et al., 2000).  This may 

lead to incorrect interpretation of neuronal numbers or connecting pathways and in 

studies examining axon regeneration, BDA can be absorbed by damaged or severed 

axons and mistaken for regenerating fibers (Steward et al., 2007).  Lastly, use of these 
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tracers does not provide information regarding synaptic connectivity of a set population 

of neurons.  

Viral vectors are important tools in neurological studies because of their unique 

ability to transduce specific neuronal populations in vivo and express select transgenes 

within cell somas or axon terminals. Several neurotropic viruses travel via retrograde 

transport from axon terminals, allowing analysis of long-projection neurons, and 

introducing greater neuronal specificity because of the method of uptake. Examples of 

viruses that exhibit retrograde labeling include adeno-associated (rAAV-retro), rabies 

(RV) and pseudorabies (PRV) (Baer et al., 1965; Wickersham et al., 2007; Callaway and 

Luo, 2015; Tervo et al., 2016). RV can quickly transport along multiple neuronal 

synapses, but has high toxicity, making time sensitive analysis for tract tracing studies 

crucial (Coulon et al., 1989; Kelly and Strick, 2000; Reardon et al., 2016). The Bartha 

strain of PRV is a popular method to retrogradely map neuronal circuits in both the brain 

and spinal cord, but like RV, has similar issues regarding neurovirulence and toxicity 

(See Aston-Jones and Card, 2000 for review). Finally, AAV - including retrogradely 

transportable forms - can be taken up by axons in passage, rendering circuit mapping 

difficult to interpret (Tervo et al., 2016).  

Lentiviral vectors based on the human immunodeficiency virus type-1 (HIV-1) 

provide stable, long-term expression of transgenes in transduced neuronal populations 

and they are widely used in studies involving gene therapy (G. Wang et al., 1999; 

Pawliuk et al., 2001; Lo Bianco et al., 2004; Adjali et al., 2005; Malik et al., 2005; B. D. 

Brown et al., 2007). Such vectors offer similar advantages for labeling neuronal 

populations distant from the injection site. However, most HIV-1 lentiviral vectors are 
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packaged with vesicular stomatitis viral glycoprotein (VSV-G), which, though easy to 

concentrate and create a high-titer product, can limit retrograde transport of the transgene, 

and is toxic to some mammalian cells if constitutively expressed (Burns et al., 1993). 

VSV-G pseudotyped vectors may also trigger an immune response directed against the 

envelope protein when used in vivo (DePolo et al., 2000; Higashikawa and Chang, 2001).   

The shortcomings of VSV-G have been alleviated in some cases via chemical 

modification of the envelope glycoprotein. For example, immune system reaction can be 

tempered and transduction efficiency increased when VSV-G is conjugated with poly-

ethylene glycol (PEG) (Croyle et al., 2004). To improve retrograde transport, Kato and 

colleagues have pseudotyped lentiviral vectors with a fusion envelope glycoprotein of 

rabies virus (FuG-B) to produce a highly-efficient retrograde transport vector termed 

HiRet (Kato, Kobayashi et al., 2011; Hirano et al., 2013). HiRet lentivirus has been used 

to specifically target C3-C4 propriospinal (PN) neurons in the macaque in combination 

with adeno-associated virus 2 (AAV2) expressing TetOn for reversible synaptic silencing 

experiments (Kinoshita et al., 2012; Tohyama et al., 2017). 

This vector seems to be an excellent choice for mapping central nervous system 

pathways because of the advantages outlined above: it does not negatively impact the 

survival or function of infected neurons, and it is stable, long-lasting and easily 

detectable. Although HiRet is not entirely specific to neurons, as it also labels astrocytes 

at the injection site, it does show selective uptake at the synapse of neurons and does not 

spread into injured axons or unrelated cells regardless of the dosage or time course of the 

study (Ugolini, 1995; Morcuende et al., 2002). In addition, coupling HiRet lentivirus 

containing a tetracycline-inducible promoter to drive transgene expression with a second 
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virus, AAV2-TetOn, allows very tight retrograde labeling of specific neuronal 

populations. 

Here, we use constitutively active HiRet-GFP to map supraspinal and 

propriospinal connections terminating in the cervical regions of the rat spinal cord. We 

highlight the advantages this lentivirus provides for mapping studies in the CNS. 

Materials and Methods 

Animals 

All surgical and animal care protocols were approved by the Temple University 

School of Medicine’s Institutional Animal Care and Use Committee, and performed per 

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

Female Sprague-Dawley rats (65-75 d, 200-224 g; Harlan Laboratories) were housed two 

per cage, on a 12-hour light-dark cycle with food and water provided ad libitum. Animals 

were allowed 7 days of acclimatization prior to any experimental procedure. 

 

Viral Vectors 

The HiRet lentiviral vector is an HIV-1 pseudotype that allows retrograde 

transport and labeling of neurons. For retrograde tract tracing purposes, we generated 

HiRet-GFP to label descending projection neurons to the cervical enlargement. HiRet-

GFP was constructed by packaging a GFP plasmid (pCSC-SP-PW-GFP, Addgene 

plasmid # 12337, a gift from Inder Verma) (Marr et al., 2004) with rabies virus fusion 

envelope glycoprotein G (FuG-B; provided by Dr. Kobayashi) and plasmids pMbl and 

pRev. A plasmid, pLV-TRE-GFP (also provided by Dr. Kobayashi) was packaged in a 

similar manner to produce HiRet-TRE-GFP for specific labeling of PNs. Rabies virus 
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glycoprotein allows HiRet to transduce synapses and retrogradely transport with high 

efficiency into neuronal somas. Plasmids were transfected into HEK293T cells using the 

CaPO4 method and allowed to incubate overnight. Purified virus was suspended in Tris 

buffer containing rat albumin and mannitol. Lentiviral titers were determined using a P24 

HIV-1 ELISA kit and were around 2 x 107 TU/mL infectivity prior to storage in -80°C. 

AAV2-CMV-rtTAV16 (AAV2-TetOn) was used in combination with HiRet-

TRE-GFP to unilaterally label C3-C4 PNs. The plasmid pAM-rtTAV16 was generously 

provided by Dr. Kobayashi and was packaged using the helper-free method as reported 

previously (Ayuso et al., 2010; Y. Liu et al., 2014). In brief, HEK293T cells at 70 – 80% 

confluency were transfected with two packaging plasmids, one carrying AAV rep and 

cap, the other with AAV helper functions and the transgene using a polyethylenimine 

method (PEI) (polyethylenimine, linear, MW 25k, Warrington, PA). Three days post 

transfection, cell supernatant and lysates were harvested. 40% PEG 8000 was added to 

precipitate crude virus for 2 hours. AAV samples were double-ultracentrifuged in a 

cesium chloride gradient with isolated viral fractions dialyzed in 0.1 M PBS/0.5% 

Sorbital overnight (Ayuso et al., 2010; Y. Liu et al., 2014). Purified fractions were added 

to HEK293T cells previously transduced with HiRet-TRE-GFP to verify function. 

Quantitative real-time PCR of purified viral fractions was done to determine viral titer. 

Viral titer of AAV2 was 1.2 x 1013 GC/mL. 

 

Surgical Procedures 

Animals were anesthetized with a ketamine (67 mg/kg)/xylazine (6.7 mg/kg, i.p.) 

mixture. To retrogradely label neurons terminating near forelimb motor neurons, muscles 
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from the neck and upper back were separated from cervical spinal vertebrae following a 

skin incision. Hemilaminectomy was performed on the C6-T1 vertebrae to allow 

unilateral injections of HiRet-GFP (1 µL/injection; 6 injection sites 0.5 mm apart) at 

respective spinal levels. For unilateral labeling of C3-C4 PNs, AAV2-TetOn (2 

uL/injection, 2 injection sites 0.5 mm apart) was injected into the C3-C4 intermediate 

grey matter to doublty infect PN somas with HiRet-TRE-GFP injections (1 µL/injection; 

6 injection sites 0.5 mm apart) into the C6-T1 spinal cord based on the following co-

ordinates from the spinal cord surface: medial-lateral (ML): 1.0 mm and dorso-ventral 

(DV): 1.5 mm (Watson et al., 2009). 

 

Tissue Processing and Histology 

At the completion of each experiment, all animals were sacrificed by injection of 

Fatal-Plus (Dearborn, MI) and perfused with saline (0.9% NaCl) followed by 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.5). The brain and cervical 

spinal cord were promptly dissected and post-fixed in 4% PFA overnight at 4°C. Tissue 

samples were then transferred to 30% sucrose for an additional 3 days prior to sectioning. 

Serial tissue sections were cut coronally at 30 µm on a cryostat and placed into 

cyroprotectant (containing Na2HPO4 H2O, NaH2PO4, sucrose, PVP-40 and ethylene 

glycol) for long-term storage at -20°C.  

 

Immunofluorescence 

To amplify the GFP signal, every fifth free-floating section was permeabilized in 

0.3% Triton X-100 with 5% normal donkey serum to block non-specific binding sites. 
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Samples were then incubated with chicken-anti-GFP primary antibody (1:1000; #GFP-

1020; Aves Labs Inc., Tigard OR) overnight at 4°C. The next day, samples were 

incubated with donkey-anti-chicken-AlexaFluor 488 secondary (1:400, Jackson 

ImmunoResearch Laboratories, Inc.; West Grove, PA), mounted and photographed using 

Axiovision software (Carl Zeiss Microscopy, Thornwood, NY). 

 

Stereology 

Unbiased stereological estimates of GFP+ neurons were performed as previously 

described (West et al., 1991). Systematic random sampling of GFP+ neurons were 

acquired using StereoInvestigator (MicroBrightField, Inc., Williston, VT). Spinal cord 

sections were identified by counting dorsal roots on the dissected spinal cord and verified 

based on grey matter contour from a rat spinal cord atlas (Watson et al., 2009). 

Boundaries were drawn around regions of interest in the grey matter of C3-C4. Ipsilateral 

and contralateral grey matter was generally determined by density of GFP signal in axons 

in the corresponding white matter. Midbrain sections identified containing the red 

nucleus were quantified from bregma -5.20 mm to -6.70 mm (Paxinos, 2007). A 350 x 

350 µm random sampling grid was placed on all regions of interest for spinal cord grey 

matter and red nucleus. Guard zone height was 5 µm (top and bottom) with a sampling 

brick depth of 20 µm for spinal cord or 40 for µm brain areas. Z-stacks were taken at 

each region of interest with at 40x objective using a Leica fluorescent microscope. GFP+ 

neurons were marked if inside a counting frame (75 x 75 µm for spinal cord; 100 x 100 

µm for brain) using the optical fractionator workflow. Total estimates of neurons labeled 
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in the C3-C4 or red nucleus ipsilateral and contralateral to the injection site were 

reported.  

 

Statistical Analysis 

All statistical analysis was performed using GraphPad Prism 6 (GraphPad 

Software, Inc., La Jolla, CA). Statistical evaluations of stereological data were analyzed 

by an unpaired two-tailed t-test wherever mentioned. All morphological analysis is 

represented as mean ± SD. 

Results 

Distribution of supraspinal-propriospinal connections to C6-T1 

For this study, we examined the retrograde labeling of neurons synapsing within 

the cervical region (C6-T1).  The cervical region was chosen because it is primarily 

involved in forelimb motor behaviors such as reaching and grasping. Since it is well 

established that rabies virus is taken up at synapses and transported retrogradely, we used 

the chimeric rabies-G-envelope protein fused with the cytoplasmic domain of VSV-G.  

This lentivirus serotype was first developed by Kobayashi (Kato et al., 2011) and shown 

to induce high efficiency retrograde transport from several neuronal subtypes (Kinoshita 

et al., 2012; Hirano et al., 2013; Kato et al., 2013; Watakabe et al., 2012; Kato, 

Kuramochi et al., 2011). HiRet-GFP lentivirus was injected unilaterally into the spinal 

cord at the designated locations, to map some of the circuits innervating these regions.  

Examination of the injection site indicated that the virus was confined to the ipsilateral 

injected side (Figure 8A), with occasional labeling of commissural neurons showing a 

few axons crossing the midline. 
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In general, GFP-positive neurons were identified in several supraspinal regions 

known to provide motor information to the spinal cord.  Four weeks after C6-T1 HiRet-

GFP injections, we observed labeling of cortical neurons in lamina V (Figure 8B and 

Figure 8C), tectospinal neurons within the deep lamina of the superior colliculus (Figure 

8D), and various regions in the reticular formation, such as the ventral medullary reticular 

formation (MdV) bilaterally (Figure 8E), and the gigantocellular reticular nucleus (Gi) 

(Figure 8F). This indicates that HiRet-GFP was able to retrogradely label several nuclei 

of descending motor pathways that are thought to participate in forelimb motor control. 

In these studies, we primarily focused on examining GFP-positive neurons 

localized to either the red nucleus or upper cervical spinal cord. Within the midbrain, 

neuronal GFP expression was found in the contralateral and ipsilateral red nucleus.  The 

rubrospinal tract is known to participate in reaching and grasping in rodents as well as 

monkeys (Van Kan and McCurdy, 2002; Morris et al., 2015; Geed and van Kan, 2017). 

Rubrospinal neurons were predominately labeled on the contralateral side and GFP-

labeled neuronal numbers estimated at 1058 ± 242 neurons using stereological methods 

(Figure 8K and Figure 8L). Sparse labeling was observed in the ipsilateral red nucleus 

with 369 ± 227 labeled neurons (Figure 8J and Figure 8L). 

Within the spinal cord, C3-C4 PNs contribute to target-directed reaching and hand 

dexterity by acting as a disynaptic relay between the corticospinal tract (CST) and the 

C6-T1 forelimb motor neurons in monkeys and cats (Isa et al., 2006; Alstermark, 

Lundberg et al., 1981; Alstermark et al., 1999; S. Sasaki et al., 2004; see Alstermark et 

al., 2007 for review). Injection of HiRet-GFP into the C6-T1 spinal cord segments 

showed numerous bilateral GFP-positive C3-C4 PNs (Figure 8G). Labeled neurons were 



45 

mostly ipsilateral in the grey matter from Rexed lamina IV to VIII, with somas found 

both medially and laterally (Figure 8G and Figure 8H). Contralateral GFP expression of 

PNs was observed mostly medially in the ventral horn in lamina VII and VIII, with sparse 

neurons observed in the contralateral dorsal horn. Stereological estimates of retrogradely 

labeled GFP-positive PNs were 12,319 ± 3853 neurons and 7,927 ± 3198 neurons for 

ipsilateral and contralateral C3-C4 grey matter, respectively (Figure 8I). The anatomical 

location and laminar distribution of GFP-positive C3-C4 PNs was identical to retrograde 

tracing by other methods (Filli et al., 2014; Ni et al., 2014; Han et al., 2015).  
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Figure 8: Retrograde labeling of supraspinal and propriospinal neruons after 

injection of HiRet-GFP into the C6-T1 spinal cord segments. 

A) Overexposure of GFP labeling at the HiRet-GFP injection site in the C6 spinal cord 

showing unilateral expression.  B) Representative image of contralateral somatomotor 

cortex showing labeling of layer V pyramidal neurons.  C) Higher magnification of 

corticospinal neurons from panel B.   D)  Contralateral superior colliculus with GFP 

labeled tectospinal neurons.   E) Caudal medulla showing bilateral GFP-positive neurons 
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within the ventral part of the medullary reticular formation (MdV).  F) GFP-positive 

neurons labeled within the gigantocellular reticular formation near the Ponto-medulla 

junction.  G) Ipsilateral (ipsi) and contralateral (contra) GFP-labeled propriospinal 

neurons within the C3/C4 spinal cord segments.  H) Higher magnification of GFP-labeled 

propriospinal neurons ipsilateral to the injection site. I) Stereological estimates of GFP-

positive propriospinal neurons within the C3/C4 spinal cord region showing both 

ipsilateral and contralateral densities.  A few GFP-positive rubrospinal neurons were 

identified within the ipsilateral red nucleus; however, the vast majority were localized to 

the contralateral red nucleus (K).  L) Stereological estimates for the number of GFP-

positive rubrospinal neurons identified within either the contralateral and ipsilateral red 

nucleus.  Data is mean ± SD; n=4. Scale bars: A, G: 500m; B, D, E, F, J,K: 200m;  

C,H: 50m 

 

Specific Labeling of C3-C4 PNs 

To induce GFP expression within specific neuronal subpopulations we used a 

two-virus tetracycline-inducible system (Kinoshita et al., 2012). We generated HiRet 

lentivirus (HiRet-TRE-GFP) and a second adeno-associated virus expressing Tet-On 

(AAV2-TetOn) to drive inducible GFP expression. HiRet-TRE-GFP was injected into the 

C6-T1 spinal cord segments and AAV2-TetOn was unilaterally injected into the C3-C4 

spinal cord, allowing specific GFP labeling of C3-C4 PNs.  Four weeks later, rats were 

injected with doxycycline (30 mg/kg, s.c.) for one week. Analysis of spinal cords showed 

very specific GFP-positive labeling of only the unilateral C3-C4 PNs (Figure 9C). High 

density neuronal labeling was observed throughout the cell body and dendrites, showing 

consistency in the total number of labeled neurons (Figure 9C’ and Figure 9C’’). Since 

this method requires two viruses to infect the same cell to induce GFP expression (Figure 

9A and Figure 9B), glia at the injection site were not labeled, however, GFP-positive 

labeling of the axons and their terminals could be identified within the C6-T1 spinal cord 

(Figure 9F).  Some of these synaptic terminals co-labeled with vGlut1 (Figure 9G).  This 
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data indicates that this system can be used to genetically modify specific neuronal 

populations with synaptic connections within the spinal cord. 

 

Figure 9: Specific labeling of neuronal subpopulations using HiRet tetracycline-

inducible GFP. 
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C3-C4 propriospinal neurons and their synaptic terminals in the C6-T1 spinal cord were 

labeled by injection of HiRet-TRE-GFP into the C6-T1 and AAV2-TetOn into the C3-C4 

spinal cord.  Cervical sagittal spinal cord sections from A) AAV2-TetOn control, B) 

HiRet-TRE-GFP control,C) AAV2-TetOn + HiRet-TRE-GFP following doxycycline 

administration for 7 days. C) GFP-positive neurons identified only in rats receiving 

injections of both viral vectors with doxycycline.  All GFP-labeled neurons were 

localized to the C3/C4 region where the AAV2-TetOn was injected.  C’ and C’’) Higher 

magnification images show a cluster of labeled neurons and extensive dendritic arbors. 

D) Unilateral injections of AAV2-TetOn limited expression of GFP to only the ipsilateral 

propriospinal neurons.  E) All animals showed relatively consistent number of GFP-

positive neurons labeled per sagittal section.   This labeling technique allows 

identification of both the neuronal cell bodies and their axon terminals within the same 

animal.  F) C3-C4 propriospinal axons (yellow arrowheads) within the ventrolateral and 

ventral funiculi and their axon terminals (cyan arrowheads) within the ventral horn of C7.  

G)  C3-C4 GFP-positive axon terminals within the C7 spinal cord can easily be identified 

and co-labeled with the pre-synaptic marker vGLut1 (G’). Scale bars: A, B, C, C‘, D = 

500 m; F=200m C’’, G = 20 m. 

 

Discussion 

Unlike traditional retrograde tracers, viral retrograde tracers allow genetic 

manipulation of neurons that innervate a specific region of the spinal cord.  Here we 

show that discrete unilateral injections of HiRet lentivirus into the cervical spinal cord 

labels well-defined locations within the spinal cord and brainstem compared to previous 

studies using retrograde chemical tracers. This labeling is found to be stable in vivo for 

extended time periods (we have observed GFP expression for up to 4 months), making it 

superior to tracers such as BDA or pseudo-rabies virus, which must be dealt with in a 

time-sensitive manner. Additionally, we have found no evidence of neuronal cell death in 

either the brain or spinal cord while using this tracer. HiRet is a replication-deficient 3rd 

generation lentiviral vector based on the HIV-1 backbone, and as these vectors do not 

replicate after transducing neurons without the genes rev and gag/pol provided, this 

substantially decreases their cytotoxic properties (Dull et al., 1998). 
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HiRet lentivirus uses the rabies G-envelope glycoprotein to enable preferential 

uptake at synaptic terminals, unlike traditional chemical retrograde tracers that can be 

taken up by damaged axons or axons en passage (see Kobayashi et al., 2016 for review). 

This allows better definition of pathways that innervate specific regions of the brain or 

spinal cord and provides an advantage compared to AAVs that are used for retrograde 

mapping (ex. rAAV2-retro) where uptake by axons en passage needs to be taken into 

account (Tervo et al., 2016). We have also found no evidence of trans-synaptic transport 

by this vector. For example, we observed no GFP labeling of neuronal populations that 

do not make direct synaptic connections into the cervical region even after increasing 

injection volume or the time after injections. These advantages could prove critical not 

only for mapping of circuits from the brain to the spinal cord, but for studies specifically 

targeting neuronal populations for silencing or ablation (Kinoshita et al., 2012; Y. Liu et 

al., 2017; Tohyama et al., 2017). 

The ability to use inducible promoters in combination with HiRet could also 

provide an advantage in future studies. During our use of HiRet-TRE-GFP, we observed 

neurons specifically labeled throughout their entire length, allowing detailed examination 

of dendrites or tracing of axons to their terminals near the injection site to identify their 

synaptic targets.  Thus, this viral labeling procedure allows retrograde labeling as well as 

anterograde identification of terminals within the same neurons, which no chemical tracer 

supports. 

In the present study, we examined the utility of a retrogradely transportable 

lentivirus to map pathways terminating within the cervical spinal cord. We observed 

efficient retrograde transport into multiple pathways known to be involved in motor 
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control, primarily within the brainstem and spinal cord.  The number and distribution of 

neurons retrogradely labeled using HiRet lentivirus compared well to those labeled using 

other methods (ex. flurogold, microruby) (Reed et al., 2006; Liang et al., 2011). 

Unfortunately, the retrograde labeling of the cortical motor neurons was relatively weak 

and this method might not be as useful for that pathway. Previous studies have shown 

efficient retrograde labeling of CSNs in neonatal animals with HiRet lentiviral vectors 

(Y. Liu et al., 2017; X. Wang et al., 2017). It is likely that in younger animals, protein 

levels of neuronal cell adhesion molecule receptor, one of the necessary receptors of for 

rabies glycoprotein to mediate synaptic uptake, is downregulated in the adult (Mao et al., 

2012; Charles et al., 2000). Finally, this viral tracer can be used to map changes in 

intraspinal and supraspinal circuit pathways pre- and post-SCI, to highlight neuronal 

populations potentially involved in spontaneous behavioral recovery or contributing to 

functional recovery in experimental models. 

For cervical studies we performed six evenly spaced injections of HiRet-GFP 

lentivirus within the middle of lamina VII of the spinal cord. This injection procedure 

showed good diffusion into the intermediate zone and ventral horn without virus 

diffusion into the contralateral cord. The relative distribution and number of neurons 

retrogradely labeled by synaptic uptake of HiRet-GFP within these regions was similar to 

other retrograde viral tools (Ni et al., 2014; Khalki et al., 2018) and classical tracers 

(Liang et al., 2011; Liang et al., 2012). For example, several studies have shown that the 

rubrospinal projections have a small ipsilateral component which we could identify using 

this procedure (Shieh et al., 1983; Holstege, 1987; Holstege and Tan, 1988; Liang et al., 

2012). We also show similar locations of expression and numbers of neurons labeled 
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between animals injected with HiRet-GFP or microruby into the C6-T1 region, indicating 

that HiRet is an excellent method for either retrograde tracing or genetic manipulation of 

neurons innervating a specific location. Interestingly, microruby failed to label the 

ipsilateral rubrospinal pathway and showed higher levels of variability in the number of 

labeled neurons within their respective nuclei (data not shown). 

The CST is considered the primary pathway for control of skilled forelimb 

reaching and grasping. Although cortical and brainstem neurons were labeled with 

cervical injections, we were primarily interested in labeling C3-C4 PNs since several 

studies in the cat and monkey have demonstrated the importance of the C3-C4 

propriospinal pathway in the recovery of reaching and grasping after CST lesions (see 

reviews by Flynn et al., 2011; Alstermark and Isa, 2012). We observed very robust 

labeling of these propriospinal neurons, showing much better details of dendrites than 

chemical tracers, which mostly only label the cell bodies. With GFP expression the 

dendritic arbors can easily be identified with high fidelity.   

Several studies have also demonstrated the red nucleus as an important midbrain 

structure potentially involved in forelimb reaching and grasping after CST lesions 

(Whishaw et al., 1990; van Kan and McCurdy, 2001; Horn et al., 2002; Kuchler et al., 

2002). Microstimulation of the red nucleus induces electromyography activity in distal 

forelimb muscles in rats, cats and primates (van Kan and McCurdy, 2001; Horn et al., 

2002; Kuchler et al., 2002). Lesion to the red nucleus alone suggests a role in the 

arpeggio movement associated with forelimb reaching and grasping (Whishaw et al., 

1998; Morris et al., 2011; Morris et al., 2015). However, after bilateral pyramidotomy, 

CST axons are known to sprout extensively into the red nucleus and successful 
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rehabilitative reaching training was dependent on rubrospinal connections into the 

cervical spinal cord (Mosberger et al., 2017). Our retrograde labeling of rubrospinal 

neurons from the cervical spinal cord identifies a potential target for behavioral studies 

examining forelimb function post-spinal cord injury. 

In conclusion, HiRet lentivirus provides us with the ability to label neuronal 

populations within the brain and spinal cord with high fidelity. This viral vector can be 

utilized as a retrograde tracer to map pathways and to target specific neuronal 

populations. HiRet permits stable, long lasting transgene expression, providing a 

significant advantage over chemical tracers and neurotoxic retrograde viruses. In 

addition, this vector may allow detailed and specific analysis of interneuronal circuits that 

undergo plasticity post-injury. When combined with vectors allowing tetracycline-

inducible transgene expression, these pathways are viable targets for investigating 

functional recovery. 
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CHAPTER 3 

RUBRO- AND PROPRIOSPINAL PATHWAYS ARE INVOLVED IN 

SPONTANEOUS RECOVERY OF REACHING AND GRASPING BEHAVIORS 

POST-CERVICAL SPINAL CORD INJURY 

Introduction 

Spinal cord injuries (SCI) affect approximately 100,000 patients each year and 

cause motor, sensory and autonomic dysfunction. Approximately 60% of all SCIs occur 

at the cervical level in human patients, which effects forelimb function (National Spinal 

Cord Injury Statistical Center, 2017). Patients affected by a cervical SCI desire recovery 

of hand and digit function to improve their current lifestyle (Anderson, 2004). Prior 

studies have examined various therapeutic methods to promote functional recovery in 

animal models of SCI ranging from promoting axon regeneration by regulating growth 

promoting signaling cascades (see He and Jin, 2016; K. Liu et al., 2011; Moore et al., 

2011; Park et al., 2010 for reviews), providing exogenous neurotrophic factors (see 

Blesch et al., 2012; Hollis and Tuszynski, 2011; Lu and Tuszynski, 2008; Hendriks et al., 

2004 for reviews) and reducing inhibitory extrinsic molecules (see Schwab and 

Strittmatter, 2014; Fitch and Silver, 2008; Schwab, 2004 for reviews). Despite these 

attempts, axonal sprouting is observed with little regeneration of severed fibers (D. Wu et 

al., 2009; Yiu and He, 2006; see Schwab and Bartholdi, 1996 for review). In many 

studies using rodent models of SCI, spontaneous recovery of limb function is observed. 

Plasticity of supraspinal and intraspinal pathways occurs post-injury and is thought to 

contribute to recovery. However, examination of endogenous circuitry important for 
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motor control is critical to understanding mechanisms of spontaneous recovery in rodents 

and essential for the development of novel targeted therapeutics. 

Descending supraspinal motor pathways are involved in motor control of the 

forelimb in various mammalian species (see Lemon, 2008 for review). Two pathways 

involved in hand dexterity are the corticospinal (CST) and rubrospinal tracts (RST). The 

CST has cell bodies found in layer V of the cortex and projects to all levels of the spinal 

cord. In rodents, ~95% of CST fibers are found in the ventral portion of the dorsal 

columns, with the remaining 3-5% found in the lateral and ventral funiculus (K. L. Fink 

et al., 2015; Oudega and Perez, 2012). The CST strongly participates in hand and digit 

function along with fine precise movements. The RST has neurons originating in the red 

nucleus and projects its axons in the lateral funiculus to all levels of the spinal cord. Both 

the CST and to a lesser degree the RST have functional roles in forelimb dexterity and 

grasping behaviors (Lawrence and Kuypers, 1968a; Lawrence and Kuypers, 1968b). Past 

studies have indicated that loss of either tract individually or in combination causes short-

term impairments in forelimb motor function such as grasping behaviors (Alstermark et 

al., 2011; Morris et al., 2011; Kanagal and Muir, 2009; Girgis et al., 2007; Whishaw et 

al., 1993). However, partial recovery after initial loss of distal forelimb function post 

injury has been observed in primates and rodents (Alstermark and Pettersson, 2014; S. 

Sasaki et al., 2004). Such recovery of forelimb function after supraspinal loss is likely 

mediated through intact endogenous pathways compensating for motor input. 

Propriospinal interneurons (PNs) are found throughout the spinal cord in 

mammalian species such as cats, primates, rodents and humans (S. Sasaki et al., 2004; 

Alstermark et al., 1999; Pauvert et al., 1998; Pierrot-Deseilligny, 1996; Verburgh et al., 
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1989; Chung and Coggeshall, 1983; see Alstermark and Isa, 2012; Alstermark et al., 

2007 for reviews). PNs are known to control limb movement, establish circuits between 

different spinal levels and relay supraspinal input to motoneurons (MNs). Cervical PNs 

found in the C3-C4 spinal levels are the most extensively studied in both the cat and 

primate regarding forelimb reaching behaviors and receive inputs from cortico-, rubro-, 

reticulo- and tectospinal tracts (Alstermark et al., 1984a; Illert et al., 1981; Illert et al., 

1977). The C3-C4 PNs project a bifurcating axons in the lateral and ventral funiculi with 

a descending branch innervating forelimb motor neurons within the C6-T1 spinal 

segments and an ascending branch innervating the lateral reticular nucleus (LRN) (Isa et 

al., 2006; Alstermark et al., 1999; Tantisira et al., 1996; Illert and Lundberg, 1978). In 

addition, PNs can relay sensory information from the periphery to supraspinal centers to 

modulate limb trajectory during movements (Azim et al., 2014; see Flynn et al., 2011 for 

review).  

Specific spinal cord lesions interrupting descending motor or ascending sensory 

transmission by the C3-C4 PNs have indicated the importance of these neurons for target 

directed reaching behaviors. For example, cats that received a C5 dorsolateral funiculus  

lesion severing supraspinal input (CST and RST) to C6-T1 forelimb MNs, still had 

disynaptic excitatory transmission of cortical input as determined by electrophysiology. 

The presence of disynaptic excitatory inputs recorded in forelimb MNs was mediated 

through C3-C4 PNs. The sparing of inputs to C3-C4 PNs were found responsible for 

recovery of forelimb target-directed reaching in the cat post-SCI (Alstermark and Sasaki, 

1986; Alstermark et al., 1981; see Alstermark and Isa, 2012 for review). In uninjured 

primates, synaptic silencing of C3-C4 PNs by virally expressed tetanus toxin light chain 
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causes deficits in forelimb reaching and grasping behaviors (Kinoshita et al., 2012). After 

SCI in rodents, PNs undergo plasticity-dependent changes to form bypassing circuits 

around spinal cord lesions in order to re-establish supraspinal input to denervated MNs, 

thus permitting spontaneous recovery of locomotion (Filli et al., 2014; van den Brand et 

al., 2012; Courtine et al., 2008; Bareyre et al., 2004). Previous reports examining 

supraspinal axon sprouting with different treatment modalities have postulated that 

recovery of function may utilize spared endogenous interneuronal networks after injury 

(Ghosh et al., 2009; Vavrek et al., 2006). Although, it is well established that PNs play a 

significant role in target-directed reaching behaviors in mammalian species and can form 

bypass circuits around spinal cord lesions, potentially allowing spontaneous functional 

recovery, it is not known what role these endogenous circuits have on target-directed 

reaching behaviors when genetically silenced pre- and post-cervical SCI. 

In this study, our goals were to determine the contribution of the cortico-, rubro- 

and propriospinal pathways on forelimb motor behavior in uninjured rats. Many past 

studies have examined CST or RST influence on forelimb function post-injury, but few 

focus on the contribution to behavior in the uninjured state using novel genetic or viral 

methods. In addition, the extent of propriospinal involvement in forelimb function before 

and after SCI is not fully understood. In this study, we utilize a novel two viral vector 

system to neuronally silence RSNs and C3-C4 PNs and determine the involvement of 

these pathways in spontaneous recovery of forelimb reaching behavior after dorsal 

column lesions. 
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Materials and Methods 

Animals 

All surgical and animal care protocols were approved by the Temple University School 

of Medicine’s Institutional Animal Care and Use Committee, and performed per the 

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

Sprague-Dawley rats (65-75 d, 200-224 g; Harlan Laboratories) were housed two per 

cage, on a 12-hour light-dark cycle with food and water provided ad libitum. Animals 

were allowed 7 days of acclimatization prior to any experimental procedure. 

 

Viral Vectors 

Synaptic silencing of specific neuronal pathways was achieved with a two-viral 

vector system utilizing tetracycline-inducible expression of tetanus toxin as previously 

described. A highly efficient retrograde gene transfer (HiRet) lentiviral vector (provided 

by Dr. Kobayashi) was used in conjunction with an adeno-associated vector (AAV-

TetOn) containing a tetracycline transactivator and subcutaneous injection of doxycycline 

antibiotic (Sigma-Aldrich Co., St. Louis, MO). 

The lentivirus HiRet is an HIV-1 pseudotype with a tetracycline responsive 

element (TRE) containing inhibitory DREADD (hM4Di) fused with mCherry. HiRet 

vector was packaged with rabies virus fusion envelope glycoprotein G (FuG-B; provided 

by Dr. Kobayashi) and plasmids pMbl and pRev for use in synaptic silencing 

experiments. Rabies virus glycoproteins allow lentivirus uptake at the synapse and 

retrograde transport with high efficiency into neuronal somas (Hirano et al., 2013; Kato 

et al., 2013; Watakabe et al., 2012; Kinoshita et al., 2012; Kato et al., 2011; Kato et al., 
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2011). Plasmids were transfected into HEK293T cells using the CaPO4 method and 

allowed to incubate overnight. Purified virus was suspended in Tris buffer containing rat 

albumin and mannitol. Lentiviral titers were determined using a P24 HIV-1 ELISA kit. 

All lentiviruses were at least 2 x 107 TU/µL infectivity. 

The AAV2-CMV-rtTAV16 vector contains a reverse transcriptional activator 

(TetOn) under the control of a cytomegalovirus promoter (CMV) that binds to TRE in 

HiRet lentiviral vector in the presence of doxycycline, resulting in transcription of 

hM4Di-mCherry. AAV2-GIRK2-HA contains a transgene for G-protein inward 

rectifying postassium channel 2 (GIRK2) with a hemaggluttinin tag (HA). This virus was 

made to overexpress GIRK2, necessary for neuronal silencing of inhibitory DREADD 

function, in neuronal populations (Armbruster et al., 2007). Plasmids pAM-CMV-

rtTAV16 (provided by Dr. Kobayashi) or pAM-GIRK2-HA were transfected into 

HEK293T cells with the addition of pHelper containing adenoviral functions and pRC 

containing rep and cap genes. Supernatants and cell lysates were harvested after 3 days 

and added to 40% polyethylene glycol 8000 for 2 hours to precipitate crude virus. AAV2 

was purified from this preparation using a CsCl gradient by double-centrifugation and 

dialyzed in 5% sorbital in 0.1 M PBS overnight (Y. Liu et al., 2014; Ayuso et al., 2010). 

Viral fractions were tested for expression by co-transfection with HiRet-TRE-hM4Di-

mCherry into fibroblasts for 24 hours. Doxycycline was then added to induce expression 

of mCherry. The fraction with the highest expression was used in the following in vivo 

studies. AAV2 titers used in this study were 1.2 x 1013 GC/mL as determined by 

quantitative real-time PCR. Lentivirus and AAV2 were aliquoted and stored in -80°C. 
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Surgical Procedures 

Animals were anesthetized with a ketamine (67 mg/kg)/xylazine (6.7 mg/kg, i.p.) 

mixture. Following skin incision, muscles from the neck and upper back were separated 

from cervical spinal vertebrae. Laminectomy was performed on the C6-T1 vertebrae to 

allow injections of HiRet-TRE-hM4Di-mCherry (1 µL/injection; 6 injections) at the 

respective spinal levels. AAV2-TetOn mixed 1:1 with AAV2-GIRK2-HA was injected 

into the contralateral red nucleus or the C3-C4 spinal cord in a bilateral manner, relative 

to HiRet lentiviral injections. AAV2-TetOn with AAV2-GIRK2-HA was injected at the 

following coordinates: red nucleus – anterior-posterior (AP): -5.8, -6.1 mm, medial-

lateral (ML): 0.6 mm, and dorsoventral (DV): 7.6 mm; or C3-C4 spinal cord – ML: 1.0 

mm and DV: 1.5 mm. All AAV2 injections were 2 µL each. For spinal cord lesions, C5 

laminectomy was performed. Several drops of lidocaine were added to the dura prior to 

C5 dorsal column lesions. Spring microscissors were marked to a depth of 1.5 mm from 

dura with an opening of 1.5 mm to sever the dorsal columns in between the C5 and C6 

dorsal roots. For anterograde tracing of the CST, a cranial window was opened exposing 

the sensorimotor forelimb cortex contralateral to the preferred forepaw. Microinjections 

of biotinylated dextran amine (BDA, 10,000 MW, Molecular Probes) were performed 

into the following coordinates from bregma – AP: +0.5 mm, ML: -2.5 mm, -3.5 mm; AP: 

-0.5 mm, ML: -3.0 mm, -4.0 mm; dorsoventral (DV): -1.8 mm from surface of brain for 

all cortical injections (1 µL/injection). Following all procedures, incisions were closed 

with sutures and animals received analgesics (Rimadyl 2 mg/tablet; Bio Serv, 

Flemington, NJ) and antibiotics (cefazolin 10 mg/mL, s.c.). Saline (0.9% NaCl) was 
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administered (s.c.) to prevent dehydration post-surgery. Animals were allowed seven 

days to recover from surgery prior to behavioral testing. 

 

Drug administration 

To induce expression of hM4Di, doxycycline (30 mg/kg, s.c.) was administered 

daily for behavioral assessments to determine effects of synaptic silencing. Clozapine-n-

oxide (CNO; 4 mg/kg, i.p.) was administered 15 minutes prior to behavioral assessments 

to determine effect of inhibitory DREADD activation on forelimb function including 

reaching and grasping behaviors. Vehicle injections (0.5% dimethyl sulfoxide in saline, 

i.p.) were given the following day to examine behavioral recovery return to baseline 

performance. Doxycycline was also administered prior to euthanasia to visualize 

neuronal mCherry expression upon histological analysis.   

 

Behavioral Assessments 

Forelimb motor function was assessed with the following paradigms: limb 

asymmetry (cylinder test), the Irvine, Beattie, Bresnahan (IBB) forelimb test and the 

single pellet reaching task. Baseline measurements were taken on all animals prior to 

surgical procedures. Experimenters blinded to treatment completed all assessments and 

analysis. 

The single-pellet reaching task measures reaching and grasping behaviors using 

the hand, wrist and digits as described previously (Klein and Dunnett, 2012; Whishaw et 

al., 2008; Whishaw and Pellis, 1990). Animals are placed into a plexiglass box with a 

shelf where chocolate flavored sucrose pellets are located (Dustless Precision Pellets, 
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chocolate flavor, sucrose #F0025, Bioserv, Flemington, NJ). Animals that learn the task 

of reaching-to-grasp-to-retrieve and eat food pellets with a preferred forelimb are 

subsequently trained to go to the back of the box to initiate a new presentation of a pellet. 

Fully trained animals have baseline measurements averaged over three consecutive trial 

days. The successful pellet retrieval rate percentage (total pellets obtained (reach-to-

grasp-to-retreive) and eaten without dropping inside the cage per 20 pellet presentations x 

100) was measured and recorded. 

The IBB measures proximal and distal forelimb movements as previously 

described (Irvine et al., 2014; Irvine et al., 2010). Animals are given several pieces of two 

differently shaped cereal (doughnut and spherical) each day for one week prior to the test 

to acclimate them to the food. On the testing day, animals are placed into a plexiglass 

cylinder and videotaped eating cereal pieces of both shapes. Videos are scored in slow-

motion playback on a 10-point (0-9) scale with the highest score of both pieces recorded 

for each animal. 

Limb asymmetry was measured as previously described (Gensel et al., 2006). 

Animals were placed into a plexiglass cylinder (20 cm height x 20 cm diameter) for 5 

minutes to encourage exploratory behavior. During exploration, rats will rear and place 

their forepaws against the walls of the cylinder. Forelimb placements were scored by 

slow video-playback for contralateral, ipsilateral and simultaneous forelimb placements. 

Simultaneous placements were defined as both limbs contacting the wall of the cylinder 

within <0.5 sec. 

All animals were food deprived for ~16 hours overnight and had access to water 

ad libitum. Fasted animals were subsequently behavioral tested in each of the behavioral 
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paradigms for single-pellet reaching, IBB and limb assymtry as described above the 

following morning after food deprivation. Food chow was returned back to each animals’ 

cage following behavioral assesments. All animal groups with hM4Di targeting either 1) 

C3-C4 PNs, 2) RSNs or 3) C3-C4 PNs + RSNs were examined at once per week for two 

weeks post-surgery to ensure no negative effects of surgical procedures on behavioral 

assessments. In addition, behavioral assessments were made in the pre-injured state in the 

presence of doxycycline with or without CNO. If no deficits were observed in the 

presence of doxycycline and CNO, all animals received C5 dorsal column lesions and 

assessed post recovery.  

 

Tissue processing and histology 

At the completion of each experiment, all animals were sacrificed by injection of 

Fatal-Plus (Dearborn, MI) and perfused with saline (0.9% NaCl) followed by 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.5). The brain and cervical 

spinal cord were promptly dissected and post-fixed in 4% PFA overnight at 4°C. Tissue 

samples were then transferred to 30% sucrose for an additional 3 days prior to sectioning. 

30 µm serial tissue sections were taken either sagittally or coronally on a cryostat and 

placed into cyroprotectant (containing Na2HPO4 H2O, NaH2PO4, sucrose, PVP-40 and 

ethylene glycol) for long-term storage at -20°C. 

 

Immunofluorescence 

For immunohistochemical analysis of specific proteins, every fifth free-floating 

section was permeabilized in 0.3% Triton X-100 with 5% normal donkey serum to block 
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non-specific binding sites. Samples were then incubated in the following primary 

antibodies: rabbit-anti-DsRed (1:500; Clontech, #632496), mouse-anti-NeuN (1:100; 

Millipore #MAB377), goat-anti-GIRK2 (1:200; Abcam #ab65096), mouse-anti-HA 

(1:200; Roche 12CA5 #11583816001), goat-anti-choline acetyl transferase (ChAT) 

(1:50; Millipore #AB144P), guinea pig-anti-vGlut2 (1:500; Millipore #AB2251), rabbit-

anti-PKCɣ (1:500; Abcam #ab71558) or mouse-anti-GFAP (1:500; Dako #20334) 

overnight at 4°C. The next day, samples were incubated with secondary antibodies 

conjugated to appropriate fluorophores (Jackson ImmunoResearch Laboratories, Inc.; 

West Grove, PA) and mounted and photographed using Zeiss Axiovision software (Carl 

Zeiss Microscopy, Thornwood, NY). 

Confocal images were taken using a Leica SP8 3000 Microscope (Leica 

Microsystems, Buffalo Grove, IL) with lasers pre-tuned to 488 nm (eGFP), 552 nm (Cy3) 

and 638 nm (AlexaFluor 647). Z-stack of images were taken using a 40X oil-immersive 

objective (NA 1.25) with 3X zoom for visualization of pre-synaptic terminals. 

Representative single plane images of terminals (1024 x 1024 pixels; section thickness 20 

µm) were taken using maximum intensity projection. Confocal images were acquired in 

sequential mode to avoid crosstalk between channels (488, 552 and 638 nm). Maximum 

intensity projection and orthogonal sectioning was generated using Leica LASX software 

(Leica Microsystems, Buffalo Grove, IL). 

 

Electrophysiology 

Whole-cell patch clamping of cortical slices was performed to determine function 

of hM4Di. AAV2-TetOn and HiRet-TRE-hM4Di-mCherry was mixed in a 1:1 ratio and 
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injected into the sensorimotor forelimb cortex of several animals. Cortical slices were 

prepared for whole-cell patch clamp recordings as previously described (C. Li and Kirby, 

2016; Kirby et al., 2008). In brief, animals were euthanized by rapid decapitation and 

brains were placed into ice-cold artificial cerebrospinal fluid (ACSF) containing sucrose 

(248 mM) in place of NaCl. Coronal slices with the sensorimotor forelimb cortex (250 

mm thick) were obtained using a Vibratome 3000 Plus (Vibratome, Bannockburn, IL) 

and placed in ACSF ((in mM): 124 NaCl, 2.5 KCl, 2 NaH2PO4, 2.5 CaCl2, 2 MgSO4, 10 

dextrose, and 26 NaHCO3) at 35°C bubbled with 95% O2/5% CO2 for 1 hr prior to being 

maintained at room temperature.   

Slices were transferred to a recording chamber (Warner Instruments, Hamden, 

CT) and continuously perfused with ACSF at 1.5-2.0 mL/min. Only one cell was 

recorded per brain slice. Neurons were visualized using a Nikon E600 upright 

microscope (Optical Apparatus, Ardmore, PA). Resistance of recording electrode was 4-6 

mOhm when filled with an intracellular solution (in mM): 70 Kglucoonate, 70 KCl, 2 

NaCl, 4 EGTA, 10 HEPES, 4 MgATP, 0.3 Na2GTP, 0.1% biocytin, pH 7.3.  

Neuronal excitability was assessed in whole-cell recordings under current clamp 

conditions with a HEKA patch-clamp EPC-10 amplifier (HEKA Elecktronik 

Lambrecht/Pfalz, Germany). A series of currents (100 to 160 pA, step +20) were injected 

into each cell assess the excitability by recording voltage responses. Once stimulated 

neurons stabilized, CNO (10 µM) was applied to bath solution for 3 minutes and the 

series of stimulation currents were re-applied to determine changes of voltage responses. 

Then slices were washed for 15 minutes with regular ACSF, and currents were re-applied 

to assess neuronal excitability (Figure 10). Recorded tissue was post-fixed in 4.0% 
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paraformaldehyde for 20-24 h and kept in 20% sucrose solution for fluorescent 

immunohistochemical methods to visualize the recorded biocytin-filled cell to identify 

whether the recorded cells were mCherry+ neurons with hM4Di expression. 

 

 

Figure 10: Timeline of whole-cell patch-clamp stimulation. 

Timecoure of patched cortical neurons to determine hM4Di function. Patched neurons 

were stimulated with a train of currents 3 and 6 minutes prior to CNO (10 uM) 

application to verify cell stability. After CNO application, currents were applied at 3, 6,  

and 18 minutes to determine neuronal cell firing in the presence and absence of CNO. 

 

 

BDA quantification 

For quantification of BDA-labeled CST fibers, sections containing the red nucleus 

or C3-C4 spinal cord were incubated with 3% H2O2 in methanol to block endogenous 

perioxidases. Samples were incubated for 1 hr at room temperature using Vectastain Elite 

ABC reagents (Vector Laboratories, Burlingame, CA) and then developed using the 

perioxidase substrate 3’3’-diaminobenzidine (DAB) (SigmaFAST #D4293, Sigma-

Aldrich, St. Louis, MO). Sections were mounted and subsequently dehydrated in 

ascending alcohol concentrations and coverslipped with permount. Mounted sections 

were imaged using Stereoinvestigator software (Microbrightfield, Inc., Williston, VT) to 
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obtain monochrome images. Monochrome images were analyzed for CST fiber density 

using Nikon Elements 3.0. In brief, a region of interest (ROI) was drawn around the red 

nucleus or C3-C4 grey matter respectively. Intensity of BDA signal was thresholded to 

background for each image and analyzed per µm2. 

 

Statistical analysis 

All statistical analysis was performed using GraphPad Prism 6 (GraphPad 

Software, Inc., La Jolla, CA). Statistical evaluations of behavioral data were analyzed by 

two-way ANOVA followed by a Sidak’s post-hoc test for statistical significance against 

groups. All behavioral data is represented at mean ± SEM. All morphological analysis is 

represented as mean ± SD. 

 

Results 

Inducible inhibitory DREADD silences cortical neurons 

To create a lentivirus that will permit tetracycline-inducible DREADD 

expression, we subcloned hM4Di tagged with mCherry into the lentiviral vector 

immediately downstream from the tetracycline response element (TRE). This vector was 

packaged into HiRet lentivirus (HiRet-TRE-hM4Di-mCherry) to target specific neuronal 

populations. In several animals, AAV2-TetOn was mixed 1:1 with HiRet-TRE-hM4Di-

mCherry and injected into the sensorimotor forelimb cortex. Prior to euthanasia, animals 

received doxycycline administration to upregulate expression of hM4Di. Cortical slices 

were taken six weeks post-injection for whole-cell patch-clamp recordings. Patched 

cortical neurons were electrically stimulated to determine neuronal excitability for several 
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minutes. Upon bath application of CNO and current stimulation, temporary attenuation of 

neuronal excitability was observed. Normal neuronal firing returned upon washing out 

CNO with ACSF. All neurons recorded from were then backfilled with biocytin to 

identify them after fixation. After examination of hM4Di function by whole-cell patch 

clamp, tissue was stained for biocytin to identify recorded cells and validate whether they 

expressed mCherry for hM4Di. Neurons expressing hM4Di (mCherry) showed a 

significant reduction in the number of neuronal spikes upon stimulation and 

administration of CNO (unpaired two-tailed t-test; p=0.00028). mCherry-/biocytin+ 

cortical neurons when stimulated after CNO bath application did not show any reduction 

in neuronal excitability (Figure 11). This result demonstrates that our inducible-inhibitory 

DREADD can function physiologically to temporally silence neurons. 

 

Figure 11: Inducible inhibitory DREADDS attenuate cortical neuron excitability. 

Fluorescent images of cortical slices with neurons transduced with AAV2-TetOn and 

HiRet-TRE-hM4Di-mCherry. Example of recorded cortical neuron that expressed 

hM4Di-mCherry; A) biocytin, A’’) mCherry and A’’) merged. Example of recorded 
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cortical neuron (arrowhead) that did not express hM4Di-mCherry; B) biocytin, B’’) 

mCherry and B’’) merged. Recorded neurons that showed attenuation upon CNO 

application in neuronal excitability were hM4Di+/biocytin+. Recorded neurons that 

showed no CNO-mediated attenuation were hM4Di-/biocytin+. C) Change in number of 

spikes measured during electrical excitability of whole-cell patch clamped cortical 

neurons expressing hM4Di. Two-tailed unpaired t-test was significant: t(7.529, 6); 

p=0.0003. D) Representative electrophysiology traces from a recorded hM4Di+ cortical 

neuron. Normal cell firing was observed during baseline measurements. CNO application 

temporarily attenuated cell firing that returned to normal upon washing out cell with 

ACSF. Data is mean ± SD. N=2-6. ***p<0.001. 

 

 

 

C3-C4 PNs do not abundantly express GIRK2 compared to CST and RST neurons 

GIRK channels are involved in many CNS functions including modulating 

neuronal excitability through hyperpolarization upon activation of muscarinic GPCRs 

(see Lujan and Aguado, 2015 for review). There are several GIRK subunits (GIRK1-4) 

with GIRK1-3 having abundant and extensive expression in the mammalian CNS 

(Karschin et al., 1996). GIRK subunits are known to form homo- or heterotetrameric 

complexes with one another (J. Yang et al., 1995). In addition, GIRK2 is known to 

participate in neuronal silencing by forming complexes with GIRK1 (Liao et al., 1996). 

Further, neuronal silencing by inhibitory DREADDs requires an efflux of potassium upon 

activation of GIRK1/2 (Armbruster et al., 2007). Different regions in the adult rat brain 

express varied levels of GIRK1-3 mRNA and protein levels (Saenz del Burgo et al., 

2008; Karschin et al., 1996). In the rodent spinal cord, GIRK expression is highest in 

superficial layers of the dorsal horn and peripheral sensory afferents (Marker et al., 2006; 

Marker et al., 2005; Marker et al., 2004). However, no information is present regarding 

GIRK2 distribution by interneurons throughout the spinal cord. We performed an 

immunohistochemical survey to determine the relative abundance of GIRK2 in several 

distinct neuronal populations necessary for forelimb function in the rodent. Corticospinal 
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and rubrospinal neurons that were retrogradely labeled by HiRet-GFP (Figure 12A, B and 

C) had abundant expression of GIRK2 (Figure 12A’, A’’, B’, B’’). However, GFP+ C3-

C4 PNs did not express GIRK2 at a detectable level by our immunohistochemical 

methods (Figure 12C’ and C’’). To verify our GIRK2 antibody was specific, we 

immunostained the substantia nigra containing dopaminergic fibers that is known to be 

positive for GIRK2 (Reyes et al., 2012) (Figure 12D, D’ and D’’). 

 

Figure 12: GIRK2 protein abundance in GFP retrogradely labeled neurons 

innervating rat forelimb. 
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A) Cortical section showing layer V corticospinal neurons retrogradely labeled with 

HiRet-GFP. A’) Abundant GIRK2 expression was observed throughout entire cortex. 

A’’) GFP+ corticospinal neurons co-labeled with GIRK2. B) Midbrain section containing 

red nucleus showing retrogradely labeled GFP+ rubrospinal neurons showing B’) 

detectable expression of GIRK2 in B’’) several co-labeled neurons. C) C3-C4 spinal cord 

showing retrogradely labeled propriospinal interneurons. C’) GIRK2 expression was 

localized to dorsal and medial portions of the dorsal horn. C’’) No detectable expression 

of GIRK2 was observed in GFP+ C3-C4 propriospinal interneurons. D’) Substantia nigra 

was used as a positive control for GIRK2 protein expression. D) and D’’) No GFP 

expression was observed in fibers from the substantia nigra. Scale bars in A’’, B’’ and 

C’’ 100 µm; D’’ 200 µm. 

 

Since not all neuronal populations express similar levels of GIRK2, we 

constructed an AAV2 vector that overexpresses GIRK2 in neuronal populations. We 

injected AAV2-GIRK2-HA into the C3-C4 spinal cord to verify expression of both 

GIRK2 and HA throughout the grey matter (Figure 13A, A’ and A’’). All neurons that 

were infected by the virus were found to co-express GIRK2 with HA (Figure 13B, B’ and 

B’’). 

 

Figure 13: AAV2-GIRK2-HA expression in C3-C4 spinal cord. 

Representative images of C3-C4 sections after neuronal transduction by AAV2-GIRK2-

HA. Low magnification of ipsilateral C3-C4 grey matter showing expression of A) 

GIRK2 and A’) HA. A’’) Many neurons throughout the dorsal, intermediate and ventral 

horn were found to co-express GIRK2 and HA. Higher magnification images of B) 
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GIRK2, B’) HA and B’’) merged of the C3-C4 ipsilateral grey matter. Scale bars in A’’ 

200 µm, B’’ 100 µm. 

 

 

Inhibitory DREADD neuronal silencing of C3-C4 PNs, RSNs or C3-C4 PNs + RSNs 

does not affect reaching behaviors pre- or post-injury 

Reaching and grasping is primarily mediated through activity of the CST, but 

silencing the C3-C4 PNs in monkeys shows a transient reduction in hand dexterity 

associated with reaching and grasping (Kinoshita et al., 2012). To determine if C3-C4 

PNs are involved in reaching behaviors of uninjured rats, we injected AAV2-TetOn 

mixed 1:1 with AAV2-GIRK2-HA into either 1) C3-C4 region of the spinal cord at the 

location of PN cell bodies bilaterally, 2) into the red nucleus contralateral to the preferred 

forepaw or 3) into both C3-C4 bilaterally and the contralateral red nucleus. HiRet-TRE-

hM4Di-mCherry was injected at the location of synaptic terminals near C6-T1 MNs 

ipsilateral to the preferred forepaw. Animals were trained to reach and grab a food pellet 

using the single pellet reaching task. Once trained, forelimb motor scores remained 

unchanged for several weeks after surgical injections when compared to baseline scores 

(Figure 14, Figure 15, Figure 16). CNO was administered (16 days post-surgery) in the 

absence of doxycycline to determine if neuronal silencing occurs with only GIRK2 

overexpression and if there are any effects behaviorally by clozapine metabolites (Figure 

14).  
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Figure 14: Pre-injury behavioral timeline for C3-C4 PN hM4Di silencing. 

Following behavioral baseline measurements, all animals underwent spinal cord surgery 

for injections of AAV2-TetOn mixed with AAV2-GIRK2-HA to the C3-C4 spinal cord 

bilaterally with HiRet-TRE-hM4Di-mCherry unilateral injections to C6-T1 spinal cord 

relative to preferred forepaw. Post-injection behavior is conducted once/week for two-

weeks. CNO (4 mg/kg, i.p.) is administered to determine behavioral effects in absence of 

hM4Di expression. Doxycyline (30 mg/kg, s.c.) is administered with and without CNO 

administration to determine effects of C3-C4 PN silencing in an uninjured state.  

 

 

Figure 15: Pre-injury behavioral timeline for RSN hM4Di silencing. 

Following behavioral baseline measurements, all animals underwent spinal cord surgery 

for injections of AAV2-TetOn mixed with AAV2-GIRK2-HA to the contralateral red 

nucleus and HiRet-TRE-hM4Di-mCherry unilateral injections to C6-T1 spinal cord 

relative to preferred forepaw. Post-injection behavior is conducted once/week for two-

weeks. Doxycyline (30 mg/kg, s.c.) is administered with and without CNO administration 

to determine effects of RSN silencing in an uninjured state. 
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Figure 16: Pre-injury behavioral timeline for C3-C4 PN + RSN hM4Di silencing. 

In a separate set of animals with AAV2-TetOn + AAV2-GIRK2-HA and HiRet-TRE-

hM4Di-mCherry targeting C3-C4 PNs, a separate surgery was conducted to inject 

AAV2-TetOn + AAV2-GIRK2-HA directed to the contralateral red nucleus. HiRet 

lentivirus will undergo retrograde transport to the red nucleus as previously determined 

by using HiRet-GFP in our model. Post-injection behavior is conducted once/week for 

two-weeks. Doxycyline (30 mg/kg, s.c.) is administered with and without CNO 

administration to determine effects of C3-C4 PN silencing in an uninjured state.  

 

 

No changes in forelimb motor behavior were observed in reaching (Figure 17A), 

IBB (data not shown) and limb asymmetry (data not shown). Further, with administration 

of doxycycline (30 mg/kg, s.c.) for 7 days and 15 - 20 minutes after CNO (4 mg/kg, i.p.) 

administration, no deficits in ipsilateral forelimb reaching behavior (Figure 17A and B), 

IBB (data not shown) or limb asymmetry were observed (data not shown). A separate 

cohort of animals with HiRet-TRE-hM4Di-mCherry bilaterally targeting the C3-C4 PNs, 

received AAV2-TetOn with AAV2-GIRK2-HA injections into the contralateral red 

nucleus to neuronally silence both C3-C4 PNs and RSNs pre-injury. All animals with 

both C3-C4 PNs and RSNs targeted with hM4Di did not show any forelimb deficits in 
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reaching (Figure 17C), IBB (data not shown) and limb asymmetry (data not shown) with 

doxycycline and CNO administration. 

 

Figure 17: Neuronal silencing of C3-C4 PNs and/or RSNs does not affect forelimb 

reaching behavior. 

Neuronal silencing using inducible-hM4Di does not affect forelimb reaching behavior in 

sham animals when targeting A) C3-C4 PNs, B) RSNs and C) C3-C4 PNs and RSNs 

together when examining successful pellet retrieval rate %. Administering CNO (4 

mg/kg, i.p.) in the absence of inducing expression of hM4Di does not affect performance 

in single-pellet reaching test. Repeated measures one-way ANOVA was found not 

significant in A) F(4.921, 39.37) = 2.368; p = 0.0578, n = 9 B) F(3.445, 20.67) = 0.9004; 
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p = 0.4695, n = 7 and C) F (4.166, 29.16) = 2.008; p = 0.1172, n = 8. Data is mean ± 

SEM. 

 

Cervical spinal cord, midbrain and brainstem tissue was dissected and sectioned 

to determine hM4Di and GIRK2 expression in PNs and associations with forelimb MNs 

along with LRN neurons. hM4Di expression was found bilaterally in C3-C4 (Figure 18A, 

A’ and A’’) identical to previous methods to retrogradely label PNs (Han et al., 2015; Ni 

et al., 2014). hM4Di expression had no overlap with ChAT+ MNs found in Rexed 

Lamina IX (Figure 18A, 4A’ and 4A’’). Propriospinal expression of hM4Di was 

localized to Rexed Laminae IV-VIII in the intermediate grey matter similar to other 

studies in cat (Alstermark and Kummel, 1990; Illert et al., 1977) and monkey (Tohyama 

et al., 2017; Kinoshita et al., 2012; Isa et al., 2006). hM4Di+ expression was found in C3-

C4 PN axon terminals in both C6-T1 and LRN tissue sections. hM4Di+ C3-C4 PN axons 

were observed in the C6-T1 region on the ipsilateral side to the preferred forepaw where 

HiRet was injected (Figure 18B). Interestingly, some axon terminals crossed the midline, 

entered the contralateral spinal cord and terminated near C6-T1 forelimb MNs (Figure 

18B’). Numerous hM4Di+ axons were found along the grey matter-white matter interface 

consistent with the location of C3-C4 PN axon terminals (Figure 18B’’)(see Flynn et al., 

2011 for review). No expression of hM4Di-mCherry was observed in ChAT+ MNs in C6-

T1 in Rexed Lamina IX (Figure 18B, B’ and B’’) or any motor neurons identified within 

the spinal cord. PN axon terminals are primarily glutamatergic and express the excitatory 

presynaptic marker vGlut2 (Azim et al., 2014; Brockett et al., 2013). Confocal images of 

hM4Di+/vGlut2+ PN axon terminals were identified near somas of ChAT+ C6-T1 MNs 

(Figure 18) and confirmed using orthogonal sectioning (Figure 18C’ and C’’).  
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Figure 18: hM4Di+ C3-C4 PNs do not co-localize with ChAT+ MNs in C3-C4 or C6-

T1.  

A) C3-C4 section showing bilateral distribution of hM4Di-mCherry amplified neuronal 

expression in the intermediate grey matter and ChAT+ MNs. A’) Higher magnification of 

contralateral C3-C4 spinal cord. A’’) Higher magnification of ipsilateral C3-C4 spinal 

cord. No overlapping expression of hM4Di and ChAT was observed in C3-C4. B) C8 

spinal cord section showing hM4Di+ C3-C4 PN axon terminals within white matter. B’) 

Higher magnification of contralateral C8 spinal cord showing few hM4Di axons crossing 

midline towards ChAT+ MNs. B’’) Higher magnification of ipsilateral C8 spinal cord 

showing numerous hM4Di+ axons within grey matter-white matter interface and entering 

the grey matter near ChAT+ MNs. C) Maximum intensity projection (MIP: 20 µm) of 

confocal z-stack showing hM4Di+ C3-C4 axon terminals co-expressing vGlut2 near 

ChAT+ MNs. C’) and C’’) Orthogonal sectioning showing hM4Di+/vGlut2+ C3-C4 PN 

axon terminals contacting ChAT+ C8 MN somas. Colors in A) and B) ChAT = green, 

hM4Di-mCherry = red. Colors in C) ChAT = blue, hM4Di = red, vGlut2 = green. Scale 

bars in A and B is 500 µm; A’, A’’, B’ and B’’ is 200 µm; C is 10 µm. 
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C3-C4 PNs have a bifurcating axon with one branch extending into the medulla, 

terminating within the LRN, which in turn sends axons into the cerebellum. Similar to the 

terminals found in the C6-T1 spinal cord, hM4Di+ axon terminals were located in the 

caudal brainstem consistent with where the LRN is located (Figure 19A and A’). 

Confocal imaging showed numerous hM4Di+/vGlut2+ axon terminals near LRN neurons 

with synaptic contacts on somas (Figure 19B, B’, B’’ and B’’’). 

 

Figure 19: hM4Di expressing C3-C4 PN axon terminals in LRN. 
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A) Brainstem section stained for mCherry showing hM4Di expression in LRN. A’) 

Higher magnification image of LRN showing hM4Di+ C3-C4 PN axon terminals. B) 

Maximum intensity projection (MIP: 20 µm) confocal image showing hM4Di+/vGlut2+ 

PN axon terminals around NeuN+ LRN neurons. Orthogonal sectioning of z-stack 

images showing hM4Di+/vGlut2+ PN terminals on NeuN+ LRN neuron B’), B’’) somas 

and B’’’) axons. Red = hM4Di-mCherry, Green = vGlut2, Blue = NeuN. Scale bar in A) 

500 µm, A’) 200 µm and B) 10 µm. Orientation of tissue in A) D = dorsal, V = ventral, R 

= rostral, C = caudal. 

 

All labeled hM4Di+ C3-C4 PNs were found to co-express GIRK2 when staining 

for HA on the ipsilateral (Figure 20A, A’ and A’’) and contralateral side (Figure 20B, B’ 

and B’’). In addition, the contralateral red nucleus was found to express both GIRK2 in 

regions with hM4Di expression (Figure 20C, C’ and C’’). Higher magnification showed 

several hM4Di+ RSNs co-expressing GIRK2 (Figure 20D, D’ and D’’) This data 

illustrates our ability to label and express inhibitory DREADDs within target 

propriospinal and rubrospinal pathways using our two-viral approach similar to previous 

studies in other mammalian species (Tohyama et al., 2017; Kinoshita et al., 2012). Since 

many spinal tracts involved in forelimb reaching are intact; the rubro- and propriospinal 

pathways may have functional redundancy when neuronally silenced individually or in 

combination. 
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Figure 20: GIRK2 expression in hM4Di+ C3-C4 PNs and RSNs. 

Ipsilateral C3-C4 spinal cord expression of A) GIRK2 and A’) hM4Di. A’’) Majority of 

ipsilaterally labeled hM4Di+ C3-C4 PNs co-express GIRK2 (arrowheads). Contralateral 

C3-C4 spinal cord expression of B) GIRK2 and B’) hM4Di. B’’) Many contralaterally 

labeled hM4Di+ C3-C4 PNs co-express GIRK2 (arrowheads). Contralateral red nucleus 

expression of C) GIRK2 and C’) hM4Di. C’’) Merged image showing overlap expression 

of GIRK2 and hM4Di in red nucleus. Higher magnification image showing individual 

RSNs expressing D) GIRK2 and D’) hM4Di. D’’) Several contralateral hM4Di+ RSNs 

co-expressed GIRK2 (arrowheads). Scale bars in C’’) 200 µm, A’’), B’’) and D’’) 100 

µm. 
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C3-C4 PNs and RSNs mediate partial spontaneous recovery of reaching behavior 

In normal, uninjured animals with either rubro-, propriospinal or both pathways 

targeted using inducible-inhibitory DREADDs, we did not observe deficits in forelimb 

reaching behavior. The cortex provides major input for voluntary moments including 

hand dexterity, digit function and forelimb reaching and grasping (Kawai et al., 2015; 

Whishaw, 2000; Lemon, 1993; Passingham et al., 1983; Lawrence and Hopkins, 1976; 

Lawrence and Kuypers, 1968a; see Isa et al., 2013; Lemon, 2008 for reviews). Since we 

were unable to target the CST neurons projecting to C6-T1 MNs by HiRet efficiently, we 

proceeded to lesion the animals with a C5 dorsal column lesion. This injury severs the 

dorsal CST containing ~95% of fibers along with the fasciculus gracilus and cuneatus 

(for conscious proprioception) while sparing a majority of the grey matter, lateral and 

ventral funiculus containing RST, RtST, PN fibers, lateral and ventral CST (K. L. Fink et 

al., 2015; Asante and Martin, 2013; Oudega and Perez, 2012).  It is well established that 

after C5 dorsal column injuries, target directed reaching behavior spontaneous recover 

over a period of 4 weeks. To examine the roles of C3-C4 PNs and/or RSN involved in 

this recovery we selectively silence them individually and together (Figure 21and Figure 

22). 
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Figure 21: Timeline for C3-C4 PN or RSN hM4Di + C5 lesion behavioral analysis. 

Timeline for behavioral analysis of C3-C4 PN or RSN hM4Di + C5 lesion rats post-

injury. All animals received a C5 dorsal column lesion severing the dorsal CST. 

Following this surgery, animals were allowed four weeks to spontaneously recover with 

rehabilitative training. CNO (4 mg/kg, i.p.) was administered to determine any effects in 

absence of hM4Di expression. Behavioral analysis with doxycycline (30 mg/kg, s.c.) 

with and without CNO was conducted to determine hM4Di silencing of neuronal 

populations. After behavioral testing, BDA was injected into the cortex to anterogradely 

trace the CST and all rats were perfused for histological analysis 14 days later. 

 

 

Figure 22: Timeline for C3-C4 PN and RSN hM4Di silencing with C5 lesion 

behavioral analysis. 

Timeline for behavioral analysis of C3-C4 PN + RSN hM4Di + C5 lesion rats post-

injury. All animals received a C5 dorsal column lesion severing the dorsal CST. 

Following this surgery, animals were allowed four weeks to spontaneously recover with 

rehabilitative training. Behavioral analysis with doxycycline (30 mg/kg, s.c.) with and 

without CNO was conducted to determine hM4Di silencing of neuronal populations. 

After behavioral testing, all rats were perfused for histological analysis. 
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The C5 lesion area was stained with GFAP to ensure the injury did not extend 

into the lateral funiculus where rubrospinal and propriospinal fibers are located (Figure 

24A). All animals were verified to have complete dorsal CST lesions by PKCɣ staining 

(Figure 24B) (Starkey et al., 2005; Mori et al., 1990). Any animals found to have intact or 

incomplete severing or dorsal CST fibers were removed from the study (Figure 23C and 

D). 

 

Figure 23: Analysis of lesion completeness. 

A) Representative image of C5 dorsal column lesion stained for GFAP. B) T4-T5 

representative section to determine complete lesion by PKCɣ staining. Absence of 

positive labeling in ventral dorsal columns indicated complete lesion. C) and D) Presence 

of positive labeling by PKCy indicated either intact CST or incomplete lesion. bars in A), 

B), C) and D) are 500 µm. 
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All animals in the lesioned groups showed significant pellet retrieval errors of 

~50% of pre-lesion scores 7 days post-injury.  Over the subsequent 28 days, pellet 

retrieval score increased to near pre-lesion baseline levels (Figure 24A, B and Figure 25). 

To determine which pathways are involved in spontaneous recovery, doxycycline was 

administered daily once recovery was complete to induce expression of hM4Di with 

administration of CNO twice, once at 7 and again 9 days with doxycycline treatment. 

Animals expressing hM4Di targeted to the C3-C4 PNs alone, showed a trend towards 

deficiencies in reaching behaviors after administration of CNO, but it was found not 

significant (71 vs. 80 dps, p = 0.0990; 71 vs. 82 dps, p = 0.4310) (Figure 24A). Likewise, 

animals expressing hM4Di targeted to the RSNs individually, did not show significant 

deficits in reaching behaviors after administration of CNO (71 vs. 80 dps, p = 0.6256; 71 

vs. 82 dps, p = 0.1706) (Figure 24B). 

 



85 

 

Figure 24: Neuronal silencing of rubro- or propriospinal interneurons individually 

post-cervical injury causes partial deficits in reaching behavior. 

A) Successful pellet retrieval rate % post-injury for hM4Di targeting of C3-C4 PNs pre- 

and post-injury. Repeated measures one-way ANOVA was significant: F(3.264, 16.32) = 

4.633, p = 0.0143. Significant deficits were observed at 52 dps (7 dpi) (-7 vs. 52 dps, p = 

0.0051) with significant recovery at 71 dps (28 dpi) (52 vs. 71 dps, p = 0.0229). 

Administration of CNO (4 mg/kg, i.p.) did not cause any significant deficits without 

doxycycline (71 vs. 73 dps, p = 0.0993) or with doxycycline (71 vs. 80 dps, p = 0.0990; 
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71 vs. 82 dps, p = 0.4310). B) Successful pellet retrieval rate % post-injury for hM4Di 

targeting of RSNs pre- and post-injury. Repeated measures one-way ANOVA was 

significant: F(3.083, 15.42) = 4.466, p = 0.0186. Significant deficits were observed at 52 

dps (7 dpi) (-7 vs. 52 dps, p = 0.0355) with significant recovery at 71 dps (28 dpi) (52 vs. 

71 dps, p = 0.0086). Administration of CNO (4 mg/kg, i.p.) did not cause any significant 

deficits without doxycycline (71 vs. 73 dps, p = 0.9232) or with doxycycline (71 vs. 80 

dps, p = 0.6256; 71 vs. 82 dps, p = 0.1706). Sidak’s posthoc analysis was done for 

multiple comparisons. **p<0.01, *p<0.05, Data is mean ± SEM, n=6.  

 

 For the group in which C3-C4 PN + RSN were both silenced, 7 days after C5 

lesion animals showed initial deficits in their ability to successfully retrieve food pellets 

(-35 vs. 66 dps, p=0.0049), but significantly recovered to near baseline levels 28 days 

post-injury (66 vs. 87 dps; p=0.0092) (Figure 25). Seven and nine days after induction of 

hM4Di expression targeted to both RSNs and C3-C4 PNs, the administration of CNO 

induced deficits in reaching behavior by about 50% of recovery level (p=0.0032 and 

p=0.0122 respectively) (Figure 25). These rats showed forelimb mistargeting toward the 

pellet, leading to multiple reach attempts and/or immediate knockoffs of pellet from the 

shelf. hM4Di-induced silencing of only the C3-C4 PNs showed similar deficits in 

targeting, although not as consistent as those observed in the C3-C4 PN + RSN group. 

Silencing of only the RSNs showed very few errors when reaching to retrieve the food 

pellet. In addition, impairments in reaching behavior with activation of hM4Di in the C3-

C4 PN + RSN group, did not reach maximal deficits observed with this injury (~40% 

successful pellet retrieval rate).  
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Figure 25: Neuronal silencing of C3-C4 PNs and RSNs causes reaching deficits post-

cervical injury. 

Successful pellet retrieval rate % post-injury. Significant deficits observed by 66 dps (7 

dpi) (-35 vs. 66 dps, p= 0.0049) with significant recovery at 87 dps (28 dpi) (66 vs 87 

dps, p = 0.0092). Administration of CNO (4 mg/kg, i.p.) caused significant deficits at 94 

and 96 dps respectively, 91 vs 94 dps, p= 0.0032; 95 vs 96 dps, p = 0.012). Repeated 

measures one-way ANOVA was significant: F (2.739, 19.17) = 12.59, p=0.0001. Sidak’s 

post hoc analysis done for multiple comparisons. **p<0.01, *p<0.05, Data is mean ± 

SEM, n=8. 

  

All animals showed significant deficits in the IBB forelimb test (C3-C4 PN 

silence + C5 lesion, ipsilateral limb: p = 0.0001 (-7 vs. 52 dpi), contralateral limb: p = 

0.0003 (-7 vs. 52 dpi); RSN silence + C5 lesion, ipsilateral limb: p < 0.0001 (-7 vs. 52 

dpi), contralateral limb: p < 0.0001 (-7 vs. 52 dpi); C3-C4 PN + RSN silence + C5 lesion, 

ipsilateral limb: p < 0.0001 (-35 vs. 66 dpi), contralateral limb: p < 0.0001 (-35 vs. 66 

dpi)) but did not show any recovery post injury for either forepaw (C3-C4 PN silence + 

C5 lesion, ipsilateral limb: p = 0.1529 (52 vs. 71 dpi), contralateral limb: p = 0.3119 (52 

vs. 71 dpi); RSN silence + C5 lesion, ipsilateral limb: p = 0.5852 (52 vs. 71 dpi), 
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contralateral limb: p = 0.5852 (52 vs. 71 dpi); C3-C4 PN + RSN silence + C5 lesion, 

ipsilateral limb: p = 0.7319 (66 vs. 87 dpi), contralateral limb: p = 0.9958 (66 vs. 87 

dpi)). No deficits were observed post-lesion in the cylinder test for limb asymmetry with 

hM4Di activation having no effect on forepaw placements (data not shown). These 

results may indicate that proprio- and rubrospinal pathways are mostly involved in 

spontaneous recovery of forelimb reaching behaviors, but other axonal tracts that are 

partially or completely unaffected by this injury may contribute to recovery. 

 

Severed CST fibers sprout into red nucleus and C3-C4 spinal cord 

Sprouting of axonal fibers is known to occur post-injury within the brain and 

spinal cord. Severed CST axons are known to sprout post-injury onto propriospinal 

interneurons and may mediate spontaneous recovery of locomotion (Ghosh et al., 2009; 

Vavrek et al., 2006; Bareyre et al., 2004). In addition, sprouting of CST fibers occurs 

post-pyramidotomy and into subcortical nuclei that permit recovery of forelimb function 

(Mosberger et al., 2017; Starkey et al., 2012). Sprouting of CST axons onto these spared 

nuclei or neuronal population with axons bypassing the lesion are thought to induce 

relays around the lesion and support functional recovery. We examined if severed CST 

axons can undergo sprouting into the C3-C4 spinal cord and red nucleus with dorsal 

column lesions. To examine sprouting, BDA was injected into the sensorimotor forelimb 

cortex contralateral to the preferred forepaw in all animals.  Sprouting was examined in 3 

cohorts of rats: 1) normal animals with no training and no dorsal column injury, 2) C5 

dorsal column lesions but with no training, 3) C5 dorsal column lesions with 

rehabilitative training post-injury and expressed hM4Di in either the spinal cord or red 
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nucleus. In animals not behaviorally trained but received C5 dorsal column lesions, BDA 

was injected one-week post injury. Animals with rehabilitative training had BDA injected 

approximately 40 days post-injury (Figure 21). All animals with BDA injections were 

euthanized 14 days later with brain and spinal cords dissected. 

In the C3-C4 spinal cord, animals that were lesioned but did not undergo 

rehabilitative training had decreased BDA-labeled CST fiber sprouts in the grey matter 

relative to uninjured controls (intact (n=3) vs. no rehab (n=6); p<0.0001) (Figure 26A, B 

and D). With rehabilitative reach training, increased labeled CST fiber sprouts were 

observed in lesioned animals (no rehab (n=6) vs. rehab (n=6); p=0.0116) (Figure 26B, C 

and D). In the red nucleus, significant decreases in labeled CST fiber sprouts were found 

compared to lesioned animals with no training (intact (n=3) vs. no rehab (n=6); 

p=0.0079) (Figure 26E, F and H). Rats with the C5 dorsal column lesion and 

rehabilitative testing showed a similar increase in labeled CST fiber sprouts in the red 

nucleus compared to no rehabilitation controls (no rehab (n=6) vs. rehab (n=6); 

p=0.0058) (Figure 26F, G and H). This data supports that rehabilitative training increases 

anatomical plasticity of severed cortical fibers (Mosberger et al., 2017; Girgis et al., 

2007). With a C5 dorsal column lesion severing a major component of the CST, severed 

fibers will sprout rostral to the injury. The presence of labeled CST fiber sprouting with 

rehabilitation into nuclei where spared neuronal pathways innervating forelimb 

motoneuronal pools, may indicate a potential bypass of cortical inputs post-injury. 
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Figure 26: CST fiber sprouting in red nucleus and C3-C4 spinal cord post-injury. 

Following C5 dorsal column lesion, animals that underwent rehabilitative behavioral 

testing through the single-pellet reaching test showed increased BDA labeled fiber 
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densities in nuclei of spared spinal pathways. C3-C4 images of A) intact, B) lesion with 

no rehab and C) lesion with rehab. D) Quantification of thresholded BDA fiber density 

within the C3-C4 grey matter was statistically significant by one-way ANOVA; F(2, 12) 

=75.69; p<0.0001. Sidak’s post hoc multiple comparison was significant: lesion with no 

rehab vs. lesion with rehab; p=0.0116. Red nucleus images of E) intact, F) lesion with no 

rehab and G) lesion with rehab. Dashed box indicates location of red-nucleus. H) 

Quantification of thresholded BDA fiber density in the red nucleus was statistically 

significant by one-way ANOVA; F(2, 12) =10.62; p=0.0022. Sidak’s posthoc multiple 

comparison was significant: lesion with no rehab vs. lesion with rehab; p=0.0058. Data is 

mean ± SD; n=3-6. **p<0.01, *p<0.05. Scale bars in A), B), C), E), F) and G) are 100 

µm. 

 

Discussion 

In our study, we sought to determine the role of several descending tracts on 

forelimb motor behavior including target-directed reaching, fine motor control and limb 

asymmetry. Several of those studies have suggested that axonal sprouting onto 

interneurons or nuclei housing spared neuronal tracts may be responsible for recovery. 

Our results demonstrate the important contribution of C3-C4 PNs on spontaneous 

recovery of target-directed reaching behavior in a rodent model of cervical SCI. In 

addition, this data illustrates that several major pathways involved in forelimb function 

which have functional redundancy when silenced by inhibitory DREADDs. Further, we 

have found that C3-C4 PNs within the cervical spinal cord do not express GIRK2 to a 

detectable level by immunohistochemical methods thought necessary for inhibitory 

DREADD function.  
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Supraspinal-propriospinal pathways are functionally redundant in normal animals 

In many in vivo SCI models, descending motor pathways have compensatory and 

complementary functions during the recovery phase. However, many transection or 

contusion models affect both sensory and motor pathways that are involved in limb 

function. Little information is present regarding genetic silencing of pathways either 

individually or in combination. Specific targeting of neuronal populations in the 

mammalian spinal cord would determine a pathway’s role on motor movements. Our first 

goal was to determine if neuronal silencing of C3-C4 PNs, RSNs or C3-C4 PNs with 

RSNs affect forelimb reaching and grasping behaviors in rodents. We chose these two 

specific populations based on retrograde tracing studies done with HiRet-GFP and 

information in the literature indicating their involvement in forelimb function. 

Neuronal silencing of C3-C4 PNs and RSNs either individually or in combination 

using inhibitory DREADDs in uninjured animals did not produce any forelimb functional 

deficits in any of our behavioral paradigms. Even though neuronal silencing of C3-C4 

PNs in uninjured primates with tetanus toxin produced reaching deficits, such 

impairments occur only over a short time period until direct cortico-motoneuronal 

pathways can compensate (Kinoshita et al., 2012). Rodents and cats are not believed to 

have direct cortical-motoneuronal connections to the forelimb. In both species, di- and 

tri-synaptic neuronal pathways transmit cortical commands for forelimb reaching and 

grasping (see Isa et al., 2013; Isa et al., 2006 for reviews). Disruption of neuronal 

transmission of cervical V2a PNs in uninjured mice by either channelrhodopsin mediated 

activation or targeted ablation causes transient deficits in reaching velocity and paw 

reversals with gross forelimb behaviors being unaffected (Azim, Fink et al., 2014). Our 
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study targeted the same population of excitatory C3-C4 PNs that have bifurcating axons 

as described by Azim et al., (2014). Although we were not able to detect such sensitive 

deficits with our current methods, these neurons fall under the same population of 

excitatory ipsilaterally projecting V2a interneurons that send a copy of motor commands 

to the LRN. It was not until after a C5 lesion of the CST and activation of inhibitory 

DREADDs that any deficits manifested.  

The pre-injury result is consistent with the idea that many motor pathways have 

functional redundancy. This notion is not only true during recovery following an injury, 

but is applicable in the intact uninjured state. It is known that the cortex is a major driver 

for many motor movements and that subcortical nuclei along with other tracts can 

compensate for loss of individual pathways (Kawai et al., 2015). Further, neuronal 

silencing or even injury to spinal tracts may not show significant deficits without 

sensitive measures. For example, severing or loss of CST axons in rodents, cats and 

primates only temporarily affects skilled voluntary behavior (Alstermark et al., 2011; 

Kanagal and Muir, 2009; Girgis et al., 2007; Weidner et al., 2001; Whishaw et al., 1993; 

Lawrence and Kuypers, 1968a; Lawrence and Kuypers, 1968b; C. N. Liu and Chambers, 

1964; TOWER, 1940). In several models, voluntary movements are compensated by 

subcortical pathways (ex. rubrospinal and/or reticulospinal) (Alstermark and Pettersson, 

2014). Examination of behavioral performance after lesions to the rubrospinal tract or red 

nucleus induced transient deficits in arpeggio movements during pronation in the single-

pellet reaching test (Morris et al., 2015; Morris et al., 2011). However, such deficits are 

relatively minor especially since the CST has extensive function in fine motor control of 

the forelimb during grasping. Combined lesions to both the CST and RST result in 
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further exacerbation during voluntary movements (Whishaw et al., 1998; Whishaw et al., 

1990). However, such impairments are easily compensated for by intact motor pathways, 

which play important roles for recovery of target-directed reaching (Weidner et al., 

2001). These results indicate redundancy of motor pathways after selective pathway 

lesions. 

 

C3-C4 PNs and RSNs are required for circuit function mediating spontaneous 

recovery 

Many severe cervical in vivo SCI models affect multiple descending motor tracts 

(ex. dorsal hemisection, unilateral hemisection, contusion). With the loss of major tracts 

innervating the rodent forelimb, the dorsal CST, RST and reticulospinal tract (depending 

on the injury type) deficits in gross forelimb function manifest. In addition, peripheral 

sensory information such as conscious proprioceptive afferents from the forelimb are 

usually interrupted. With severe injuries that sever major motor pathways and sensory 

afferents from the forelimb, spontaneous recovery of target-directed reaching behavior is 

typically not observed (Hurd et al., 2013). However, in C5 dorsal column injury models, 

many animals spontaneously recover to baseline measurements by four weeks post-injury 

(Hollis et al., 2016; Hilton et al., 2016; Weidner et al., 2001). This injury spares the 

dorsolateral funiculus of the spinal cord containing the RST and the lateral CST 

projecting to motoneuronal pools which innervates the distal forepaw (Steward et al., 

2004; Kuchler et al., 2002; Fujito and Aoki, 1995). In addition, our lesion spares the 

ventrolateral funiculus containing extrapyramidal fibers (ex. reticulospinal, 
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vestibulospinal, tectospinal) and C3-C4 PN fibers found near the ventral grey matter-

white matter interface. 

Once our animals spontaneously recovered reaching behavior, we induced the 

expression of inhibitory DREADDs and activated them with CNO. We observed deficits 

in target-directed reaching behavior in animals after silencing of RSNs and C3-C4 PNs. 

This specific group showed phenotypic behaviors consistent with mistargeting towards a 

sucrose pellet. Silencing of C3-C4 PNs alone post-injury led to similar deficits observed 

after silencing both pathways together, although it was not significant. A previous study 

in cats showed a dysmetria-like phenotype during reaching behaviors after a C5 lesion 

severing CST and RST inputs and a C5 dorsal column lesion (Alstermark, Gorska et al., 

1986). In that study, mistargeting of the forelimb was observed when cats reached for a 

morsel of food similar to our own findings in rats (Alstermark et al., 1986). In addition, 

C3-C4 PNs receive monosynaptic inputs from 1a sensory afferents of the forelimb 

(Alstermark, Johannisson et al., 1986; Alstermark et al., 1984b). This input travels 

through the dorsal columns and ascends to the somatosensory cortex and supraspinal 

structures to control limb position. In the cat, loss of feed-back inhibition from sensory 

afferents prevents termination of forelimb muscles causing hypermetria during reaching 

movements. In our rats, we observed mistargeting upon forelimb reaching towards a 

pellet leading to immediate knockoffs or an inability to appropriately correct a single 

reach movement during DREADD activation. This behavioral phenotype was similar to 

what we observed the first week post-injury. It is possible that during rehabilitative 

training, compensatory mechanisms are used for reaching movements along with some 

sensory inputs being utilized to allow spontaneous recovery through C3-C4 PNs. Once 
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these neurons are silenced, convergence of supraspinal motor information through C3-C4 

PNs is temporally halted along with appropriate feedback of motor commands. In 

addition, post-injury neuronal silencing of C3-C4 PNs may also temporarily interrupt 1a 

sensory feedback needed for movement correction (Alstermark et al., 1984b). With 

DREADD activation, any inhibition of propriospinal transmission of sensory inputs will 

be interrupted leading to misinformation of updating supraspinal centers regarding limb 

position and trajectory. 

In our study, individual silencing of RSNs post-injury did not affect target-

directed reaching, but led to minor impairments in the retrieval of sucrose pellets. This 

indicates that severed CST fibers utilize spared spinal pathways unaffected by an injury 

to mediate functional recovery. A prior report has highlighted the importance of 

increased CST fiber sprouting into the red nucleus after a bilateral pyramidotomy lesion 

and its effect on forelimb reaching (Mosberger et al., 2017). Rehabilitative reach training 

promotes severed CST fibers to sprout into the red nucleus which can function as a 

bypass for cortical input to the forelimb (Mosberger et al., 2017). Since we performed a 

C5 dorsal column lesion, CST fibers sprout into all or many subcortical nuclei rostral to 

the injury. In turn, the cortex may use multiple neuronal populations such as RSNs and 

C3-C4 PNs to re-establish inputs to the forelimb and mediate spontaneous functional 

recovery of reaching behavior (Garcia-Alias et al., 2015) indicating that sparing of either 

population could support some recovery. A prior report shows spontaneous recovery of 

target reaching following cervical dorsal quadrant lesions severing both CST and RST 

inputs to the forelimb (Hurd et al., 2013). These reports indicate that spared neuronal 

populations are involved in functional recovery. Our CST sprouting data supports this as 
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rehabilitative-induced CST sprouting onto both the C3-C4 spinal cord and red nucleus 

pathways after injury. Our minimal effect of silencing RSNs and C3-C4 PNs individually 

also supports the fact that multiple pathways are modified to promote functional 

recovery. 

 

Importance of propriospinal pathways on recovery post-SCI 

Plasticity along intact motor circuits has been correlated with spontaneous 

recovery of function. Following a T8 dorsal hemisection, CST sprouts were observed in 

the cervical enlargement onto short and long descending PNs. Following plastic changes 

and remodeling of the CST fibers, contacts were maintained onto long descending PNs to 

re-establish cortical input to denervated lumbar MNs (Bareyre et al., 2004). Thoracic PNs 

have been found to sprout following spatially and temporally staggered unilateral 

hemisections. These neurons were similarly found to function as endogenous bypass 

circuits post-injury and played an important role in hindlimb stepping (van den Brand et 

al., 2012; Courtine et al., 2008). Bilaterally projecting C3-C4 PNs were recently shown to 

undergo sprouting following a C4 unilateral hemisection into denervated regions of the 

C6-T1 spinal cord. These interneurons were found to receive sprouts from severed 

reticulospinal tract fibers to re-direct motor commands to axial and shoulder muscles in 

the forelimb during overground locomotion (Filli et al., 2014). Lastly, re-organization of 

cortical circuits has been postulated to undergo anatomical plasticity to improve hindlimb 

functional recovery through spared PNs in the context of locomotion (both overground 

and on the horizontal ladder) (Ghosh et al., 2009; Vavrek et al., 2006). 
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Extensive work done by Alstermark and Isa have illustrated the importance of C3-

C4 PNs on target-directed reaching behaviors in both cats and primates. Using 

electrophysiological and stimulation of the CST, Alstermark and colleagues showed that 

with a C5 lesion to the dorsolateral funiculus that transmission of CST and RST inputs to 

forelimb MNs are re-routed by C3-C4 PNs (Alstermark and Isa, 2012; see Alstermark et 

al., 2007 for reviews). In addition, work done by Isa’s group has illustrated that tetanus 

toxin silencing of indirect corticomotoneuronal pathways using C3-C4 PNs can affect 

target-directed reaching in uninjured (Kinoshita et al., 2012) and injured primates 

(Tohyama et al., 2017). In our studies, we have observed deficits in target-directed 

reaching similar to that of cats. Our results are likely due to species’ differences (primate 

vs. rodents and cats) in cortical pathway transmission for forelimb innervation. These 

findings show the similar involvement this neuronal population C3-C4 PNs, have 

following SCI across mammalian species. These studies highlight the importance of 

interneuronal pathways as bypass circuits to allow supraspinal transmission to denervated 

MNs. Our ability to target PNs with inhibitory DREADDs allows us to determine the 

functional role endogenous circuits have on recovery. 

 

Importance of GIRKs on DREADD inhibition 

Within our study we found that neuronal populations that project to forelimb 

motoneuronal pools have different expression levels of GIRK2, the subunit necessary to 

maintain neuronal excitability through K+ ion regulation and permits neuronal 

hyperpolarization by activation of inhibitory DREADD (Armbruster et al., 2007; see 

Luscher and Slesinger, 2010 for review). Several previous groups have used inhibitory 
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DREADDs to explore contributions of cortical and subcortical neuronal populations post-

injury have observed significant effects in behavioral paradigms (Mosberger et al., 2017; 

Hilton et al., 2016). However, we have found by immunostaining for GIRK2 that cortical 

and rubrospinal neurons have abundant expression of GIRK subunits necessary for 

DREADD function similar to previous reports (Saenz del Burgo et al., 2008; see Lujan 

and Aguado, 2015 for review). In addition, we found that C3-C4 PNs do not express 

GIRK2 to detectable levels by immunofluorescence. To ensure that our inducible-

inhibitory DREADDs functioned, we designed an AAV vector to express GIRK2 in 

neurons and co-injected with AAV2-TetOn so that all neurons expressing hM4Di will 

have GIRK2 expression. 

 It is unlikely that overexpressing GIRK2 in neuronal populations causes any 

detrimental effect. Throughout our own studies, GIRK2 is expressed before and after our 

C5 dorsal column injury. During this time, no negative effects were observed on forelimb 

reaching, IBB or cylinder paradigms. The only minor effects we observed were by 

administration of CNO in the absence of doxycycline. Any deficits that were observed 

were likely due the high viral titer of our AAV2-TetOn. High expression of TetOn will 

have limited amounts of transgene expression which we have observed in vitro 

(unpublished observations). Since we are labeling ~20,000 C3-C4 PNs and ~1000 

contralaterally projecting RSNs, some of the deficits in the absence of doxycycline will 

be due to <5% of the cells expressing inhibitory DREADD. Lastly, GIRK activation is 

mediated through coupling of G-proteins and very few ligands can activate GIRKs within 

the spinal cord such as ligands for modulating pain transmission (Saloman et al., 2016). It 
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is unlikely that an endogenous ligand can permit GIRK activation enough to affect 

forelimb behaviors such as reaching and grasping. 

In conclusion, specific targeting of spared neuronal populations following cervical 

SCI with chemogenetic tools permits the ability to determine involvement in functional 

recovery. The C3-C4 PNs are found to play an important role in recovery of target-

directed reaching behavior following a loss of CST input to forelimb MNs. This finding 

is similar to lesion and electrophysiological studies performed in cats and primates. In 

addition, this finding answers the question as to how involved are endogenous 

interneuronal circuits following SCI. Since many spinal tracts undergo plastic changes 

following an injury, intact interneuronal pathways have become an attractive target for 

novel therapeutics. This opens up many gene therapy methods that promote synaptic 

plasticity of severed fibers by targeting PNs with translational relevance. 
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CHAPTER 4 

VIRAL EXPRESSION OF CONSTITUTIVELY ACTIVE AKT3 INDUCES 

CORTICOSPINAL AXON SPROUTING, REGNERATION AND 

HEMIMEGENCEPHALY IN ADULT RATS 

Introduction 

In the adult mammalian CNS, severed axons fail to regenerate and re-establish 

functional connections to denervated targets (see Schwab and Bartholdi, 1996; Goldberg 

et al., 2002; Fitch and Silver, 2008 for reviews). The inability of axonal regeneration is 

due to a 1) lack of growth permissive signaling cascades (see Park et al., 2010 for review) 

and 2) the inhibitory molecules present in the adult CNS after injury (see Yiu and He, 

2006 for review). Several methods have been employed to manipulate expression of 

important growth signaling pathways in attempts to promote axonal regeneration. Genetic 

and pharmacological attempts have targeted PTEN, Rheb, SOCS3, KLF7, CREB and 

cJun by either deletion or overexpression have promoted severed axons to regernerate in 

vivo following injury (Lerch et al., 2014; Blackmore et al., 2012; Moore et al., 2011; R. 

P. Smith et al., 2011; Moore et al., 2009; P. D. Smith et al., 2009; Gao et al., 2004; see 

Park et al., 2010 for review).   

The PI3K/Akt/mTOR signaling cascade has recently generated interest over the 

last several years in the context of axon regeneration (see Park et al., 2010 for review). A 

large amount of evidence has shown that inhibition or genetic deletion of negative 

regulators such as PTEN, can upregulate mTOR activity within neurons permiting axonal 

regrowth post-injury in optic nerve (de Lima et al., 2012; Sun et al., 2011; Kurimoto et 

al., 2010; Park et al., 2008), PNS axons (Abe et al., 2010; Christie et al., 2010) and CST 
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axons (Danilov and Steward, 2015; Ohtake et al., 2014; D. H. Lee et al., 2014; 

Lewandowski and Steward, 2014; Zukor et al., 2013; K. Liu et al., 2010). Genetic and 

viral manipulation of additional subtrates in the (such as Akt3 or Rheb) also significantly 

increases in axon regeneration (D. Wu et al., 2015; Miao et al., 2016; Y. Liu et al., 2016; 

L. Yang et al., 2014). Upregulation of mTOR in several of these studies has shown not 

only regrowth of severed fibers, but formation of synaptic structures distal to an injury 

along with behavioral recovery post-injury (Danilov and Steward, 2015; Jin et al., 2015; 

Lewandowski and Steward, 2014; K. Liu et al., 2010).  

Signal transducer and activator of transcription 3 (STAT3) is part of the 

mammalian family of STATs. STATs are found in the cytoplasm as unphosphorylated 

monomers or high molecular weight complexes (Chatterjee-Kishore et al., 2000; 

Ndubuisi et al., 1999; Lackmann et al., 1998). Upon activation of receptor tyrosine kinase 

by extracellular growth factors or cytokines, phosphorylated JAKs recruit STATs to 

become activated via phosphorylation. Phosphorylated STAT proteins translocate to the 

nucleus to promote DNA transcription and regulation (Lim and Cao, 2006; Levy and 

Darnell, 2002; Bromberg, 2001; Zhang and Darnell, 2001; Vinkemeier et al., 1996). 

STAT3 is the most abundant and well-studied isoform with an important role in axonal 

regeneration. Pharmacological and genetic inhibition of STAT3’s effects on CNS and 

PNS neurons prevents axon elongation following injury (Luo et al., 2016; Leibinger et 

al., 2013; Bareyre et al., 2011). Lastly, viral regulation of STAT3 in corticospinal 

neurons following a pyramidotomy lesion increases compensatory midline sprouting and 

promotes recovery of grasping behavior (Luo et al., 2016; Lang et al., 2013).  
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Akt (protein kinase B (PKB)) is part of the AGC family of serine/threonine 

kinases with ubiquitous distribution throughout the central nervous system (Arencibia et 

al., 2013). Akt, like many substrates part of the PI3K/Akt/mTOR pathway, is involved in 

metabolic regulation, cell growth, survival, and proliferation and neurodegenerative 

disorders (Fumarola et al., 2014; Slomovitz and Coleman, 2012; Hung et al., 2012; Ma 

and Blenis, 2009; Laplante and Sabatini, 2012). Three isoforms of Akt exist (Akt1, Akt2 

and Akt3) that have high protein homology (Diez et al., 2012; Dummler and Hemmings, 

2007). All three isoforms have expression throughout the CNS, with Akt3 most abundant 

(Diez et al., 2012). Overexpression of virally expressed Akt3 in RGCs after an optic 

nerve crush promotes promotes axon regeneration and neuronal survival (Miao et al., 

2016). However, no information is known regarding CST axon sprouting or regeneration 

with Akt3 and if targeting this component of the PI3K/Akt/mTOR pathway may have a 

mechanistic importance for axon regeneration following cervical SCI. 

The goal of this study is to examine if upregulation of the PI3K/Akt/mTOR 

pathway in severed CST axons by viral expression of myristolated (constitutively active) 

Akt3 alone and in combination with STAT3 can promote axonal sprouting, regeneration 

and behavioral recovery. Viral expression of Akt3 in retinal ganglion cells (RGCs) has 

shown promise in permitting severed optic nerve fibers to regenerate (Miao et al., 2016). 

In addition, viral expression of STAT3 has shown CST fibers to undergo compensatory 

sprouting (Lang et al., 2013; Luo et al., 2016). However, no studies have examined use of 

Akt3 for sprouting of severed CST fibers or axon regeneration past a lesion site alone or 

in combination with other methods used to upregulate growth signaling cascades. 
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Materials and Methods 

Animals 

All surgical and animal care protocols were approved by the Temple University 

School of Medicine’s Institutional Animal Care and Use Committee, and performed per 

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

Female Sprague-Dawley rats (65-75 d, 200-224 g; Harlan Laboratories) were housed two 

per cage, on a 12-hour light-dark cycle with food and water provided ad libitum. Animals 

were allowed 7 days of acclimatization prior to any experimental procedure. 

 

Viral Vectors 

AAV2-myr-3HA-Akt3 or AAV2-STAT3-myc were used to upregulate either the 

PI3K/Akt/mTOR or JAK-STAT signaling cascades respectively. AAV2-NT3-flag was 

used to promote CST sprouting rostal to a C5 injury. AAV2-myr-3HA-Akt3 was 

generously provided by Dr. Yang Hu (Miao et al., 2016). In brief, HEK293T cells at 70 – 

80% confluency were transfected with two packaging plasmids, one carrying AAV rep 

and cap, the other with AAV helper functions and the transgene using a polyethylenimine 

method (PEI) (polyethylenimine, linear, MW 25k, Warrington, PA). Supernatants and 

cell lysates were harvested after 3 days and added to 40% polyethylene glycol 8000 for 2 

hours to precipitate crude virus. AAV2 was purified from this preparation using a CsCl 

gradient by double-centrifugation and dialyzed in 5% sorbital in 0.1 M PBS overnight (Y. 

Liu et al., 2014; Ayuso et al., 2010). AAV samples were double-ultracentrifuged in a 

cesium chloride gradient with isolated viral fractions dialyzed in 0.1 M PBS/0.5% 

Sorbital overnight. Purified fractions were added to plated fibroblasts to determine 
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genomic titer based on cell staining and confirmed with real-time quantitative PCR. Viral 

titers of AAV2-myr-3HA-Akt3 was 6 x 1011 GC/mL (low titer), high titer AAV2-myr-

3HA-Akt3 (3.5 x 1013 GC/mL), AAV2-STAT3-myc and AAV2-NT3-flag was 2 x 1011 

GC/mL respectively. 

 

Surgical Procedures 

To determine CST axonal sprouting and regeneration by viral induced 

upregulation of growth signaling cascades, cortical injections of AAV2 was performed. 

Animals were anesthetized with a ketamine (67 mg/kg)/xylazine (6.7 mg/kg, i.p.) 

mixture. Animals were placed into a stereotaxic frame (David Kopf Instruments, 

Tujunga, CA) with the skull surface exposed. A cranial window exposing the 

sensorimotor forelimb cortex was performed. Injections of either low viral titer AAV2-

myr-Akt3-3HA (6 x 1011 GC/mL), AAV2-STAT3-myc or combination (AAV2-Akt3 + 

AAV2-STAT3) mixed 1:1, were administered at the following coordinates from bregma: 

anteroposterior (AP): +0.5 mm, medial-lateral (ML): -2.5 mm and -3.5 mm; AP: -0.5 

mm, ML: -3.0 mm and -4.0 mm; dorsoventral (DV): -1.8 mm from surface of the brain 

for all cortical injections (2 µL/injection).  

Two weeks after cortical viral injections, the CST was lesioned using the 

following methods. Laminectomy was performed on the C5 vertebrae to expose the 

respective spinal level. C5 dorsal column lesion was performed with the injury being 

~1.5 mm width and 1.5 mm depth using spring scissors. Five to seven days after injury, 

biotinylated dextran amine (BDA, 10,000 MW, Molecular Probes, Eugene, OR) was 

injected into the sensorimotor forelimb cortex as the same coordinates as described above 

to anterogradely label CST axons. Following all procedures, incisions were sutured 
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closed and animals received analgesics (Rimadyl 2 mg/tablet; Bio Serv, Flemington, NJ) 

and antibiotics (cefazolin 10 mg/mL, s.c.). Saline (0.9% NaCl) was administered (s.c.) to 

prevent dehydration post-surgery. Animals were perfused two weeks after BDA 

injections for histological analysis (Figure 27). 

 

Figure 27: Timeline for Akt3, STAT3 induced CST sprouting/regeneration. 

In all rats, virus injections of AAV2-myr-3HA-Akt3, AAV2-STAT3-myc or a 1:1 

combination of AAV2-myr-3HA-Akt3 with AAV2-STAT3-myc is injected into the left 

sensorimotor cortex. Two weeks later, all rats receive a C5 dorsal column lesion severing 

the dorsal CST. All rats are allowed seven days to recover and then have BDA cortex 

injections into the left sensorimotor cortex to anterogradely tract CST fibers. Two weeks 

after BDA injections (or 35 days post-virus injections) all rats are perfused with brain and 

spinal cord tissue dissected. 

 

 In a separate set of animals, we injected a high viral titer of AAV2-myr-3HA-

Akt3 (3.5 x 1013 GC/mL) in the sensorimotor cortex similar to virus injections stated 

above. After seven days, we injected into the C3-C4 spinal cord contralateral to the 

AAV2-Akt3 injections, AAV2-NT3-flag (2 uL/injection; 2 injections) to promote CST 

sprouting to C3-C4 PNs. In these animals, epileptic phenotypes began to manifest by 14 

days post viral injections of Akt3. All animals were euthanized by ~28 days post Akt3 

injection due to persistent seizures (Figure 28). 
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Figure 28: Timeline of high viral titer Akt3 induced hemimegencephaly. 
All rats which received high viral titer injections AAV2-myr-3HA-Akt3 (3.5 x 1013 

GC/mL) into the sensorimotor cortex. Seven days later, AAV2-NT3-flag was injected 

into the C3-C4 spinal cord contralateral to AAV2-Akt3 injections. We observed the 

manifestation of seizures by 14 days post high titer AAV2-Akt3 injections. Seizures had 

progressed to a severe state and all animals displaying this phenotype were immediately 

perfused by 28 days post high titer AAV2-Akt3 injections with brains dissected.  

 

 

Tissue processing 

At the completion of each experiment, all animals were sacrificed by injection of 

Fatal-Plus (Dearborn, MI) and perfused with saline (0.9% NaCl) followed by 4% 

paraformaldehyde (PFA) in 0.1 M phosphate buffer (pH 7.5). The brain and cervical 

spinal cord were promptly dissected and post-fixed in 4% PFA overnight at 4°C. Tissue 

samples were then transferred to 30% sucrose for an additional 3 days prior to sectioning. 

Serial tissue sections were cut coronally or sagitally at 30 µm on a cryostat and placed 

into cyroprotectant (containing Na2HPO4 H2O, NaH2PO4, sucrose, PVP-40 and ethylene 

glycol) for long-term storage at -20°C.  

 

Histology 

For quantification of BDA-labeled CST fibers, coronal C3-C4 and sagittal C5 

lesion sections were incubated with 5% H2O2 in methanol to block endogenous 
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perioxidases. Samples were incubated in Vectastain Elite ABC reagents (Vector 

Laboratories, Burlingame, CA) and then developed using the perioxidase substrate 3’3’-

diaminobenzidine (DAB) (SigmaFAST #D4293, Sigma-Aldrich, St. Louis, MO). 

Sections were mounted and subsequently dehydrated in ascending alcohol concentrations 

and coverslipped with permount. Mounted sections were imaged using a Leica DM 

6000B brightfield microscope (Leica Microsystems, Buffalo Grove, IL) with 

Stereoinvestigator software (Microbrightfield, Inc., Williston, VT) to obtain monochrome 

images. Monochrome images were analyzed for CST fiber density using Nikon Elements 

3.0. In brief, a region of interest (ROI) was drawn around the C3-C4 grey matter. 

Intensity of BDA signal was thresholded to background for each image and analyzed per 

µm2.  

Additional sagittal spinal cord sections were stained immunofluorescently for 

BDA and glial fibrillary acidic protein (GFAP). Cortical sections were 

immunofluorescently stained for BDA distribution in the injection site and 

hemmaglutinin (HA), c-myc or phospho-S6. In addition, coronal sections of the thoracic 

spinal cord were stained for PKC-ɣ, as a marker for the dorsal CST and indicator for C5 

lesion completeness (Starkey et al., 2005; Mori et al., 1990). For immunofluorescent 

staining, samples were permeabilized with 5% normal goat serum in 0.3% Triton X-100 

then incubated with the following primary antibodies overnight at 4°C: mouse-anti-HA 

(1:80, Roche 12CA5 #11583816001), mouse-anti-c-myc (1:200, University of 

Pennsylvania Cell Center, Clone 9E10 #3207), rabbit-anti-phospho-S6 (1:100, Cell 

Signaling #4857), rabbit-anti-PKC-ɣ (1:200, Abcam #ab71558) or rabbit-anti-GFAP 

(1:1000, Dako #20334). The next day, samples were incubated with appropriate 
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secondary antibodies and mounted. DAPI (Thermofischer Scientific #D1306) was used 

as a nuclear counterstain in several tissue sections. Mounted tissue sections were 

subsequently photographed using Axiovision software (Carl Zeiss Microscopy, 

Thornwood, NY). 

 

Statistical analysis 

All statistical analysis was performed using GraphPad Prism 6 (GraphPad 

Software, Inc., La Jolla, CA). Statistical evaluations of stereological data were analyzed 

by one-way ANOVA followed by a Bonferroni post-hoc test for statistical significance or 

an unpaired two-tailed t-test wherever mentioned. All morphological analysis was 

represented as mean ± SD. All behavioral data was represented as mean ± SEM. 

 

Results 

Akt3 upregulates phospho-S6 in layer V cortical neurons 

To determine qualitatively if constitutively active expression of Akt3 can activate 

the PI3K/Akt/mTOR pathway, we injected low viral titer AAV2-myr-3HA-Akt3 (6 x 

1011 GC/mL) into the left sensorimotor cortex. The ribosomal protein, phosphorylated-S6 

(pS6) was used as marker for upregulated mTOR activity. Immunohistochemical staining 

of cortical sections showed co-expression of HA with pS6 in layer V neurons ipsilateral 

to the injection of AAV2-myr-3HA-Akt3 (Figure 29A, B, C). No expression of pS6 or 

HA was observed in uninjected the contralateral cortex (Figure 29A’, B’, C’). 
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Figure 29: Constitutively active Akt3 upregulates phosphorylated S6 in cortical 

neurons. 

AAV2-myr-3HA-Akt3 upregulated pS6 in the injection area of transduced cortical 

neurons. A) pS6 and HA positive staining was observed in the ipsilateral injected cortex. 

B) No pS6 or HA expression detected in the contralateral uninjected hemisphere. B’) and 

C’) Higher magnification images of ipsilateral injected cortex shows pS6 positive cells in 

areas of HA expression. B’) and C’) Higher magnification images of uninjected 

contralateral hemisphere show no expression of pS6 or HA. DAPI was used as a 

counterstain to determine the presence of nuclei of all cell types throughout tissue. Blue = 

DAPI, red = pS6, green = HA. Scale bar in A and A’) is 500 µm, B and B’) is 200 µm, C 

and C’) is 100 µm. 
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In addition, we examined expression of Akt3, STAT3 and the combination in 

cortical neurons using immunofluorescent staining. In animals with AAV2-myr-3HA-

Akt3, pS6+ expression was observed within the left sensorimotor cortex within the 

cytosol (Figure 30B). HA expression overlapped with many pS6+ cortical neurons where 

the virus was injected (Figure 30B). Animals with injections of AAV2-STAT3-myc had 

cortex sections stained for c-myc. Myc+ expression in STAT3 control group was 

localized to a similar region of the cortex relative to the injection site (Figure 30C). 

Sections with the combination of AAV2-myr-3HA-Akt3 and AAV2-STAT3-myc had 

overlapping expression of pS6 and myc expression in the sensorimotor cortex (Figure 

30D). Lastly, the spread of BDA by immunofluorescence to determine if anterogradely 

labeled axons were virally transduced. Fluorescent staining of cortexes showed 

consistency of BDA injections that were within regions of pS6 and/or myc expression 

(Figure 30A, B, C, D).   
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Figure 30: BDA spread in cortexes injected with AAV2-Akt3, AAV2-STAT3 

individually or in combination. 

Representative cortical images of the injection site showing BDA spread. A) Control 

cortical section showing BDA injections (red) near NeuN (green) cortical neurons. B) 

Cortical section transduced with AAV2-myr-3HA-Akt3. C) Cortical section transduced 

with AAV2-STAT3-myc. D) Cortical section transduced with AAV2-myr-3HA-Akt3 + 

AAV2-STAT3-myc. Spread of BDA was in areas within the injection area of AAV2-

Akt3 or AAV2-STAT3. Colors in B) red = pS6, green = HA, purple = BDA; C) green = 

myc, purple = HA; D) red = pS6, green = myc, purple = BDA. Scale bar is 500 µm. 

 

Additive effects axonal sprouting of CST with Akt3 with STAT3 

Prior to examining if viral transduction of CSNs promotes axonal sprouting or 

regeneration, thoracic spinal cord sections were taken to examine lesion completeness. 

PKCɣ is a marker for CST axons in the adult and has been used previously to verify loss 

of dorsal CST fibers (Starkey et al., 2005; Mori et al., 1990). Intact animals show positive 

staining of the ventral portion of the dorsal columns which is indicative of dorsal CST 
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axons. Any sections that showed labeling of the dorsal CST following C5 lesions were 

determined as incomplete and were excluded from the quantitative analysis (Figure 31A).  

In all animals included for quantitative analysis, loss of dorsal CST was verified by the 

lack of PKCɣ staining in the dorsal columns (Figure 31B).  

 

Figure 31: Verification of C5 lesion completeness. 

Representative thoracic spinal cord sections caudal to C5 dorsal column lesion stained 

with anti-PKCɣ. A) T4/T5 section example of incomplete C5 lesion with dorsal CST 

labeling in ventral portion of the dorsal funiculus. B) T4/T5 representative section 

showing complete C5 lesion. No labeling of dorsal CST observed in dorsal funiculus. 

Scale bar is 500 µm. 

 

To examine if Akt3 can promote regenerative CST sprouting rostral to the injury, 

DAB stained C3-C4 tissue sections were imaged and analyzed using Nikon NIS Elements 

software. BDA labeled CST axons were labeled in control, constitutively active Akt3, 

STAT3 and the combination of Akt3 and STAT3 in the C3-C4 spinal cord. Significant 

differences were observed with each treatment group for axons that sprouted into the C3-

C4 grey matter rostral to the injury (Figure 32A, B, C, D and E). CST regenerative 

sprouting with viral expression of constitutively active Akt3 was increased relative to 

controls (control vs. Akt3, p = 0.0592) (Figure 32A, B, E). CST neurons transduced with 

AAV2-STAT3-myc similarly increased severed axonal sprouting into the C3-C4 grey 
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matter relative to uninjected controls (control vs. STAT3, p = 0.0015) (Figure 32A, C, 

E). The combination of Akt3 with STAT3 (Akt3 + STAT3) also increased regenerative 

CST sprouting relative to uninjected controls (control vs. Akt3 + STAT3, p <0.0001) and 

more so than each treatment individually (Akt3 vs. Akt3 + STAT3, p = 0.0010; STAT3 

vs. Akt3 + STAT3, p = 0.0283) (Figure 32A, B, C, D, E). No differences were found 

between Akt3 and STAT3 treated samples for CST axonal sprouting (Akt3 vs. STAT3, p 

= 0.1712) (Figure 32B, C, E). This data indicates that the combination of Akt3 + STAT3 

on severed axonal sprouting is additive relative to individual treatments alone. 
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Figure 32: Akt3, STAT3-dependent increases in CST axonal sprouting. 

Representative C3-C4 spinal cord sections with dorsal CST labeled with BDA. A) 

Control, B) AAV2-myr-3HA-Akt3, C) AAV2-STAT3-myc, D) AAV2-myr-3HA-Akt3 + 

AAV2-STAT3-myc BDA labled CST fibers in C3-C4. E) Thresholded BDA density of 

all treatment groups. Significant increases in BDA density observed with STAT3 and 

Akt3 + STAT3 by one-way ANOVA; F(3, 11) = 23.70, p<0.0001. Tukey’s post-hoc 

multiple comparison test was significant; control vs. Akt3, p=0.0592; control vs. STAT3, 

p=0.0015; control vs. Akt3 + STAT3, p<0.0001; Akt3 vs. Akt3 + STAT3, p=0.0010; 

STAT3 vs. Akt3 + STAT3, p=0.0283 and Akt vs. STAT3, p=0.1712). Scale bar for A), 

B), C) and D) is 100 µm. Data is mean ± SD; n=3-4. ****p<0.0001, **p<0.01, *p<0.05. 
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Akt3 with STAT3 induces CST axon regeneration past C5 injury 

Previous studies using viral methods to upregulate the PI3K/Akt/mTOR pathway 

have shown severed fibers regenerating past an injury (Sun et al., 2011; Jin et al., 2015; 

Danilov and Steward, 2015; Christie et al., 2010; de Lima et al., 2012; Kurimoto et al., 

2010; D. H. Lee et al., 2014; Lewandowski and Steward, 2014; K. Liu et al., 2010; Park 

et al., 2008; Zukor et al., 2013; Miao et al., 2016). We examined if constitutively active 

Akt3 could induce severed CST axon regeneration with virally expressed STAT3 in a 

qualitative manner. In control sections, many severed fibers are found rostral to the injury 

with no regeneratioin observed (Figure 33A). With STAT3 treatment alone, very sparse 

CST fibers are observed caudal to the lesion site and into regions of the denervated spinal 

cord (Figure 33C). However, with Akt3 treated samples and the combination of 

constitutively active Akt3 with STAT3 (Akt3 + STAT3) treatment, many labeled axons 

were found to have regenerated past the injury compared to controls, Akt3 or STAT3 

alone (Figure 33B and D). In addition, BDA labeled regenerating fibers transduced with 

the combination Akt3 + STAT3 were found to have a lack of dystrophic growth cones, a 

common characteristic found in regenerating axons within the spinal cord. In all 

treatment groups, lesions were verified to be complete by the absence of PKCɣ staining 

found in the ventral portion of the dorsal columns in coronal thoracic spinal cord sections 

(Figure 33A’, B’, C’ and D’)). This data indicates that upregulation of PI3K/Akt/mTOR 

by constitutively active Akt3 can promote severed axon regeneration in a qualitative 

manner similar to prior reports. 
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Figure 33: Akt3, STAT3 promotes axon regeneration. 

Sagittal spinal cord sections showing BDA labeled CST fibers in A) control, B) Akt3 and 

C) STAT3 and D) Akt3 + STAT3 tranduced samples. A) and C) Control and STAT3 

transduced sections showed no labeled CST fibers regenerating in the distal part of the 

cervical spinal cord. B) and D) Akt3 control and Akt3 + STAT3 transduced sections 

show labeled CST fibers found in the distal parts of the spinal cord from the C5 lesion. 

GFAP staining shows extent of C5 lesion in all sections. PKCɣ staining in distal T4-T5 

coronal spinal cord showed complete lesions with no positive labeling in ventral part of 

dorsal columns in all treatment groups A’), B’), C’) and D’). Red = BDA, Green = GFAP 

for sagittal sections. Red = PKCɣ for coronal spinal cord sections. Scale bar for A), A’), 

B), B’), C), C’), D) and D’) is 500 µm. 
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High viral titer of AAV2-myr-3HA-Akt3 promotes hemimegencephalitis 

In a separate cohort, we examined the ability of constituively active Akt3-induced 

CST axon sprouting in combination with AAV2-NT3-flag expression in the C3-C4 spinal 

cord.  We injected a higher viral titer of AAV2-myr-3HA-Akt3 (viral titer 3.5 x 1013 

GC/mL)  into the left forelimb sensorimotor cortex similar as stated above. AAV2-NT3-

flag was injected into C3-C4 right side several days later to direct CST sprouting to C3-

C4 PNs. Two weeks after cortical injections, animals began to display an eplileptic 

phenotype. This phenotype was not observed when using lower viral titers of AAV2-

Akt3 (6 x 1011 GC/mL). Several rats exhibited forelimb twitches of the shoulder or 

forepaw. At four weeks post cortical injections, full onset of epileptic seizures were 

observed by either barrel rolls or bilateral forelimb pedaling motions combined with a 

loss of balance in all animals receiving high viral titer AAV2-myr-3HA-Akt3 cortical 

injections. Prior to euthanasia, several animals displayed status epilepticus with near 

constant convulsions. 

In control brains, the cortex has a normal cytoarchitecture with symmetry on both 

hemispheres (Figure 34A and A’). In AAV2-myr-3HA-Akt3 low titer treated brains, the 

cytoarchitecture is kept intact with an area in the sensorimotor r forelimb cortex that 

stains positive for pS6 and HA where the virus was injected (Figure 34B and B’). 

However, in high viral titer AAV2-myr-3HA-Akt3 several animals showed the onset of 

epileptic seizures. Upon onset of seizures, animals were euthanized and brains dissected. 

Cortical cytoarchitecture of the brain was abnormal with the injected hemisphere of high 

viral titer AAV2-myr-3HA-Akt3 enlarged compared to the uninjected side and was 

similar to an hemimegencephalitis (HME) phenotype. The injected hemisphere with 
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AAV2-myr-3HA-Akt3 had pS6 and HA expression far beyond the cortex and into the 

striatum. The areas of immunoreactive pS6 and HA expression within the injected 

hemisphere was vastly larger compared to the non-injected side and relative to the control 

samples (Figure 34C and C’). 

 

 

Figure 34: High titer AAV2-myr-3HA-Akt3 causes hemimegencephalitis phenotype. 
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Uninjected control section showing normal cortical architecture on the A) ipsilateral and 

A’) contralateral side. B) Cortical section with low viral titer AAV2-myr-3HA-Akt3. In 

ipsilateral cortex, pS6 upregulation is in area of HA staining. B’) Contralateral cortex of 

the section with AAV2-myr-3HA-Akt3 was normal. C) Cortical section with high viral 

titer AAV2-myr-3HA-Akt3. pS6 and HA staining was found throughout the ipsilateral 

cortex and into the striatum compared to the C’) uninjected contralateral side that was 

normal. pS6 = red, HA = green, hoescht’s = blue. Scale bar is 1000 µm. 

 

Higher magnification images show increased cell hypertrophy on the injected 

cortex with high viral titer of AAV2-myr-3HA-Akt3 compared to the ipsilateral side in 

animals that showed an epileptic phenotype (Figure 35A, B and C). In addition, AAV2-

NT3 was observed to retrogradely transport to the cortex in epileptic animals with 

cortexes stained for FLAG immunoreactive cells (Figure 35D). This would indicate that 

severed CST neurons that were transduced with constitutively active Akt3 were also 

expressing NT3 in the cortex. Since NT3 is secreted, it is likely that increased 

neurotrophin expression stimulated the surrounding cortical neurons that were 

abnormally firing and further contributed to epilepsy. 
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Figure 35: Akt3 induced Epileptic HME phenotype with cell hypertrophy. 

A) Representative high magnification section showing uninjected control with basal pS6 

expression. B) Representative high magnification section of AAV2-myr-3HA-Akt3 of an 

animal with epilepsy. Cortical neurons with pS6 expression have increased soma size. C) 

Quantification of cell diameters in control and Akt3 animal with epilepsy. Unpaired two-

tailed ttest was significant ****p<0.0001; t(10.43,8). D) Representative section of animal 

injected with AAV2-myr-3HA-Akt3 and AAV2-NT3-FLAG. Cortical neurons with 

upregulated pS6 expression co-expressed NT3 as verified with FLAG staining. pS6 = red 

in A), B) and D); HA = green in A) and B); FLAG = green in D). Data is mean ± SD; 

N=6. Scale bar is 100 µm. 

 

Discussion 

In the first part of our study, we verified that transducing cortical neurons with 

AAV2-myr-3HA-Akt3 upregulates the PI3K/Akt/mTOR cascade. Many groups have 

shown the importance of upregulating growth promoting cascades on axon regeneration 

(see Park et al., 2010 for review). It was recently shown that transducing RGCs with 
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virally expressed isoforms of Akt can influence survival post-optic nerve crush (Miao et 

al., 2016). However, no studies have examined if constitutively active Akt3-transduced 

CST neurons will have severed axons sprout or regenerate post-cervical SCI. Several 

groups have attenuated the negative regulator PTEN by genetic or pharmacological 

methods and observed increased mTOR activity along with axonal growth (Danilov and 

Steward, 2015; Jin et al., 2015; D. H. Lee et al., 2014; Ohtake et al., 2014; L. Yang et al., 

2014; Zukor et al., 2013; de Lima et al., 2012; Kurimoto et al., 2010; K. Liu et al., 2010; 

Park et al., 2008). In several of those studies, increased axonal sprouting or regeneration 

was associated with improved behavioral outcomes post-injury (Danilov and Steward, 

2015; Jin et al., 2015; Lewandowski and Steward, 2014; Ohtake et al., 2014; Zukor et al., 

2013). In our study, we found that constitutively active Akt3 accomplishes the same 

result in the context of axonal sprouting rostral to a cervical injury and with regeneration 

of fibers into the caudal spinal cord. 

Many groups have targeted the PI3K/Akt/mTOR cascade to determine the effects 

on CNS axon regeneration. Our goal was to determine if the CST, an important motor 

pathway that is involved in fine motor control of the hand, wrist and digits as well as 

reaching and grasping behaviors, could sprout in the vicinity of cervical interneurons 

rostral to an injury. We found that AAV2-myr-3HA-Akt3 can increase sprouting of 

severed axons similar to prior reports. In addition, increased CST sprouting within the 

C3-C4 segments by constitutively active Akt3 was similar to upregulation of the JAK-

STAT pathway. We co-transduced cortical neurons with Akt3 and STAT3 and found 

additive increases in axonal sprouting. This result is similar to effects of PTEN deletion 
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on compensatory CST sprouting following a pyramidotomy lesion (Jin et al., 2015; D. H. 

Lee et al., 2014; K. Liu et al., 2010).  

Upregulation of the mTOR signaling cascade is known to not only increase 

severed axon sprouting, but also regeneration past an injury. Multiple groups have found 

that mTOR-dependent axonal growth is increased with additional therapeutic methods to 

permit regeneration (ex. transplantation, neutrophic factor administration, regulation of 

additional growth signaling cascades). We sought to determine if constitutively active 

Akt3 on its own promoted axon regeneration of CST fibers and if this effect is increased 

with overexpressing STAT3. In our study, we found that the combination of Akt3 and 

STAT3 when virally expressed in CSNs, promoted severed fibers to regenerate into the 

distal spinal cord. Combinatorial treatments to promote CNS axon regeneration with 

mTOR upregulation have been achieved (Park et al., 2017; Luo et al., 2016; D. H. Lee et 

al., 2014; Sun et al., 2011; K. Liu et al., 2010). The methods that have been used include, 

cytokine administration (ex. CNTF, LIF) as well as deletion of multiple regulatory 

molecules to achieve CNS regeneration. Using Akt3 in combination with such 

therapeutics, however promotes CST axon regeneration far greater than what has 

previously been observed. 

Since we observed increased Akt3-induced CST sprouting into the C3-C4 

segments rostral to a C5 lesion, we sought to determine if expressing NT3 (by injection 

of AAV2-NT3-FLAG into C3-C4) could promote forelimb motor recovery. Cervical 

propriospinal interneurons found in the C3-C4 segments are involved in reaching and 

grasping behaviors in several mammalian species. Also, severed CST fibers can sprout 

with exogenous expression of NT3. All animals with AAV2-Akt3 with AAV2-NT3 had 
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developed an epileptic phenotype with 100% penetrance and cortexes near the site of 

injection showed hemimegencephalitis (HME). We found that our AAV2-Akt3 which 

produced the epileptic phenotype and HME was of a higher viral titer than what we 

observed for axon regeneration (6 x 1011 GC/mL (for regeneration) vs. 3.5 x 1013 GC/mL 

(for epilepsy)). In our cortical sections with AAV2-Akt3 injected, we observed 

significant cell hypertrophy compared to uninjected controls. In addition, with animals 

with both AAV2-Akt3 injected to the cortex and AAV2-NT3-FLAG injected to the C3-

C4 spinal cord, we found pS6 neurons expressing NT3. Overexpression of high viral titer 

Akt3 alone was able to produce seizures, but with the combination of NT3 found in the 

cortex created a robust effect where hyperactive neurons are further stimulated by 

neurotrophin release.  

Loss of Akt3 causes microcephaly during development and abnormal brain 

development (Easton et al., 2005; Tschopp et al., 2005). Conversely, overexpression of 

Akt3 leads to cell hypertrophy, megencephaly and are known to correlate with 

epileptogenesis in humans and transgenic mouse models during development (Alcantara 

et al., 2017; Nellist et al., 2015; J. H. Lee et al., 2012; Poduri et al., 2012; Easton et al., 

2005; Tschopp et al., 2005; see Crino, 2015 for review). In addition, post-mortem patient 

samples with mutations in AKT3 have shown HME and along with epileptogenesis 

(Alcantara et al., 2017; J. H. Lee et al., 2012; see Crino, 2015 for review). Since our Akt3 

is constitutively active, higher viral titers will affect many neuronal and glial cell types 

within all layers of the cortex and with increased mTOR hyperactivity, increased cell size 

along with aberrant neuronal firing will occur. However, further examination is required 

to 1) verify seizure activity by EEGs and 2) determine if reversing Akt3-induced 
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epileptogenesis in adult rodents is truly dependent on mTOR activity or through another 

substrate. This finding has allowed us to briefly examine adult epilepsy and HME in vivo 

with hyperactive mTOR, which is remarkably rare. 

In total, our work illustrates another target to the PI3K/Akt/mTOR cascade to 

promote axonal sprouting and regeneration in vivo. The use of AAV2-myr-3HA-Akt3 is 

similar to other groups who have promoted CST sprouting or regeneration by genetic 

deletion of PTEN in conditional knockout mice. Combination of this viral vector with 

one expressing STAT3 has additive effects on sprouting and regeneration as a promising 

result. But, it is likely that too high viral titers lead to HME and epilepsy which needs to 

be carefully explored and elucidated further. 
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CHAPTER 5 

DISCUSSION 

Spontaneous recovery of forelimb motor function can occur in animal models of 

SCI depending on the severity of injury. In many instances with rehabilitative training, 

restoration of reaching is achievable. Several studies examining anatomical plasticity of 

descending motor pathways have observed sprouting of severed tracts into regions where 

interneurons are located. In addition to plastic changes that manifest in the spinal cord, 

behavioral paradigms have shown recovery of limb function indicating that re-

organization of severed pathways could utilize spared neuronal populations to mediate 

recovery. Until the last several years, the current methods to examine the role of 

interneurons could not be eludicated. Modern techniques using gene therapy, transgenic 

animal models and even chemogenetics can determine which populations are involved in 

limb movements and how much of a role they have in restoration of function after an 

injury. The work performed in this dissertation provides additional insight to specifically 

determine how involved are propriospinal networks that aid in the recovery of forelimb 

reaching behavior.  

Our usage of lentiviral vectors with chimeric rabies-G glycoprotein (HiRet) have 

allowed us to determine the number and distribution of supraspinal and propriospinal 

pathways innervating forelimb motor pools. HiRet lentivirus permitted us to retrogradely 

infect neuronal pathways based on uptake by synaptic terminals. This viral tool provided 

stable long-term expression of the fluorophore GFP in transduced neurons and is 

comparable to other gene therapy tools (ex. AAV-retro) to map connections between the 

brain and spinal cord (Tervo et al., 2016). We identified several regions with retrograde 
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labeling of GFP in normal animals from the cervical spinal cord indicating potential roles 

of several pathways in forelimb innervation. Based on our data, we proceeded to target 

rubro- and propriospinal pathways using chemogenetics. We chose these two populations 

based on our retrograde tracing data and since both C3-C4 PNs and RSNs are found to 

contribute to forelimb reaching in several mammalian species. By using a novel two-viral 

vector method, to specifically target individual neuronal populations, we sought to 

determine the contribution of these pathways on normal forelimb reaching behaviors 

before and after cervical spinal cord injury.  

Using HiRet lentivirus expressing tetracycline-inducible inhibitory DREADD 

with AAV2-TetON and AAV2-GIRK2-HA, we specifically targeted C3-C4 PNs both 

unilaterally and bilaterally along with RSNs. Neuronal silencing with inhibitory 

DREADDs during a pre-injured state causes no detriment in forelimb reaching and 

grasping behaviors. However, once we severed dorsal CST inputs to forelimb MNs, our 

animals were able to spontaneously recover target-directed reaching. Neuronal silencing 

of C3-C4 PNs caused mistargeting during forelimb reaching, whereas silencing of RSNs 

alone caused minimal deficits in the recovered state (Figure 36). These results are similar 

to a recent study where DREADD silencing of functionally redundant reticulospinal 

pathways pre-injury showed minimal effects on hindlimb locomotion. It was not until a 

thoracic contusion and neuronal silencing of reticulospinal pathways following recovery 

that deficits were observed (Asboth et al., 2018). This indicates that spared endogenous 

circuits can compensate for recovery of limb function. In addition, the authors found that 

cortical fibers increased sprouting rostral to the injury and into nuclei that correspond 

with neuronal populations we targeted with inhibitory DREADDs (Asboth et al., 2018). 
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This finding supports anatomical sprouting data where cortical areas responsible for 

forelimb innervations are re-activated with rehabilitation and can establish connectivity to 

spared neuronal populations to mediate limb recovery (Mosberger et al., 2017; Hilton et 

al., 2016; Rosenzweig et al., 2010; Hollis et al., 2009; Ghosh et al., 2009; Vavrek et al., 

2006; Weidner et al., 2001).  

 

Figure 36: Endogenous circuitry involved in skilled target-directed reaching post-

injury. 

Severed CST axons can sprout rostral to an injury (C5 dorsal column lesion). In our 

model, it is likely that cortical transmission to C3-C4 PNs and RSNs that are spared can 

mediate recovery of forelimb target-directed reaching. An internal copy of motor 

information is projected to the lateral reticular nucleus and the cerebellum updating 

supraspinal centers for forelimb movement corrections. Silencing of endogenous circuits 

can disrupt updating of forelimb reaching following recovery post-injury. Images adapted 

from a rat brain and spinal cord atlas (Paxinos, 2007; Watson et al., 2009).  

 

One aspect not measured within our study is the importance of sensory inputs on 

forelimb recovery. In SCI, intact proprioceptive information can update supraspinal 
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centers regarding limb position, trajectory and velocity during skilled movements. Many 

lesion models that sever motor pathways will also affect sensory feedback from the limb. 

Several studies have illustrated that interneuronal populations receive proprioceptive 

collaterals and play an important role in the modulation of motor behavior (A. J. Fink et 

al., 2014; Bui et al., 2016; Bui et al., 2013; see Azim et al., 2014 for review). In addition, 

animals with deafferented dorsal roots in the cervical spinal cord exhibit deficits in 

forelimb behaviors despite no damage to major descending spinal cord tracts (Saling et 

al., 1992; see Sarlegna and Sainburg, 2009 for review). In our study, conscious 

proprioceptive inputs which ascend through the dorsal columns were likely severed, but 

could mediate limb position and trajectory through interneurons in the dorsal horn. Since 

DREADD labeled C3-C4 PNs receive 1a afferents, silencing these neurons likely 

interrupted motor inputs for forelimb reaching along with proprioceptive feedback from 

the forelimb. Further examination of the importance of proprioceptive afferents in the 

context of motor function especially following cervical SCI may have greater importance 

on limb recovery. 

Lastly, augmenting axonal regeneration through upregulation of growth 

promoting cascades has been extensively explored. Increasing the mTOR cascade to 

promote axon regeneration with constitutively active Akt3 promotes CST axonal 

sprouting and regeneration similar to genetic deletion of the negative regulator PTEN.  

Upregulating mTOR could be explored in the context of PN axonal sprouting following 

an injury and whether increased plasticity of interneuronal circuits can improve recovery 

in animal models of SCI. We also found that with sufficiently high viral titers of AAV2-

myr-3HA-Akt3 that epileptogenesis manifests with hemimegencepahaly. This is an 
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unexpected finding and could establish an mTOR-dependent hyperactive model of 

epileptogenesis in fully adult rodents. However, further characterization of whether viral 

vectors encoding transgenes that can upregulate key signaling pathway components (ex. 

Rheb or shPTEN) can cause seizures and if the onset of epilepsy we observed by high 

viral titers of AAV2-myr-3HA-Akt3 in vivo occurs through mTOR upregulation or 

another mechanism needs to be determined. Gene therapy is used to treat many 

neurological diseases from Parkinson’s, Alzheimer’s and has potential in clinical settings 

to promote axon regeneration. This finding may lead to groups using gene therapy to treat 

neurological diseases/ailments to carefully check viral titers for unexpected side effects. 

In total, the work done in this dissertation provides a greater understanding of 

interneurons and their role on spontaneous recovery of forelimb reaching in rodents. This 

work utilizing novel gene therapy tools to map supraspinal and intraspinal pathways 

shows a new viral tool to explore synaptic connections between the brain and spinal cord 

that are essential for movements. Future experiments can examine 1) if neuronal 

silencing of cortical fiber sprouts in C3-C4, RN or both causes deficits in forelimb 

reaching following recovery from cervical SCI, 2) if a cervical midline contusion will 

permit spontaneous recovery of reaching, 3) if increasing PN sprouting either by 

upregulation of PI3K/Akt/mTOR or by a neurotrophin such as GDNF impacts recovery 

of forelimb reaching and 4) exploring sensory feedback and its importance on recovery of 

forelimb movements using modern gene therapy tools. Each of these questions will 

explore not only mechanisms to further understand forelimb functional recovery, but also 

permit new therapeutic tools which are translatable to a clinical setting for the treatment 

of cervical SCI in patients.   
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