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ABSTRACT OF THE THESIS 

 

Examining behavioral and astrocytic phenotypes in spinal cord injury research 

 

by 

 

Krislyn Izon Carolino 

Master of Science in Biology 

University of California San Diego, 2019 

Professor Binhai Zheng, Chair 

Professor Yimin Zou, Co-chair 

 Rehabilitation is used to help patients with spinal cord injuries (SCI) retain and 

strengthen remaining motor control. Patients with cervical SCI often develop tetraplegia, 

resulting in lost voluntary control of upper and lower extremities. Current studies using mouse 

models of SCI do not sufficiently utilize rehabilitative strategies to restore forelimb function. I 

first tested whether rehabilitative training improves functional recovery following an 

asymmetrical cervical-level injury that spares a small part the corticospinal tract. Our injury 
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caused deficits in forelimb function that sustained for 12 weeks. Then I assessed the effect of 

rehabilitation on forelimb function on the staircase task. Forelimb rehabilitation initially 

accelerated functional recovery, but mice without rehabilitative training eventually caught up in 

the degree of recovery. These results indicate that rehabilitative training is useful in promoting 

functional recovery, but the degree of recovery is limited.  

 The second part of my thesis involves the astrocytic response to SCI. An astrocytic scar 

forms after SCI and is often described as an obstacle to axon growth, but recent evidence 

suggests that it can also facilitate regeneration. Previous work from our lab has shown that 

Leucine zipper-bearing kinase (LZK, also called MAP3K13) positively regulates astrocyte 

reactivity. In collaboration with another lab member, we compared two variants of genetic 

overexpression of LZK:  random insertion of an LZK overexpression construct into the mouse 

genome (GFAP-CreERT2; LZKOE) and site-specific integration of the same LZK construct into a 

safe harbor locus (GFAP-CreERT2; H11-LZKOE). Our goal was to determine whether the site 

specific line behaves similarly to the published random integration line in LZK-induced astrocyte 

reactivity. Tamoxifen induction of LZK overexpression in GFAP-CreERT2; H11-LZKOE mice is 

associated with higher incidence of weight loss and lethality, but seemingly higher astrocyte 

reactivity than the random integration line. 
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I. Introduction 

Overview of Spinal Cord Injuries 

According to the National Spinal Cord Injury Statistical Center (NSCISC), there are 

about 17,700 new cases of spinal cord injuries (SCI) each year and a total of 288,000 individuals 

living with SCI in the United States. The most prevalent cause of SCI are motor vehicle 

accidents, often injuring the spinal cord at cervical level and leading to complete or incomplete 

tetraplegia, defined by the paralysis of all limbs (Chen et al., 2013). It is predicted that there will 

be a 2% increase in high level cervical SCI every ten years (DeVivo, 2012), making the research 

on cervical SCI models all the more crucial. 

 

Two types of axonal growth within the spinal cord after injury 

The corticospinal tract (CST) is a major descending pathway that is responsible for 

voluntary and skilled motor movement (Lemon et al, 2005). In both rats and mice, the CST 

decussates at the level of the medullary pyramids and travels down the spinal cord in the ventral 

portion of the dorsal column, which is referred to as the dorsal CST (dCST). A small population 

of CST axons travel down the spinal cord through the dorsal part of the lateral column, which is 

referred to as the dorsolateral CST (dlCST). dlCST axons are most abundant at the cervical level 

of the spinal cord. Because dlCST axons send out collaterals in similar areas of the gray matter 

that dCST axons innervate, they are potential sources of sparing through which growth from 

intact axons in the cervical spinal cord can be effective (Steward et al., 2004).  

Within the CNS, different types of axonal growth can be induced. Two noteworthy forms 

of growth are regeneration and compensatory sprouting (Figure 1). Regeneration is classified as 

the growth and extension of injured axons while compensatory sprouting is defined as the growth 
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of uninjured axons. Just like regenerated axons, new axonal sprouts have the ability to form 

synapses. CST axon sprouting occurs spontaneously after SCI and those new CST sprouts have 

been shown to innervate motor neurons (Weidner et al., 2001). When the new CST sprouts are 

lesioned, the functional recovery that mice experienced as tested by a skilled forelimb task was 

gone (Weidner et al., 2001). Furthermore, extensive plasticity occurring from sprouting axons 

caused marked improvement in locomotion and hand coordination of primates with an 

incomplete SCI (Rosenzweig et al., 2010). Because sprouting occurs naturally and can be readily 

modulated with molecular intervention, functional recovery after SCI is more likely to result 

from sprouting axons than regenerating axons. 

 

Barriers to axonal growth and sprouting in the spinal cord 

In patients with SCI, communication between the brain and body is disrupted. Cervical 

SCI patients permanently lose voluntary control of upper and lower limbs, develop muscle 

spasms and chronic pressure ulcers, have trouble controlling bladder and bowel movements, and 

experience anxiety and depression, among many other complications (Sezer et al., 2015; Hagan 

2015). After trauma to the spinal cord, the injury site becomes hostile to growth and immune 

cells are recruited to the injury site to clear cellular debris (O’shea et al., 2017). Astrocytes, the 

major support and scaffolding cells of the CNS, become reactive, grow increased processes, and 

create a tight glial scar border between the injury core and relatively intact tissue. This glial scar 

also sequesters immune cells to prevent further degradation of CNS tissue (O’shea et al., 2017). 

It becomes difficult for intact axons to pass through the glial scar – at least that is the traditional 

view. The core of the injury site includes fibroblasts, pericytes and blood vessel precursors that 
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try to replace lost tissue (Burda and Soforniew, 2014). The overall environment at the lesion site 

becomes hostile to growth. 

The challenges in helping individuals with SCI regain functional recovery consists of 

multiple parts:  initiating sustained regrowth of axons past the injury site, directing those axons 

to the proper targets, and forming functional synapses that produce meaningful movement 

(Sofroniew, 2018). Creating the conditions necessary for rewiring an injured spinal cord is 

difficult because a myriad of cellular events and signaling mechanisms impinge upon neuronal 

responses to the injury. 

 

Regulation of CST axon growth and sprouting 

Axonal growth in the injured spinal cord are influenced by intrinsic factors within the 

neurons (e.g., signaling pathways, protein production) and extrinsic factors from other cell types 

in the spinal cord (e.g., oligodendrocytes/myelin, astrocytes). Of particular interest is 

phosphatase and tensin homolog (PTEN), a tumor suppressing protein and a negative regulator 

of the mammalian target of rapamycin (mTOR) pathway. The mTOR pathway supports protein 

synthesis and cell growth by activating translation of mRNA, regulating metabolism, and 

stimulating production of new ribosomes (Guertin and Sabatini, 2007). When Pten was deleted 

in retinal ganglion cells (RGCs) of mice that received an injury to the optic nerve, some axons 

were able to regenerate as far as the optic chiasm (Park et al., 2008). After unilateral 

pyramidotomy (severing one side of the CST before decussation) in adult mice that had Pten 

genetically deleted, a significant number of axons crossing the midline into the denervated side 

was observed, indicating enhanced sprouting (Liu et al., 2010). In addition, regeneration in Pten-
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deleted mice was robust enough to be consistently and reproducibly observed past a spinal cord 

injury site (Liu et al., 2010). 

Another molecule, suppressor of cytokine signaling 3 (SOCS3), when deleted in RGCs of 

mice also caused robust regeneration in axons after an optic nerve injury (Smith et al., 2009). 

SOCS3 is a negative regulator of the JAK/STAT pathway, which mediates signaling from 

cytokines and growth factors and regulates a variety of cellular functions, including cell 

proliferation, migration, and differentiation (Rawlings et al., 2004). Studies combining genetic 

deletions of Pten and Socs3 have shown enhanced and sustained regeneration of RGC axons 

(Sun et al., 2011) as well as recovery of locomotor movement through CST axon sprouting (Jin 

et al., 2015). Other cellular regulators of axonal growth include KLFs (a family of transcription 

factors highly expressed during development), Sox11 (a transcription factor expressed in the 

developing CNS), and c-Myc (a gene regulating cellular metabolism, growth, and proliferation) 

(Blackmore et al., 2012; Wang et al., 2015; Belin et al., 2015). 

Inhibitors to growth can also come from the CNS environment. Outside the scar border 

are proteins bound to glucosamine sugar chains, specifically chondroitin sulfate proteoglycans 

(CSPGs), produced by astrocytes that are traditionally thought to restrict regeneration and 

plasticity (Fawcett and Asher 1999; Dell’Anno and Strittmatter, 2017). Degradation of CSPGs 

using an enzyme, chondroitinase ABC (chABC), caused CST axon regeneration and improved 

rats' performance on locomotion-based tasks, such as beam walking and grid walking (Popat et 

al., 2002). Oligodendrocytes, which are the cells that produce myelin in the CNS, are known to 

inhibit axon growth in culture. Oligodendrocytes are known to produce myelin associated 

inhibitors (MAIs). MAIs are molecules such as myelin associated glycoprotein (MAG), 

oligodendrocyte myelin glycoprotein (OMgp), and Nogo A that break down growth cones or 
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prevent neurons from growing processes based on in vitro studies (Filbin 2003; Yiu and He, 

2006). Interestingly, when MAG, OMgp, and Nogo were deleted one at a time or together, no 

change in regeneration was seen, whereas Nogo knockout caused modest but significant CST 

axon sprouting (Lee et al., 2010). When Nogo was specifically deleted from oligodendrocytes, 

the number of spouting axons increased, but there was no effect on functional recovery (Meves 

et al., 2018). Thus, removal of these extrinsic factors may modulate axon sprouting, but it 

remains a challenge to promote functional recovery.   

The absence of attractant cues and presence of repulsive molecules in the cellular 

environment can prevent reformation of functional synapses. Wnt proteins have pathfinding and 

synaptic organization roles, but Wnt genes also code for proteins that repel CST axons as they 

travel down the spinal cord (Zou and Lyuksyutova, 2007). After SCI, the repulsive Wnt genes 

were highly upregulated, and axon regeneration was limited (Liu et al., 2008).  When Ryk, a Wnt 

receptor that is involved in the repulsive functions of Wnt, was blocked using polyclonal 

antibodies, axons from motor neurons were not repulsed after injury (Liu et al., 2008).  

The mitogen-activated protein kinase (MAPK) pathways are involved in major cellular 

functions via phosphorylation cascades in which MAPK is phosphorylated by MAPK kinase 

(MAP2K), which is then phosphorylated by MAP2K kinase (MAP3K) (Chang and Karin, 2001). 

These pathways alter gene expression through input from external stimuli, regulate cell 

proliferation, and determine if a cell enters a survival or apoptotic state (Chang and Karin, 2001; 

Chen and Thorner, 2007). Dual Leucine zipper-bearing Kinase (DLK, also called MAP3K12) 

belongs to a subfamily of MAP3Ks and was first found to play a role in synaptic development 

(Nakata et al., 2005).  DLK in C. elegans and its homolog in Drosophila, wallenda, were both 

required for axon regeneration and act as a signal of axonal injury; later, mammalian DLK was 
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found to function similarly to promote regeneration (Hammarlund et al., 2009; Shin et al., 2012; 

Xiong et al., 2010; Watkins et al., 2013). 

There is another mammalian homolog of C. elegans DLK and fly wallenda: leucine 

zipper-bearing kinase (LZK, also called MAP3K13). Overexpressing LZK in cultured primary 

neurons enhanced axon growth, just as overexpressing DLK did (Chen et al., 2016). LZK was 

then studied for its role in a spinal cord injury model. In wild-type mice given a crush injury to 

the spinal cord, immunohistochemistry showed higher levels of LZK protein as compared with 

uninjured mice (Chen et al., 2018). In injured mice with tamoxifen-induced LZK deletion 

specifically in astrocytes, a lower degree of astrocyte reactivity and a larger lesion size were 

observed (Chen et al., 2018). On the other hand, tamoxifen-induced overexpression of LZK in 

astrocytes of uninjured animals induced astrogliosis, as measured by increased GFAP 

immunostaining intensity, and led to in a more compact lesion in injured animals (Chen et al., 

2018). However, these overexpression results were coupled with severe weight loss before SCI 

and poor animal survival after SCI. These complications may have been attributed to the genetics 

of the mouse:  the LZK overexpression gene construct was randomly inserted into the mouse's 

genome. A targeted insertion of the LZK overexpression construct into the Hipp11 (H11) locus 

was then developed, again in collaboration with Yishi Jin’s lab. The H11 locus is found on 

chromosome 11 in mice and is proven to have high cre recombination rates and high efficiency 

for transgene expression (Hippenmeyer et al., 2010; Tasic et al, 2011). Furthermore, insertion of 

large gene constructs to this locus has not led to the disruption of endogenous genes (Tasic et al, 

2011).  As of now, two genetic variants of inducible LZK overexpression mouse lines exist. It 

therefore becomes imperative for our lab to determine which LZK variant to use for what 

purpose and how to diminish loss of life in animals overexpressing LZK in order to facilitate our 
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studies. Part of my thesis will address the proper dosing to better the chances of animal survival 

in LZK overexpression studies. These studies were done in collaboration with another member 

of the lab, Noah Kim. 

 

Rehabilitation and Training 

Patients with high level cervical SCI experience paralysis or deficits in reaching, 

grasping, and fine motor movement. Almost all patients with SCI receive some form of 

rehabilitation with physical therapists, occupational therapists, and other health care 

professionals to learn how to regain mobility and live with the consequences of their injury. In 

SCI patients, the main goals of rehabilitation are to maximize remaining mobility as well as 

improve the patient’s quality of life (Sipski and Richards, 2006). Skilled forelimb movement 

between humans, primates, and rodents are homologous (Iwaniuk and Wishaw, 2000). Much of 

the research done in injured rats and mice have extensively used assays that test locomotion and 

hindlimb function, such as treadmill training (van den Brand et al., 2012; Tashiro et al., 2016; 

Battistuzzo et al., 2017; Chen et al., 2017), regular or uneven ladder walking (Starkey et al., 

2011; Geoffroy et al., 2015; Okabe et al., 2017; Liu et al., 2017), and rotarod (Deacon 2013; 

Geoffroy et al., 2015).  

On the other hand, currently developed forelimb tasks include the cylinder rearing task, 

single pellet reaching task, and the staircase task. Gross forelimb movement and limb preference 

have been assessed using the cylinder rearing task (Schallert et al., 2000; Starkey et al., 2005). 

The single pellet reaching task is widely used for its ability to mimic natural forelimb movement 

and qualitatively and quantitatively measure grasping and reaching in rodents (Farr and Wishaw, 

2002). Because the forelimbs of rodents on the single pellet reaching task are closely videotaped, 



8 
 

researchers can score the various elements of reaching and grasping movements for a more 

comprehensive analysis. Some SCI studies have used it to measure functional recovery (Liu et 

al., 2017; Mosberger et al., 2018) and to assess repeated skilled training (Starkey et al., 2011; 

Hollis et al., 2016). Interestingly, Hollis et al. (2016), found that animals that did not experience 

the single pellet task twice weekly had limited forelimb recovery.  

Another skilled reaching task, the staircase test, was first developed in rats that allowed 

researchers to independently test the left and right forelimb in multiple animals at a time 

(Montoya et al., 1991). The staircase test was extended to mice and deficits were seen in the 

contralateral limb of mice with a motor cortex lesion (Baird et al., 2001). In a mouse model of 

unilateral pyramidotomy injury, the staircase test failed to show significant deficits in pellet 

reaching (Starkey et al., 2005). However, rats given a C4 injury experienced poor success rate on 

the staircase task that lasted 6 weeks after injury (Garcia-Alias et al., 2008). In the same study, 

success rate became significantly higher in injured animals treated with chABC and task-specific 

rehabilitation (Garcia-Alias et al., 2008).   

In Wang et al. (2011), the staircase task was applied as rehabilitative training in addition 

to chABC treatment in rats with a chronic injury that cut the descending CST at the C4 level. 

Injured rats received chABC acutely and were placed in the staircase chamber to retrieve as 

many seeds as they can for 30 minutes two times a day, starting four weeks after injury. 

Rehabilitation was task-specific in this case because animals were then tested for forelimb 

function on the staircase task, reaching for sucrose pellets instead of seeds. Animals receiving 

chABC and rehabilitation had greater performance on the staircase task than all control groups:  

chABC no rehab, and control drug with and without rehab (Wang et al., 2011). This study 

depicted the viability of the staircase task itself as a rehabilitative training paradigm.  
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We therefore wanted to extend this notion into genetically modifiable mouse models. The 

other part of my thesis explores the use of the staircase task as form of rehabilitation in mice with 

an incomplete cervical-level injury. Finding a reliable and accurate behavioral assay that can be 

used as form of limb rehabilitation will allow researchers to discern whether or not growth 

promoting interventions can enhance the limited recovery obtained from rehabilitation. 
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Figure 1. Diagram of the types of axonal growth that can be induced after spinal cord 

injury. 
When the spinal cord is partially injured, growth from uninjured axons can occur and form 

synapses with the targets from the denervated neurons (Weidner et al., 2001). This type of 

growth is described as compensatory sprouting. Regeneration, on the other hand, is growth 

occurring from previously injured axons. This figure is used with permission from Meves et al., 

2018. 
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II. Materials and Methods 

Staircase reaching test 

20 PTENflox/flox; SOCS3flox/flox; tdTomato+/flox mice with the C57Bl/6 genetic background 

were trained on the staircase task. Mice were six weeks old at the start of the experiment. Prior to 

training, mice were acclimated to the experimenter, staircase chambers (Campden Instruments), 

and dyed sucrose pellets (Fisher Scientific Dustless Precision Pellets 14 mg, AmeriColor Student 

Soft Gel Paste) for 10 minutes for a total of 5 days. Figure 3 provides a comparison of the 

different pellet setups used in this experiment. At the start of the acclimation period, mice were 

placed in the staircase chambers with two pellets baited on the central plinth, one pellet each for 

the top two steps, and four pellets each for the remainder of the steps (“heavily baited” setup) to 

encourage mice to enter the central plinth and explore the steps. Mice were switched to different 

pellet setup (“licking”) if it was observed that mice were using the tongue to obtain pellets. Mice 

were returned to the “heavily baited” setup when it was observed that they no longer used their 

tongue. After acclimation, mice were given a “testing” setup in which all steps, except for the top 

two, were baited with four pellets. During this period, mice were deprived of food for 15 hours 

prior to rehab or testing. Food was removed at 5 PM prior to the day of training. Mice were 

placed in the staircase at approximately 8 AM the next morning. Food was replaced at the end of 

each session. Mice were weighed before every training session to monitor significant weight 

loss, defined as a decrease in weight that is greater than 10% of the mouse’s body weight. The 

number of pellets eaten and the number of pellets displaced for each forelimb were recorded. 

Once performance of all mice reached a plateau, mice that did not successfully eat 10 or more 

pellets using their right forelimb were excluded from further experiments.  



12 
 

To separate mice into rehabilitation (rehab) and no rehabilitation (no rehab) groups, mice 

were matched by the number of pellets eaten and by sex. Mice were tested on the staircase test 

using the “testing” setup two days after SCI and then every seven days after surgery; animals 

were tested 2, 7, 14, 21, and until 84 days post injury. Such infrequent testing was not considered 

sufficient to be counted as rehab training. Mice in the rehab group were placed in the staircase 

for two sessions of 10 minutes each with the “rehab” setup. In the “rehab” setup, the mouse’s 

right side is baited with four pellets per setup excluding top two steps, whereas the left side is 

baited with one pellet per step excluding the top two steps.  Rehabilitative training began 14 days 

after SCI for four days each week (Monday through Thursday), for a total of 12 weeks after 

injury.  

 

Animal Care and Surgical Procedures 

Six male and six female mice that performed well on the staircase task were used for 

spinal cord injury. Injury surgery was conducted by Cédric Geoffroy, who was blinded to group 

assignment.  Mice were anesthetized by I.P. injection of 2.5% Avertin (Sigma) at 240 mg/kg 

body weight. Lack of the toe pinch reflex indicated that the mouse was properly anesthetized. 

The surgical area was shaved and cleaned with alcohol pads (Webcol) and then povidone iodine 

(PDI). Under a surgical scope, a midline incision was made over spinous processes C2-C6. The 

paravertebral muscles were separated from the vertebrae. The laminae and spinous processes of 

the C4 vertebra were removed with fine scissors to expose the spinal cord. Using the dorsal 

spinal vein as a landmark, a cut into the spinal cord was made that began slightly past the dorsal 

spinal vein with superfine scissors at a depth of 0.7 mm deep. The cut was extended laterally to 

the right (from the perspective of the surgeon) until the end of the spinal cord, creating an 



13 
 

incomplete over-hemisection injury (Figure 2). A fine surgical scalpel was then used to pass 

through the lesion to ensure complete severing of axons. Affected muscles were sutured together 

using silk sutures (Surgical Specialties). The incision site was closed using Vetbond (3M), a 

tissue adhesive.  

Junmi Saikia then performed the tracing surgery. Mice received cortical injection of 1.2 

µL BDA (10%, Invitrogen) at 3 sites (0.4 µL per site). BDA was administered using a modified 

10 µL Hamilton syringe with a pulled glass pipette as the needle tip fixed onto a stereotaxic 

device. Mice were anesthetized by I.P. injection of a Ketamine and Xylazine (Ketamine HCl; 

VetOne, Xylazine; AnaSed at 100 mg/10 mg/kg mixture, respectively) mixture. After injection 

of the Ketamine and Xylazine mixture, anesthesia was sustained via inhalation of Isoflurane 

(MWI, 0.3%) in oxygen (0.5 L/min). The right sensorimotor cortex targeting the left forelimb 

was targeted by injecting 0.7 mm below the cortical surface at the following coordinates relative 

to Bregma:  0.5 anterior, 1.2 lateral; 0.3 posterior, 1.2 lateral; and 0.1 anterior, 2.2 lateral. 

After each surgical procedure, mice were given 0.1 mL of Buprenex (Buprenorphine 

HCl; Reckitt Benckiser, 0.3 mg/mouse), 0.1 mL of Baytril (0.027% Enrofloxacin; MWI), and 1 

mL of sterile saline subcutaneously. Mice were then placed in a cage set on top of a water jacket 

heating pad in the surgery room. Mice were monitored until they recovered from anesthesia. 

Mice were observed twice daily for five days after surgery to detect for complications, such as 

urinary tract infection and pain. After the injury surgery, animals’ bladders were expressed 

manually twice daily until they recovered bladder function. All mouse husbandry and 

experimental procedures were approved by the Institutional Animal Care and Use Committee at 

the University of California San Diego. 
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Tamoxifen administration 

 Mice in a C57Bl/6 background with LZK overexpression and their littermate controls 

were used. Mice were given one or two doses (75 mg/kg) of tamoxifen (MP Biomedicals) 

dissolved in sunflower oil (Sigma-Aldrich) by oral gavage. Mouse weights were monitored for 

the duration of the respective timeline (Figure 7). Mice that lost 10% of their body weight or 

more were provided supplementary nutrition: bacon flavored gel food (Bioserv), Nutri-Stat 

(Tomlyn), and standard vivarium-provided kibble moistened with water. Supplementary 

nutrition was no longer provided when the weight of the mice increased and then stabilized. 

Animals in the Experiment 2 timeline (Figure 7B) received nutritional supplement starting on the 

first day of tamoxifen dosing until their weight stabilized. 

 

Tissue Processing 

 For the rehab experiments, mice were perfused 2 weeks after BDA injection. For the 

astrogliosis project, LZK overexpression mice were perfused 3 weeks after the last dose of 

tamoxifen. Mice were first euthanized using a lethal dose of a pentobarbital-based solution 

(Fatal-Plus). Using a peristaltic pump, mice were perfused transcardially with 4% 

paraformaldehyde (Alfa Aesar). Brain and spinal cord were dissected out and post-fixed 

overnight with 4% PFA.  To cryo-protect the tissue, brains and spinal cords were placed in a 

30% sucrose solution. Brain and spinal cords were embedded in OCT compound (Sakura 

Finetek), frozen over dry ice, and were sectioned at a thickness of 20 µm using a cryostat. 

 For the rehabilitation study, cervical sections above and below the injury site were 

stained and imaged for BDA. BDA was detected in tissue treated overnight at 4°C with an 

avidin/biotin complex staining kit, Vectastain ABC-Peroxidase Kit (Vector Laboratories). BDA 
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signal was further amplified using 1:200 dilution of the TSA Plus Fluorescein System 

(PerkinElmer) for 10 minutes at room temperature. 

 For the LZK overexpression studies, horizontal sections of spinal cord were stained for 

GFAP using a monoclonal anti-rat GFAP antibody (1:250, Life Technologies).   

 

Quantification and Statistics 

 Pellet retrieval data between the rehab and no rehab groups were analyzed using two-way 

repeated measure ANOVA with Bonferroni post test using the Graphpad Prism software.  

GFAP immunostaining was quantified using Axiovision (Zeiss). The gray matter of the 

spinal cord was outlined and the GFAP intensity was measured. Background intensity was 

subtracted from the initial intensity measurement (Figure 4A). Three sections for each animal 

were quantified and averaged. Quantification from the central canal was excluded. 

tdT signal was quantified using Axiovision (Zeiss). Using Axiovision, the channel 

containing DAPI was artificially made to be a green color and the channel containing tdT was 

artificially made to be a red color. The two channels were then overlapped. A tdT-expressing cell 

would be identified by a yellow color, indicating the overlap of DAPI and tdT. The tdT-

expressing cell count was then normalized to the area of the gray matter that was quantified 

(Figure 4B). Three sections were quantified for each animal. Quantification from the central 

canal was excluded. 
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Figure 2. Schematic of the bilateral dorsal column and unilateral dorsolateral quadrant 

injury model. 
The bilateral dorsal column and unilateral dorsolateral quadrant injury model severs the dorsal 

corticospinal tract (dCST), leaving one side of the dorsolateral corticospinal tract (dlCST) intact. 

Functional recovery has been associated with an increase in compensatory sprouting, labeled in 

purple (Rosenzweig et al., 2010).  
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Figure 3. Overview and setup of the staircase task.  

(A) General order of events in the staircase task. Mice reach for sucrose pellets at varying levels 

indicated by the pellet color. Mice are allowed to reach for 10 minutes. (B) Pictures showing the 

amount and color of pellets loaded onto the staircase. During training, the setup each mouse 

encountered depended on their pellet reaching proficiency and their use of the tongue over their 

forelimb to obtain pellets. In the rehabilitation phase, animals in the rehab group experienced the 

“rehabilitation” setup and all animals were tested using the “testing” setup. “R” and “L” refer to 

which side faces the mouse’s right forelimb and left forelimb, respectively. 
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Figure 4. Quantification methods for GFAP intensity and tdT positive cells. 
(A) Example of quantification of GFAP intensity in the gray matter. Background tissue intensity 

is subtracted from GFAP intensity in the gray matter to obtain the normalized GFAP intensity. 

(B) Example of quantification of tdT positive (tdT+) cells in the gray matter. DAPI, staining for 

cell nuclei, is artificially colored to green while tdT is artificially colored to red. tdT+ cells are 

counted as yellow overlaps between tdT and DAPI channels. The number of tdT+ cells is then 

divided by the total area of the gray matter to obtain the normalized tdT+ cell count. Examples of 

tdT+ cells are noted by the arrows. For both forms of quantification, the central canal was 

excluded. 
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III.  Results 

Exploring a rehabilitative training paradigm after cervical spinal cord injury 

I first wanted to determine if the staircase reaching test can detect impairments in forelimb 

function in mice with the bilateral dorsal column and unilateral dorsolateral quadrant spinal cord 

injury at the level of the C4 vertebra (Figure 2). After animals reach a plateau in performance on 

the staircase task during the training phase, I identified 12 mice that were able to reach 10 pellets 

or more. The remaining animals were excluded from further experiments. Baseline performance 

on the staircase task in these 12 mice was measured one day before they underwent surgery 

(designated as Day -1). To test for the effects of rehabilitative training, performance on the task 

was measured two days after surgery and then every seven days after the surgery date. 

Performance of mice in both groups did not return to baseline levels and forelimb deficit 

persisted for 12 weeks after injury (Figure 5). 

 Next, to detect the effect of rehabilitative training on the forelimb functional recovery of 

mice with a cervical spinal cord injury, performance-matched mice were placed in a 

rehabilitation group and underwent four days of a pellet-modified staircase reaching task for 20 

minutes each day, for a total of 10 weeks. The rehabilitation paradigm started 14 days after 

injury. The greatest disparity between the rehabilitation and no rehabilitation groups occurred 5 

weeks post-injury when the rehabilitation group had completed 16 sessions of rehabilitation, as 

the p-value at this point was the lowest at 0.23. We found that there is no overall effect of 

rehabilitative training on functional recovery after 10 weeks of rehabilitation, at Day 84 after SCI 

(p > 0.05, two-way RM ANOVA with Bonferroni post test). However, the performance of the 

mice in the rehabilitation group stabilized and reached a plateau ~7 weeks after injury, reaching 

for no more than a total of 3 pellets, whereas the no rehabilitation group reached a similar 
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performance level to the rehabilitation group 11 weeks after injury (Figure 5). Task-specific 

rehabilitative training caused earlier recovery of forelimb function. 

Three animals from the rehab and two animals from the no rehab group were then 

injected with the anterograde tracer BDA. Growth from the uninjured dlCST was observed and 

labeled axons were present contralateral to the injury in transverse sections below the level of the 

injury, suggesting that the recovery in performance in both rehab and no rehab groups stemmed 

from compensatory sprouting (Figure 6).  

 

Assessing LZK-induced astrogliosis phenotype in a targeted transgenic line 

 Two transgenic mouse lines that conditionally overexpress LZK were derived from our 

collaboration with Dr. Yishi Jin’s lab (Figure 6D). One variant involves the random insertion of 

an inducible LZK overexpression construct into the mouse genome (GFAP-CreERT2; LZKOE). 

This was not intended but was the first line we obtained and was used in our previous publication 

(Chen et al., 2018). The other variant consists of the same LZK overexpression construct 

integrated into the H11 locus (GFAP-CreERT2; H11-LZKOE). The H11 locus has proven to be a 

high efficiency genomic safe harbor site that allows for expression levels higher than the Rosa26 

locus (Luo et al., 2010). In addition, previous experiments using GFAP-CreERT2; LZKOE 

(random integration) mice reported low survival rates after mice were given three doses of 

tamoxifen by oral gavage (Chen et al., 2018). Therefore, we wanted to assess the feasibility and 

reliability of using the new, site-specific inducible LZK overexpression mouse line. Noah Kim 

and I were both involved in the oral gavage, weight monitoring, histology, imaging, and 

quantification procedures. I will denote the random insertion of the tamoxifen-inducible LZK 
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overexpression construct as GFAP-CreERT2; LZKOE and the tamoxifen-inducible site-specific 

integration as GFAP-CreERT2; H11-LZKOE. 

Three different experimental timelines were used (Figure 7A-D). In Experiment 1 and 2, 

GFAP-CreERT2; H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, and their respective controls 

were administered two doses of tamoxifen, 3 days apart. For Experiment 2, GFAP-CreERT2; 

H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, and their respective controls received cortical 

injection of AAV-IGF1/OPN and BDA as well as an injury (Figure 7B). For these animals, we 

obtained tissue from the cervical spine. Because the cortical injections and injury were targeted 

to the spinal cord at T8, the cervical spine is far enough so that their effects would not be 

detected in the cervical spine. In the Experiment 3 timeline, two cohorts of animals were used. 

Because we clearly characterized LZK overexpression in GFAP-CreERT2; LZKOE mice, we 

decided to use GFAP-CreERT2; H11-LZKOE mice only in the first cohort. The second cohort 

included GFAP-CreERT2; H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, and the proper 

controls. This setup provided side-by-side comparison of the site-specific and random integration 

LZK overexpression lines. Animals received only one dose of tamoxifen and then perfused three 

weeks later (Figure 7D).  

Knowing that three administrations of tamoxifen on GFAP-CreERT2; LZKOE mice caused 

a high death rate, we reduced dosing to two gavages. Even after two gavages of tamoxifen, all 

three GFAP-CreERT2; H11-LZKOE mice experienced rapid weight loss and died 5 to 6 days after 

the second dose of tamoxifen (Figure 8A). Interestingly, GFAP-CreERT2; H11-LZKOE mice 

began losing weight the next day after the second tamoxifen administration. GFAP-CreERT2; 

LZKOE mice had delayed weight loss starting 7 days after the second tamoxifen dose. Two days 

after the last dose of tamoxifen, GFAP-CreERT2; H11-LZKOE mice lost more weight than any 
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other group, on average (Figure 8A). In the Experiment 2 mice, a similar pattern was seen in 

GFAP-CreERT2; H11-LZKOE mice as they began to lose weight 2 to 3 days after the last 

tamoxifen dose (Figure 8C). These animals experienced dramatic weight loss starting from day 8 

until the end of the experiment. Although 2 out of the 4 GFAP-CreERT2; H11-LZKOE mice in 

this cohort died, animal death was alleviated as all animals were preemptively given nutritional 

supplements on the first day of tamoxifen dosing. GFAP-CreERT2; LZKOE mice again 

experienced delayed weight loss occurring around 4 days after the second dose of tamoxifen 

(Figure 8B). Weight loss in this group was moderate.  

 Due to the high amount of animal death we experienced with two doses of tamoxifen, 

dosing was further reduced to one gavage. In cohort 1, we found that one dose of tamoxifen 

caused weight loss in GFAP-CreERT2; H11-LZKOE mice that was not as severe as seen with two 

doses (Figure 9A). Of the four GFAP-CreERT2; H11-LZKOE mice in this cohort, the greatest 

amount of weight lost was 22% of the mouse’s starting weight. In cohort 2, we did see weight 

loss that was almost 30% of the mouse’s body weight, but the rest of the GFAP-CreERT2; H11-

LZKOE mice lost less than 15% of their body weight (Figure 9B).  

Although we observed higher animal survival, our immediate concern was whether or not 

reduced dosing of tamoxifen would be sufficient to cause an astrocytic phenotype in the absence 

of spinal cord injury.  Using two doses of tamoxifen still produced a significant astrocytic 

response and Cre recombination in the gray matter without injury (Figure 10A and 10C). GFAP-

CreERT2; H11-LZKOE mice showed higher GFAP and tdT signal than GFAP-CreERT2; LZKOE 

mice, further showing the efficiency of the H11 locus (Figure 10B and 10D). In fact, GFAP 

signal in GFAP-CreERT2; H11-LZKOE mice was denser and astrocytic processes were more 

pronounced (Figure 10E).  
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With one dose of tamoxifen, animals in cohort 1 were processed for GFAP and tdT 

(Figure 11A, 11C and 11E). GFAP immunostaining of horizontal spinal cords from GFAP-

CreERT2; H11-LZKOE mice depicted extensive labeling of astrocytes and higher tdT+ cell counts 

in the gray matter than control animals (Figure 11B and 11D).  
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Figure 5. Rehabilitative training promotes faster recovery of forelimb function.  

Graph of the number of pellets eaten by mice in each group. Pellets eaten were averaged for each 

condition and measured until 84 days after cervical SCI. The rehab group experiened earlier 

recovery in forelimb function, reaching a plateau in performance at 49 days post injury (dpi), 

whereas the no rehab group reached their plateau starting at 77 dpi. There were no significant 

differences in the number of pellets eaten between the rehab and no rehab groups at any time 

point (p > 0.05). Two-way repeated measures ANOVA, multiple comparisons with Bonferroni 

post test. Error bars denote SEM. 
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Figure 6. Compensatory sprouting from the dlCST is observed in all injured animals. 

Representative images of BDA-labeled cervical sections rostral and caudal to the injury. Rostral 

and caudal sections of animals in both rehab and no rehab groups showed labeling of dlCST 

axons in the gray matter. White boxes indicate the regions magnified for the images in the far 

right panels. Scale bar denotes 500 μm in the low magnification pictures (left panels) and 100 

μm for the higher magnification pictures (rightmost panels). 
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Figure 7. Experiment overview and transgene constructs. 

 (A-B) Timeline for animals given two dose of tamoxifen. The timeline in C involves other 

manipulations (AAV-IGF1/OPN and BDA cortical injection and spinal cord injury) that targeted 

the thoracic spine. Tissue from this experiment was collected from the cervical spine, which 

should not be affected by the cortical injections and injury surgery. (C) Timeline for animals 

given one dose of tamoxifen. (D) Schematic showing the transgene construct for LZK 

overexpression and integration locations. GFAP-CreERT2; H11-LZKOE mice have this construct 

inserted in the H11 locus (found in chromosome 11). GFAP-CreERT2; LZKOE mice have this 

construct randomly integrated in their genome. 
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Figure 8.  Induced LZK overexpression becomes lethal and causes significant weight loss in GFAP-

CreERT2; H11-LZKOE mice than in GFAP-CreERT2; LZKOE mice after two gavages of tamoxifen. 

(A) Average and individual percent change in body weight of GFAP-CreERT2; H11-LZKOE mice (n = 3) 

and GFAP-CreERT2; LZKOE mice (n = 2) from the Experiment 1 timeline and their respeticve Cre-less 

controls over the course of 27 days. All GFAP-CreERT2; H11-LZKOE mice experienced significant weight 

loss compared to GFAP-CreERT2; LZKOE mice 2-5 days after the last gavage of tamoxifen and died 

between 5 and 6 days after the last gavage of tamoxifen. *p < 0.05, Two-way RM ANOVA multiple 

comparisons with Bonferroni post test. (B and C) Average and individual percent change in body weight 

of GFAP-CreERT2; H11-LZKOE mice (n = 4) and their controls (n = 4) from the Experiment 2 timeline. 

(C) Average and individual percent change in weight of GFAP-CreERT2; H11-LZKOE mice (n = 4) and 

their controls (n = 8) from the Experiment 2 timeline. All groups were given two doses of tamoxifen on 

day 1 and 4 and were given food supplements. All GFAP-CreERT2; H11-LZKOE mice experienced rapid 

weight loss and half died 6-13 days after the last gavage of tamoxifen. Weight loss was significant from 

day 8 until the end of the experiment for GFAP-CreERT2; H11-LZKOE mice. *p < 0.05, mixed-effects 

ANOVA with Bonferroni post test. The pre-mature ending of the weight curve indicates an animal death.  
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Figure 9. H11 site-specific LZK overexpression mice lose weight, but survive after one gavage of 

tamoxifen. 

(A) Average percent change in body weight of GFAP-CreERT2; H11-LZKOE (n = 4), and H11-LZKOE 

controls (n = 3) mice after one dose of tamoxifen using the Experiment 3 timeline. GFAP-CreERT2; H11-

LZKOE mice, when compared to controls, showed weight loss that was not significant at all time points (p 

> 0.05), but also showed a trend of weight recovery starting 8 days after tamoxifen administration. Two-

way RM ANOVA with Bonferroni post test. Error bars denote SEM. (B) Average and individual percent 

change in body weight of GFAP-CreERT2; H11-LZKOE mice (n = 5) and GFAP-CreERT2; LZKOE mice (n 

= 4) from the Experiment 3 timeline and their respeticve Cre-less controls over the course of 18 days. 

Again, weight loss was not significant at all time points (p > 0.05), most likely due to the variation in 

weight loss in the site-specific LZK overexpression animals. No animal death was seen in GFAP-

CreERT2; H11-LZKOE mice.  
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 Figure 10. H11 site-specific and random integration LZK overexpression mice exhibit noticeable 

astrocyte reactivity after two gavages of tamoxifen. 

(A) Representative horizontal spinal cord images of GFAP immunohistochemistry from GFAP-CreERT2; 

H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, and their respective controls. Tissue was obtained from 

animals in the Experiment 2 timeline. Scale bar denotes 500 μm. (B) Graph showing quantification of 

GFAP intensity. Increased GFAP labeling was seen in the gray matter (labeled as “G”) of GFAP-

CreERT2; H11-LZKOE mice and GFAP-CreERT2; LZKOE mice compared to their respective controls. 

GFAP-CreERT2; H11-LZKOE mice exhibited significantly more GFAP signal than GFAP-CreERT2; 

LZKOE mice. *p < 0.05 RM one-way ANOVA with Bonferroni post test. (C) Representative horizontal 

spinal cord images of tdT signal from GFAP-CreERT2; H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, 

and their respective controls. (D) Graph showing quantification of tdT+ cells in the gray matter. GFAP-

CreERT2; H11-LZKOE and GFAP-CreERT2; LZKOE mice exhibited higher tdT+ cells than their respective 

controls. GFAP-CreERT2; H11-LZKOE mice had significantly more tdT+ cells than GFAP-CreERT2; 

LZKOE mice. *p < 0.05 RM one-way ANOVA with Bonferroni post test. For both GFAP and tdT 

quantification, three horizontal sections were quantified per mouse. (E) Higher magnification images of 

GFAP and tdT signals from tamoxifen-treated GFAP-CreERT2; H11-LZKOE mice, GFAP-CreERT2; 

LZKOE mice, and their respective controls. Scale bar denotes 200 μm. 
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Figure 10. H11 site-specific and random integration LZK overexpression mice exhibit noticeable 

astrocyte reactivity after two gavages of tamoxifen, Continued. 

(A) Representative horizontal spinal cord images of GFAP immunohistochemistry from tamoxifen-treated 

GFAP-CreERT2; H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, and their respective controls. Tissue 

was obtained from animals in the Experiment 2 timeline. Scale bar denotes 500 μm. (B) Graph showing 

quantification of GFAP intensity. Increased GFAP labeling was seen in the gray matter (labeled as “G”) 

of GFAP-CreERT2; H11-LZKOE mice and GFAP-CreERT2; LZKOE mice compared to their respective 

controls. GFAP-CreERT2; H11-LZKOE mice exhibited significantly more GFAP signal than GFAP-

CreERT2; LZKOE mice. *p < 0.05 RM one-way ANOVA with Bonferroni post test when compared to 

GFAP-CreERT2; H11-LZKOE mice and #p < 0.05 compared to GFAP-CreERT2; LZKOE mice. (C) 

Representative horizontal spinal cord images of tdT signal from tamoxifen-treated GFAP-CreERT2; H11-

LZKOE mice, GFAP-CreERT2; LZKOE mice, and their respective controls. (D) Graph showing 

quantification of tdT+ cells in the gray matter. GFAP-CreERT2; H11-LZKOE and GFAP-CreERT2; LZKOE 

mice exhibited higher tdT+ cells than their respective controls. GFAP-CreERT2; H11-LZKOE mice had 

significantly more tdT+ cells than GFAP-CreERT2; LZKOE mice. *p < 0.05 RM one-way ANOVA with 

Bonferroni post test when compared to GFAP-CreERT2; H11-LZKOE mice and #p < 0.05 compared to 

GFAP-CreERT2; LZKOE mice. For both GFAP and tdT quantification, three horizontal sections were 

quantified per mouse. (E) Higher magnification images of GFAP and tdT signal from tamoxifen-treated 

GFAP-CreERT2; H11-LZKOE mice, GFAP-CreERT2; LZKOE mice, and their respective controls. Scale bar 

denotes 200 μm. 
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Figure 11. H11 site-specific LZK overexpression mice have significant astrocyte reactivity after one 

gavage of tamoxifen. 

(A) Representative horizontal spinal cord images of GFAP immunohistochemistry from tamoxifen-treated 

GFAP-CreERT2; H11-LZKOE mice and their H11-LZKOE Cre-less controls. Tissue was obtained from 

animals in the Experiment 3 timeline. Scale bar denotes 500 μm. (B) Graph showing quantification of 

GFAP intensity. Significantly higher GFAP labeling was seen in the gray matter (labeled as “G”) of 

GFAP-CreERT2; H11-LZKOE mice respective controls. *p < 0.05 unpaired parametric t test. (C) 

Representative horizontal spinal cord images of tdT signal from tamoxifen-treated GFAP-CreERT2; H11-

LZKOE mice and their Cre-less controls. (D) Graph showing quantification of tdT+ cells in the gray 

matter. GFAP-CreERT2; H11-LZKOE showed higher tdT+ cells than control H11-LZKOE mice. GFAP-

CreERT2; H11-LZKOE mice had significantly more tdT+ cells than GFAP-CreERT2; LZKOE mice. *p < 

0.05 unpaired parametric t test. For both GFAP and tdT quantification, three horizontal sections were 

quantified per mouse. (E) Higher magnification images of GFAP and tdT signals from tamoxifen-treated 

GFAP-CreERT2; H11-LZKOE mice and their controls. Scale bar denotes 200 μm.  
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Figure 11. H11 site-specific LZK overexpression mice have significant astrocyte reactivity after one 

gavage of tamoxifen, Continued. 

(A) Representative horizontal spinal cord images of GFAP immunohistochemistry from tamoxifen-treated 

GFAP-CreERT2; H11-LZKOE mice and their H11-LZKOE Cre-less controls. Tissue was obtained from 

animals in the Experiment 3 timeline. Scale bar denotes 500 μm. (B) Graph showing quantification of 

GFAP intensity. Significantly higher GFAP labeling was seen in the gray matter (labeled as “G”) of 

GFAP-CreERT2; H11-LZKOE mice respective controls. *p < 0.05 unpaired parametric t test. (C) 

Representative horizontal spinal cord images of tdT signal from tamoxifen-treated GFAP-CreERT2; H11-

LZKOE mice and their Cre-less controls. (D) Graph showing quantification of tdT+ cells in the gray 

matter. GFAP-CreERT2; H11-LZKOE showed higher tdT+ cells than control H11-LZKOE mice. GFAP-

CreERT2; H11-LZKOE mice had significantly more tdT+ cells than GFAP-CreERT2; LZKOE mice. *p < 

0.05 unpaired parametric t test. For both GFAP and tdT quantification, three horizontal sections were 

quantified per mouse. (E) Higher magnification images of GFAP and tdT signals from tamoxifen-treated 

GFAP-CreERT2; H11-LZKOE mice and their controls. Scale bar denotes 200 μm. 
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IV. Discussion 

 In the first segment of this study, I assessed the effect of rehabilitation on forelimb 

functional recovery in a cervical spinal cord injury model (bilateral dorsal column and unilateral 

dorsolateral quadrant injury). I observed that with this injury model, rehabilitative training 

accelerated initial functional recovery but did not translate to a higher level of eventual recovery 

12 weeks after injury. Lastly, I observed that the staircase reaching test is sensitive to functional 

deficits in mice with the severe cervical spinal cord injury applied. Although we did not see 

significant increase of forelimb recovery in rehab animals compared to no rehab animals, further 

studies should pair rehabilitation with the molecular interventions. Candidate molecular 

interventions include neuron intrinsic growth regulators such as PTEN and SOCS3 (Jin et al., 

2015), growth-promoting factors such as insulin-like growth factor 1 (IGF1) and osteopontin 

(OPN) (Liu et al. 2017). Such studies will allow us to determine if functional recovery occurs at 

an even faster rate or improved recovery can sustain at later time points when rehabilitative 

training is combined with molecular intervention. This combination of interventions would 

depend on when after injury each treatment would be administered and the duration of each 

treatment. From this study, it seems that applying a genetic intervention 6 weeks after injury 

could provide greater potential for functional recovery. It is possible that at this time point, 

rehabilitation is providing the proper signaling to stimulate sprouting axons to form few 

functional synapses, but it may be that neuron-intrinsic or environmental factors prohibit these 

sprouts from growing further and innervating more downstream neurons.  

A consistent obstacle with rehabilitation in patients with SCI is the plateau in functional 

recovery. Patients undergo rehabilitation only to recover a limited amount of limb functionality. 

Adults with tetraplegia receiving rehabilitation after SCI have notable upper and lower extremity 



38 
 

motor recovery during the first 3 months, but that recovery slowed after 3 months and then began 

to taper off at 12 months after the injury (Waters et al., 1994a; Waters et al., 1994b). This plateau 

in recovery is similar with our rehabilitation results in that mice in the rehab group did not obtain 

more pellets over the course of 10 weeks of rehabilitation. Rehabilitation alone cannot produce 

sustained functional recovery, but combining multiple interventions with rehabilitation may 

prove to be more effective in achieving meaningful motor control. 

 We did see that this injury model caused a prolonged deficit in forelimb function that 

lasted 12 weeks (Figure 12A). Previous studies using a pyramidotomy injury model either 

showed no deficits in pellet reaching (Starkey et al., 2005). In pyramidotomy studies done by 

another lab member, Jessica Meves, partial recovery of forelimb function was seen starting 4 

weeks after pyramidotomy and persisted for 9 weeks (Figure 12B). Recovery from our cervical 

injury model was limited. It can be used to investigate whether certain interventions can 

synergize or reduce functional recovery in a chronic injury. It would be useful in future studies to 

use a more severe and clinically-relevant injury model, such as a contusion or crush injury, to 

test if the staircase task can continue to detect prolonged forelimb impairment in different injury 

models. Grip strength should also be assessed with this injury model as failure to obtain pellets 

could have been due to deficits in maintaining a proper hold on the pellet (Garcia-Alias, 2009).  

 One caveat to consider with the staircase test is the potential for mice to adapt to reduced 

forelimb function and instead use their tongues to obtain for pellets. Although we try to account 

for licking behavior during the training process, it is not guaranteed that the animal will not use 

their tongue to compensate for lost forelimb function.  

Together with Noah Kim in the lab, we discovered that two doses of tamoxifen became 

lethal in GFAP-CreERT2; H11-LZKOE mice, demonstrating the effectiveness of the H11 locus for 
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transgene expression. When we reduced dosing to one gavage, we observed a reduced weight 

loss and significant astrocytic phenotype in GFAP-CreERT2; H11-LZKOE mice. In regards to 

survival rate in the LZK overexpression studies, it seems that utilizing the GFAP-CreERT2; H11-

LZKOE mice with one dose of tamxoifen is sufficient to obtain an astrocytic phenotype, and 

animal death can be remedied by preemtively administering food supplements. Although the data 

come from different experiments, we can infer that one dose site-specific GFAP-CreERT2; H11-

LZKOE mice induces higher astrocytic response than random integration GFAP-CreERT2; LZKOE 

mice given two doses of tamoxifen as the controls for each are similar. Given this fact, we 

observed a trend indicating that we have two LZK overexpression lines that vary in the degree of 

LZK overexpression. To confirm our trend, it will be useful to measure the astrocytic phenotype 

of random integration mice given one dose of tamoxifen and compare with our results. For 

experiments moving forward to bring to light the role of LZK in astrocytes, determining which 

mouse line to use would depend on the experimental setup. Studies involving SCI might want to 

consider waiting for the animals’ weight to recover before moving forward with the injury or 

using older and heavier animals. Future experiments might want to consider using both mouse 

lines to be able to test if highly or moderately overexpressing LZK create different results. Based 

on our current results, we suggest using GFAP-CreERT2; H11-LZKOE mice with one dose of 

tamoxifen and providing preemptive supplement treatment to ensure an astrocytic phenotype and 

mitigate weight loss and animal death. 

GFAP-CreERT2; H11-LZKOE mice experienced severe weight loss and death, suggesting 

that high production of LZK may significantly impact feeding beavhior and metabolism. 

Reactive astrocytes in the arcuate nucleus (ARC) of the hypothalamus respond to a high fat diet 

and express receptors involved in metabolic function (Horvath et al., 2010; Chun-Xia et al., 
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2011). Furthermore, drug-dependent activation and disruption of Ca2+ signaling in GFAP-

expressing astrocytes of the ARC increased and reversed food intake, respectively (Chen et al., 

2016), while drug-dependent activation of Ca2+ signaling in astrocytes of the medial basal 

hypothalamus (MBH) reduced basal food intake (Yang et al., 2015). It is interesting to note that 

astrocytes in the MBH have receptors for the hunger-inhibiting hormone leptin (Kim et al., 2014) 

and that Ca2+ activation of those astrocytes faciliatated leptin-induced anorexia (Yang et al., 

2015). These results, combined with our weight loss data, suggest that induction of astrocyte 

reactivity via the LZK/MAPK pathway could affect feeding behavior in mice.  Future studies are 

required to determine the cellular and molecular context under which astrocytic LZK expression 

impacts feeding behavior. 

Taking all of these data together, it becomes imperitive for the spinal cord injury 

researchers to discover which molecular and cellular interventions work well with specific 

activity-dependent interventions to help SCI patients recovery mobility. 
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Figure 12. Comparison of performance in pellet reaching in animals with a cervical-level injury and 

a pyramidotomy injury. 

(A) Pellets eaten in animals given a cervical-level injury (bilateral dorsal column and unilateral 

dorsolateral quadrant injury). Performance on the staircase task in these animals was significantly lower 

when compared to the baseline performance, Day -1. Recovery is seen at 5, 7, and 11 weeks after injury 

when compared to performance day 2. *p < 0.05 when comparing pellets eaten to Day -1, two way RM 

ANOVA with Bonferroni post test. (B) Pellets eaten in animals with a pyramidotomy injury. Forelimb 

deficit is also observed that sustains for 9 weeks. However, animals with a pyramidotomy injury 

experience forelimb recovery starting at 4 weeks after injury when compared to performance at 1 week 

after injury. *p < 0.05 when compared to pre-injury and # p < 0.05 when compared to week 2. 

Pyramidotomy data were generated by Jessica Meves and used with permission.  
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