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1. INTRODUCTION

The goal of this project is to develop a translational framework where we define targets 
in SCI patients with and without neuropathic pain using a combination of clinical 
assessment, microglial Positron Emission Tomography (PET) and functional- structural- 
and diffusion- Magnetic Resonance Imaging (fMRI, MR, DTI). These measures of neural 
dysfunction and microglial activation are also be acquired in a rodent model of pre-SCI, 
subacute and chronic SCI and sham surgery. In the animal model, behavioral, 
sensorimotor function and histopathological/immunopathological staining data derived 
from tissue samples collected will be evaluated as the gold standard for neuronal and 
microglial alterations. Using this approach, imaging will serve as the "language of 
translation", allowing us to define human markers of disease and map them, via awake 
rodent imaging, onto detailed biological pathology. The direct comparisons between 
human and rat will define the utility of imaging to translate between bedside and bench. 
Detailed histology will further inform on the interpretation of imaging metrics. 

2. KEYWORDS: microglia, positron emission tomography, magnetic resonance
imaging, spinal cord injury, neuropathic pain, translational medicine, thalamus, sensory 
cortex, anterior cingulate, resting state functional connectivity, brain structure 

3. ACCOMPLISHMENTS

Below we list the aims and sub-tasks from the statement of work on the grant, and the 
accomplishments in relation to the goals and timelines. Overall, the project is going well, 
with all the needed approvals in place and data collection methods piloted and finalized 
in the human and animal projects.  

Specific Aim 1A: Define microglial activation as assessed by 11C-PBR28 PET in 
spinal cord injured patients with and without neuropathic pain. 
Specific Aim 2A: Define brain structural, diffusion and functional network changes 
in the SCI populations. 

Goal 1:Human PET-MR imaging of microglia and functional consequences in spinal 
cord injury with and without neuropathic pain. 

Subtask 1: Obtaining IRB and HRPO approval for human studies (month 1-6) 

Human IRB approval was obtained on 30/11/2015. USAMRMCORP HRPO of human 
protocol was approved on 14/12/2015. 

Subtask 2: Recruitment, screening and scheduling of 1-3 patients per month (month 6-30) 

Under the DoD mechanism, we will image twelve patients with SCI and neuropathic 
pain, and twelve patients with SCI but without neuropathic pain during the three-year 
project. In addition, the goal is to investigate twelve healthy subjects and another group 
of patients with spinal cord injury under a different funding mechanism (Wings for Life), 
thereby providing a sufficiently large sample. We have recruited a total of 29 subjects, 
whereof PET-MR data has been collected in 15 subjects (9 patients and 6 healthy 
controls). 6 of the recruited subjects were found ineligible, 3 subjects dropped out prior to 
scanning, and 5 are currently waiting to be scheduled. The investigated patients were 
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done under the Wings For Life funding mechanism, and we anticipate transitioning to 
DoD funding in months 12-24 according to plans. 
Notably, patient recruitment has been slower than anticipated. This is likely due to 
multiple factors, including a) strict inclusion/exclusion criteria b) multiple co-morbidities 
in the SCI patient population, c) no direct medical benefit for SCI subjects volunteering 
in study, d) an approximate 10% loss of subjects due to incompatible genotyping, and e) 
a possible saturation of SCI studies in the Boston area. 
To increase recruitment, we are actively engaging the SCI community via multiple 
channels: Volunteering at the Greater Boston Chapter for Spinal Cord Injury, contacts 
with physicians at Spaulding rehab hospital, and distributing recruitment material via the 
Boston University Health & Disabilities Research Institute, the 2016 Abilities expo in 
Boston, the Northeast passage (a recreational therapy non-profit in Durham New 
Hampshire), and to Adaptive Sports New England. With Dr. Dahlberg (post-doctoral 
fellow) joining the team in September 2016, we have increased our recruitment efforts 
substantially. 

Subtask 3: PET-MR imaging, initial data quality control (month 6-30) 

We perform data quality control continually with data collection, and have found the 
brain MR and PET data to be of consistently high quality. While the sample size is 
currently too small to perform a reliable statistical analysis of findings, we provide a 
sample of a sample of structural, resting state and PET data in two representative 
subjects: 

Figure 1: PBR28-PET  (left), structural MRI (right) and "default mode" resting state 
network (FSL MELODIC independent component analysis indicated in green in right 
image) of a healthy male subject with no pain and no indication of neuroinflammation. 

Figure 2: PBR28-PET (left), structural MRI (right) and potentially disrupted "default 
mode" resting state network in a patient with a C7-T1 ASIA-C spinal cord injury and 
neuropathic pain. The white arrow indicates potentially increased uptake of the PET-
ligand, indicative of activated microglia and ongoing neuroinflammatory response with 
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associated lack of resting state network strength (independent component analysis in right 
image, in green). 

Archiving of data: Data is continuously backed up on a dual RAID system and a 
physically separate cluster storage space. 

Subtask 4: Data analysis 

Group level data analysis will commence once we have adequate sized groups. 
• Kinetic modeling and quantification of PBR28 uptake is ongoing
• Structural analysis of MRI data (Freesurfer segmentation and analysis) is ongoing
• Resting state fMRI analysis (Independent Component Analysis, Seed based
connectivity, PET uptake driven connectivity modeling) is ongoing, see figure 1, 2. 
• Diffusion data analysis (Fractional anisotrophy, tractography modeling,
tractography statistical analysis) will commence in month 12-24 
• Spine data analysis; segmentation, 11C- PBR28 quantification: This has been
problematic to achieve as the absolute majority of SCI subjects have implanted steel or 
titanium rods, plates and screws to stabilize the injury. This greatly reduces our ability to 
image the lesion site on the PET-MR system, as metal implants introduce artifacts in the 
MR images and attenuate the PET data. We are currently experimenting with different 
sequences and analysis methods to provide PET-MR data also of the spine. 

In addition to the above data analysis efforts, we have initiated a comprehensive review 
of the literature on brain alterations after spinal cord injury. The purpose of the review is 
to provide a) meta-analytical evidence for brain alterations in SCI, b) attempting to link 
SCI injury mechanisms to induced plasticity c) the impact of neuropathic pain on brain 
alterations in SCI, and d) the impact of emotional dysregulation on brain alterations in 
SCI. 
The review is registered with PROSPERO (http://www.crd.york.ac.uk/PROSPERO/) 
(registration nr CRD42016032967) and is following Preferred Reporting Items for 
Systematic Reviews and Meta-Analyses (PRISMA) guidelines. 268 unique publications 
and records have been identified, whereof 75 full text articles have been assessed for 
eligibility. 60 studies will be included in a qualtiative synthesis of the current state of the 
field, and 6 studies can be included in a quantitative meta-analysis. The studies eligible 
for inclusion in the meta-analysis were analyzed using a new and improved method, 
signed differential mapping (SDM). SDM is a software based on previous meta-analytic 
methods such as multilevel kernel density analysis (MKDA) and activation likelihood 
estimation (ALE), which in addition can include both positive and negative results from 
the same coordinates, and use effect sizes to improve accuracy. Below are some of the 
preliminary data we intend to report in the review: 
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Figure 3: Average time since injury from each study included in the meta-analysis 
depicted forest plot displaying mean (years) ± standard deviation. Hotz-Boendermaker 
(2011) only listed average years since injury for the whole group, but specified a range 
between 2-20 years. 

Figure 4. Regions commonly implicated in studies using attempted or imagined 
movement to evoke brain responses. The red regions indicate areas of significantly and 
consistently increased levels of activity in the SCI group compared to healthy controls.  

We anticipate finalizing and publishing the review manuscript in year 2 of the project. 

Specific aim 1B: Microglial activation as assessed by 11C-PBR28 PET in a Surgical 
Model of Moderate Static Compression SCI compared with non-operated controls. 

Based on agreement initiated by Dr. Linnman, Project PI and concurred by Dr. Teng, Co-
investigator, all rodent purchasing, surgery, and imaging will be performed at facilities of 
the Boston Children´s Hospital (BCH), respectively. For these endpoints Dr. Teng 
together with his new fellows and student have completed all IACUC training at BCH 
and registration in the past 1-3 months, which secured animal facility access and formal 
surgery observation evaluation by BCH’s Animal Research Facility veterinary doctor and 
staff members. The basic science modeling component of the project is headed by Dr. 
Yang (Ted) Teng of the Brigham and Women’s Hospital (BWH) that is located adjacent 
to BCH. Dr. Yang Teng, his newly added post-doctoral fellows Lei Wang and Dr. 
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Muhammad Abd-El-Barr, and newly added PhD student Hadi Hajiali, have completed 
occupational health screening, mandatory animal use training, and laboratory safety and 
radiation safety training at BCH. Dr. Teng and his team overcame time needed for 
member enrollment at BCH’s multiple departments and for scheduling perfusion 
operation and aseptic surgery preparation observation evaluations; they are now ready to 
start the in vivo SCI modeling and behavioral data collection. During this time period the 
Teng Lab also successfully graduated its previous two postdoctoral fellows (Drs. Xiang 
Zeng and Liquan Wu) who moved onto a junior faculty position and clinical 
neurosurgery, respectively. 

Major Task 2: Animal model and imaging 

Subtask 1: Obtaining IACUC and ACURO approval for animal protocol (month 1-3) 
Boston Children´s Hospital IACUC approved 01/21/2016 
ACURO was approved on 04/18/2016 and communicated to us on 04/25/2016. 

Subtask 2: Training Post doc II in Surgical Model of Moderate Static Compression 
(month 1-3). 
Dr. Yang Teng and former post-doc II (Dr Xiang Zeng), and non-salaried fellow Dr. 
Liquan Wu and PhD student Hadi Haijal at Brigham and Women’s Hospital received 
appointments at Boston Children’s Hospital and achieved the required occupational 
health screening, animal use, lab safety and radiation safety training. 

Dr. Teng and his new postdoctoral fellows Dr. Wang and Dr. Abd-El-Barr and PhD 
student Hadi Hajiali made extra efforts to complete all registration and occupational 
health and animal use training paper work. Dr. Teng and his team performed practice SCI 
modeling surgeries in his lab at BWH and VA Boston Healthcare System to fully 
standardize the quality of lower thoracic spinal cord injury model that will be used for the 
proposed imaging studies. These surgeries were done using the Teng Lab’s own 
resources. Dr. Teng and his fellows and grad student further finalized and amended 
newly added anesthetic does suggested by the BCH veterinary team. The approved and 
updated protocol is now used by BCH for checking all preliminary bench work logistics 
and team setting up. 

Subtask 3: microPET-CT imaging of SCI animals with Surgical Model of Moderate Static 
Compression (month 3-30) 

We have defined and piloted the PET-imaging procedure in healthy rats, but have yet to 
produce a SCI animal for PET imaging. The PET data is of high quality, consistent with 
prior literature, see below 

Figure 5: PBR28 uptake in a healthy rat, summary uptake over 60 minutes of imaging 
with an injected dose of 749 uCi. The image is overlaid with a CT.  Notably, there is very 
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little uptake of the tracer in the brain (at crosshair) that is to be expected in non-injured 
animals. Further, the field of view of the PET-CT system will allow us to capture both 
brain and spine microglial response. 

Milestone #1: Define preliminary translational capacity of PET imaging system (month 
7-30) 
C-11 PBR28 imaging has been achieved in both human and animals. The translational 
capacity between human and animal SCI microglial imaging remains to be defined. 

Specific aim 2B: Brain structural, diffusion and functional network changes in the 
SCI model and control animals. 
Major task 3: Awake rat fMRI 
Subtask 1:  Animal training (month 6-24) 
Post-doctoral fellows Linda Dahlberg and Xian Zeng have been trained in the animal 
training and animal imaging protocols. Under a different project and IACUC protocol, 
rats have been investigated successfully. 

Subtask 2: Control animal imaging (month 6-24) 
No progress to report 

Subtask 3: Pilot and define SCI animal imaging procedures (month 3-9) 
We have refined our rat MRI-compatible holder to perform fMRI experiments proposed 
in this project, see figure 6, and now consider MR holder development completed. We 
also have finished testing fMRI sequences for this study. We use the following 
parameters (scanning was performed with a Bruker BioSpec 70/30USR 7T magnetic 
resonance imaging (MRI) scanner (Bruker, Billerica, MA)): A transmit-only volume coil 
with inner diameter of 85 mm in combination with a 4-channel phase array receive-only 
coil; A Bruker fastmap shimming program was performed to improve the homogeneity of 
the B0 field. High-resolution T2 weighted anatomical images were acquired with a fast-
spin echo sequence (RARE; a field of view (FOV) = 20 mm x 20 mm, spatial resolution 
0.078 mm x 0.078 mm, matrix = 256x256 voxels, slice thickness = 0.5 mm, slice gap = 
0.1 mm, 34 slices, RARE factor 8, TR/TE= 4000/35 ms). Subsequently, a 10-min 
functional scan was obtained with co-centered single-shot BOLD resting-state fMRI time 
series using a gradient echo (GRE) with echo planar imaging (EPI) sequence (FOV= 20 
mm x 20 mm, spatial resolution 0.313 mm x 0.313 mm, matrix = 64x64 voxels, slice 
thickness = 0.75 mm, slice gap = 0.15 mm, total 20 slices, TR/TE= 1000/37.323 ms, 600 
volumes/animal). 
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Figure 6: Holders for fMRI studies of rats. (A) depicts the new system that allows for 
awake fMRI experiments of rats for this project. (B) is the standard equipment provided 
with the MRI scanner. 

We have now the ability to perform awake imaging studies that would eliminate 
anesthetic effects on brain signals. Our new MRI-compatible holder, in combination with 
animal training, minimized animal stress and head motion to allow for awake imaging. 
Figure 7, that indicates the absence of significant heat motion during scanning..  
Furthermore, the equipment has been optimized to scan rats from 200-400 g in size, given 
that this project will last about 10 weeks and rats can grow significantly over that time, it 
was imperative to develop a system that will be able to scan animals in that weight range 
rather then utilizing different setups for different sizes. 

Figure 7: Absolute and relative (volume-to-volume) head displacement in an fMRI study 
of an awake rat.  Displacement is less than half the in-plane resolution of the imaging.  
Such low displacement will not compromise acquired functional data. 

We have performed independent component analysis (ICA) of the functional data to 
determine brain networks in the awake rat.  We have properly identified several of the 
networks and an example is presented in Figure 8 in which the default mode network 
appears across 2 ICA components.  
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Figure 8. The default mode network appears resolved across two independent component 
analysis.  

A new rat brain atlas was developed to facilitate analysis of brain structure and function. 

Figure 9. Refined rodent atlas that corresponds better to our MR acquisition parameters. 

Subtask 4: Sub-acute and control animals (month 12-30) 
No progress to report 

Subtask 5: Chronic animal imaging (month 12-30) 
No progress to report 

Specific aim 3: Determine correlations between imaging findings and those of 
behavioral, sensorimotor function and histopathological / immunopathological 
staining results derived from tissue samples collected in animals from Aim 1B and 
2B. 

Major task 4: Histology and translation 

Subtask 1: functional tests, histological, cellular and molecular assays, and data analyses 

Dr. Teng has been working with Dr. Zeng and Dr. Wu for refining operation details 
regarding standardized moderate spinal cord compression injury of a rat model as per 
proposal submitted (i.e., 30 grams compression for 5 min at the lesion epicenter). They 
have also examined spinal cord sections that were produced by a previous study using a 
similar injury paradigm for obtaining information related to SCI-triggered inflammatory 
events. They have designs for how to refine the behavioral assays for chronic pain 
evaluation. Dr. Teng  has also trained his new team of fellows and grad student for 
performing standard histopathology and immunohistochemistry to determine pathological 
outcomes such as neural inflammation that mainly underlies development of neuropathic 
pain. His team has obtained systematical knowledge and skill on performing correlative 
analysis between behavioral sensory disorders (e.g., hypersensitivity/pain-like behavior) 
and histological (e.g., sensory neural pathway), cellular (e.g., reactive gliosis, activated 
microglia), and molecular (e.g., pro-inflammatory molecules such as TNF-alpha) marker 
changes. Identification of these mediators or activators of post-SCI neuropathic pain will 
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provide therapeutic targets for developing clinical therapies to treat sensory disorder after 
traumatic SCI. 

What opportunities for training and professional development has the project 
provided? 
Dr. Clas Linnman, PI, attended the 2016 Wings For Life annual Scientific meeting in 
Salzburg, Austria on April 18-19 and presented preliminary findings. 
Dr. Linda Dahlberg, post-doctoral fellow in the human project, attended the 2016 3rd 
international spinal cord injury and Neurotrauma Summer School, June  27th  to July 1 in 
Hattingen, Germany. 
Dr. Dahlberg has ben trained in awake rat functional MRI imaging 
Dr. Dahlberg is continuously being trained in fMRI and PET imaging methods and data 
analysis 
The first 9 months of this project has further scientific and professional training of two 
postdoctoral fellows at the Teng Lab – Dr. Xiang Zeng and Dr. Liquan Wu. They successfully 
graduated from the Teng lab per the initial training design of 1-4 years and have since become 
junior research faculty member and academic clinical neurosurgeon, respectively. Both previous 
fellows did excellent preparation work with Dr. Teng for finalize the animal use protocol design 
and documentation. Both obtained BCH veterinary team approval to perform formal surgical 
work for the project, which shows the quality of their experimental surgery training and post-care 
in the Teng Lab. 

4. IMPACT

The long-term goal of this project is to develop a pipeline for translating promising 
therapeutics candidates in animal models of spinal cord injury onto the human condition. 
We currently focus on the role of microglial activity in SCI with neuropathic pain, but the 
general framework developed will be applicable to evaluate the translation potential of 
multiple agents. This approach can reduce the risk of running up blind alleys and putting 
patients at risk, allows using lower numbers of patients, and allows for a more informed 
approach in early clinical trials. While we do not yet have translational evidence for a 
shared microglial and functional response in the human and animal paradigms, the 
project is marching steadily towards that goal. We foresee multiple joint projects using 
the methods developed here in the near future. 
The techniques that are being developed (microglial PET-MR in human, awake rat 
functional imaging) are likely to make an impact on multiple other disciplines, as 
neuroinflammatory responses are a key component of multiple neurological and 
neurodegenerative diseases.  

Tehnology transfer 
Nothing to Report. 

Impact on society beyond science and technology? 
Nothing to Report. 

5. CHANGES/PROBLEMS
There are no changes to the protocol 

Actual or anticipated problems or delays and actions or plans to resolve them 
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While we are on track with regards to animal imaging setup, we have yet to image an 
animal with spinal cord injury. This is due to a combination of factors; ACURO approval 
was obtained on April 25, 2016, i.e. 7 months after study initiation. Second, the spinal 
cord injury model was developed and implemented at Brigham and Women’s Hospital, 
while PET and MR animal imaging is performed at Boston Children´s Hospital. As 
animals may not be operated on at the BWH and then transported to the BCH imaging 
facilities for quarantine reasons, the team of Dr Yang Teng and fellows have had to 
receive appointments and associated occupational health clearance, animal use 
orientation and training, and adaptations of procedures to the BCH regulatory 
environment. 
The Teng Lab effectively went through team junior member change as per plan designed. 
The graduated members landed in higher career ground and new members already on 
track without encountering any work delay. Importantly, the new members will gain 
important research knowledge and skills through performing the proposed research work. 
Thus, the anticipated and effectively managed team transition additionally enhanced the 
project’s overall impact. This process includes multiple instances of approvals needed.  

There have been no significant changes in use or care of human subjects, no significant 
changes in use or care of vertebrate animals, and no significant changes in use of 
biohazards and/or select agents 

6. PRODUCTS
Nothing to Report 

Publications, conference papers, and presentations 

Dr. Tengs laboratory has had two journal publications and one book chapter in part 
supported by the present grant. 

1. Ropper AE, Zeng X, Haragopal H, Anderson JE, Aljuboori Z, Han I, Abd-El-Barr M,
Lee HJ, Sidman RL, Snyder EY, Viapiano MS, Kim SU, Chi JH, Teng YD. Targeted 
Treatment of Experimental Spinal Cord Glioma With Dual Gene-Engineered Human 
Neural Stem Cells. Neurosurgery. 2016 Sep; 79(3):481-91.  
2. Zeng X, Han I, Abd-El-Barr M, Aljuboori Z, Anderson JE, Chi JH, Zafonte RD, Teng
YD. The Effects of Thermal Precondition on Oncogenic and Intraspinal Cord Growth 
Features of Human Glioma Cells. Cell Transplant. 2016 May 4. [E-pub ahead of print] 

3. Teng YD, Zeng X, Han I, Anderson JE. Working with Stem Cells - Methodologies and
Applications (Ulrich H and Negraes PD, Editors) Springer International Publishing, AG 
Switzerland. Chapter 18: Neural Stem Cells: Functional Multipotency and Spinal Cord Injury 
Research Protocols. pp. 311-329. 2016. 

7. PARTICIPANTS & OTHER COLLABORATING ORGANIZATIONS

Name: Clas Linnman 
Project role: PI 
Researcher Identifier: 0000-0001-8449-894X 
Nearest person month worked: 9, whereof 6 on the DoD mechanism 
Funding Support: Dr. Linnman has received additional salary support (3 months) from 
the Promobila foundation 
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Contribution to project: Dr. Linnman has led the effort with regards to project planning, 
human IRB and animal IACUC approvals, setup and execution of PET-MR imaging of 
patients, setup and execution of PET imaging of rats, post-doctoral training, data quality 
control and analysis, and project reporting 
 
Name: Yang Teng 
Project role: Co-investigator 
Researcher Identifier: 0000-0002-1257-4461 
Nearest person month worked: 2 
Funding Support: na 
Contribution to project: Dr. Teng has contributed to IACUC approval, led the effort on 
development and refinement of the animal SCI model, post-doctoral training in animal 
surgery and care, and contributed to project reporting- 
 
Name: Lino Becerra 
Project role: Co-investigator 
Researcher Identifier: 0000-0002-5840-1160 
Nearest person month worked: 2 
Funding Support: na 
Contribution to project: Dr. Becerra has led the effort in developing the awake animal 
MRI holder, animal training procedures, MR imaging development, rodent MR data 
analysis and post-doctoral training in animal imaging. He has further contributed to 
IACUC approval and contributed to project reporting- 
 
Name: David Borsook 
Project role: Co-investigator 
Researcher Identifier: 
Nearest person months worked: 1 
Funding Support: na 
Contribution to project: Dr. Borsook has contributed to post-doctoral training and project 
management. 
 
Name: Linda Solstrand Dahlberg  
Project role: Post-doctoral fellow 
Researcher Identifier: 0000-0002-1090-7138 
Nearest person months worked: 4, whereof 0 on the DoD mechanism. 
Funding Support: Dr Dahlberg has received salary support for work on the current project 
from Boston Children’s Hospital internal funds, Promobilia foundation. Starting 
September 1, 2016, she is 100% dedicated to the current project. 
Contribution to project: Dr. Dahlberg has contributed to human patient screening and 
recruitment, human PET-MR scanning, animal training, animal PET and MR imaging.  
 
Name: Xiang Zeng  
Project role: Post-doctoral fellow 
Researcher Identifier: 0000-0003-4577-749X 
Nearest person months worked: 10 
Funding Support:  
Contribution to project: Dr. Zeng has contributed to IACUC approval and development 
of animal SCI injury model.  
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What other organizations were involved as partners? 
Organization Name: Brigham and Women’s Hospital 
Location of Organization: Boston, MA 
Partner's contribution to the project: The spinal cord injury model was developed by Dr. 
Yang Teng at Brigham and Women’s Hospital facilities, and his lab provides the 
expertise and personnel to perform this surgical model and post-operative care. Dr. Tengs 
lab is further responsible for behavioral testing and histological analysis of spinal cord 
and brain tissue. 
 
 
9. APPENDICES  
Publications that were, in part, supported by the present grant: 
 
1. Ropper AE, Zeng X, Haragopal H, Anderson JE, Aljuboori Z, Han I, Abd-El-Barr M, 
Lee HJ, Sidman RL, Snyder EY, Viapiano MS, Kim SU, Chi JH, Teng YD. Targeted 
Treatment of Experimental Spinal Cord Glioma With Dual Gene-Engineered Human 
Neural Stem Cells. Neurosurgery. 2016 Sep; 79(3):481-91. 
 
2. Zeng X, Han I, Abd-El-Barr M, Aljuboori Z, Anderson JE, Chi JH, Zafonte RD, Teng 
YD. The Effects of Thermal Precondition on Oncogenic and Intraspinal Cord Growth 
Features of Human Glioma Cells. Cell Transplant. 2016 May 4. [E-pub ahead of print] 
 

 



Targeted Treatment of Experimental Spinal Cord
Glioma With Dual Gene-Engineered Human
Neural Stem Cells

BACKGROUND: There are currently no satisfactory treatments or experimental models
showing autonomic dysfunction for intramedullary spinal cord gliomas (ISCG).
OBJECTIVE: To develop a rat model of ISCG and investigate whether genetically en-
gineered human neural stem cells (F3.hNSCs) could be developed into effective ther-
apies for ISCG.
METHODS: Immunodeficient/Rowett Nude rats received C6 implantation of G55
human glioblastoma cells (10K/each). F3.hNSCs engineered to express either
cytosine deaminase gene only (i.e., F3.CD) or dual genes of CD and thymidine
kinase (i.e., F3.CD-TK) converted benign 5-fluorocytosine and ganciclovir into on-
colytic 5-fluorouracil and ganciclovir-triphosphate, respectively. ISCG rats received
injection of F3.CD-TK, F3.CD, or F3.CD-TK debris near the tumor epicenter 7 days
after G55 seeding, followed with 5-FC (500 mg/kg/5 mL) and ganciclovir admin-
istrations (25 mg/kg/1 mL/day · 5/each repeat, intraperitoneal injection). Per
humane standards for animals, loss of weight-bearing stepping in the hindlimb was
used to determine post-tumor survival. Also evaluated were autonomic functions
and tumor growth rate in vivo.
RESULTS: ISCG rats with F3.CD-TK treatment survived significantly longer (37.5 6 4.78
days) than those receiving F3.CD (21.56 1.75 days) or F3.CD-TK debris (19.36 0.85 days;
n = 4/group; P , .05, median rank test), with significantly improved autonomic function
and reduced tumor growth rate. F3.DC-TK cells migrated diffusively into ISCG clusters to
mediate oncolytic effect.
CONCLUSION: Dual gene-engineered human neural stem cell regimen markedly pro-
longed survival in a rat model that emulates somatomotor and autonomic dysfunctions
of human cervical ISCG. F3.CD-TK may provide a novel approach to treating clinical
ISCG.

KEY WORDS: Autonomic dysfunction, Genetic engineering, Glioma, Neural stem cells, Spinal cord tumor,
Targeted therapy
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Despite continued increase in clinical in-
cidences, effective treatment for intra-
medullary spinal cord gliomas (ISCG)

remains an unmet healthcare demand due to the
tumors’ poor response to conventional chemo-
therapy and radiation treatments.1,2 The migra-
tory and diffuse growth feature of glioma cells in
the central nervous system often renders surgical
treatment per se challenging and insufficient.2 In
the past decade, the unique capability of neural
stem cells (NSCs) to migrate towards inflam-
matory pathology including tumor mass has
been definitively appreciated.3,4 Human NSCs
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(hNSCs) administered in loci near primary tumors or systemically
have been investigated for their ability to follow tumor cells in the
brain.5 The tumor trackability of NSCs has been attributed mainly
to the chemotaxis impact of the tropic molecules secreted by tumor
cells and the corresponding receptors expressed by NSCs.3-6 After
genetic engineering, hNSCs expressing cytosine deaminase (CD)
and thymidine kinase (TK) can enzymatically convert nontoxic
5-fluorocytosine (5FC) and ganciclovir (GCV) into oncolytic
5-fluorouracil and GCV-triphosphate, respectively.7,8 Both agents
inhibit tumor growth by disrupting deoxyribonucleic acid elon-
gation to trigger apoptosis.7 We, therefore, hypothesized that the
“bystander oncolytic effect” of the dual gene-engineered hNSCs
may effectively treat ISCG utilizing their glioma trackability3-7 and
augmented therapeutic efficacy.8

To test our hypothesis, we evaluated the effect of the engineered
hNSCs on killing glioma cells in vitro before examining their
potency in a unique cervical ISCG model established by
implantation of human G55 glioblastoma cells into the C6 spinal
cord of immunodeficient/Rowett Nude rats. For the primary
therapeutic parameters, we assessed evolvement of tumor-induced
somatomotor and autonomic deficits and recorded overall survival
in rats with ISCG.

METHODS

Culture of Human Glioma Cells and Genetically
Engineered Human Neural Stem Cells

Human glioblastoma cell lines G55 and U87MG (both: World Health
Organization grade IV astrocytomas; ATCC, Manassas, Virginia) were
cultured with Dulbecco’s Modified Eagle Medium (Life Technologies,
Grand Island, New York) supplemented with 10% fetal bovine serum
(Atlanta Biologicals, Flowery Branch, Georgia) and 1% penicillin/
streptomycin solution (Life Technologies) in a 37!C and 5% CO2
incubator. Cells were regularly split with 0.25% Trypsin (Life Technol-
ogies) when they reached 80% confluency. F3.CD and F3.CD-TK cell
lines were derived from the parental F3 hNSC line and maintained as per
previously described protocols.9,10 Please see the Supplemental Digital
Content (http://links.lww.com/NEU/A825) for details regarding in vitro
assays of a prodrug dose-response study for determining an optimal F3-
hNSC and tumor cell ratio for the oncolytic effect.

Establishment of Intramedullary Spinal Cord
Tumor Model

All in vivo experiments received approval from the Brigham and
Women’s Hospital and Harvard Medical School Institutional Animal
Care and Use Committee. Immunodeficient female rats (Rowett Nude),
age 8 to 9 weeks (body weight, 175-190 g; Charles River Laboratories,
Wilmington, Massachusetts) were anesthetized by intraperitoneal
injection of ketamine hydrochloride (75 mg/kg) and xylazine (10 mg/
kg; Patterson Veterinary, Devens, Massachusetts). Rats were placed on
a sterile surgery plate and their dorsal cervical regions were shaved and
prepared with Betadine (Purdue Products L.P., Stamford, Connecticut)
followed by 70% ethanol (Sigma, St. Louis, Missouri). A longitudinal
incision (!2.0 cm) was made over the lower cervical region using a No.
10 surgical scalpel. The underlying fascia and muscle were dissected
laterally and the C6 spinous process and lamina were removed with

a rongeur. Next, the ligamentum flavum was resected, exposing the dura
at the C6-7 intervertebral space. Using a No. 11 blade, the dura was
opened to expose the spinal cord.
A custom glass micropipette was pulled by a P-97Micropipette Puller

(Sutter Instrument, Novato, California) using borosilicate capillary glass
(CORNING 7740; Cat. #: BF100-50-7.5, Corning, New York). The
shank outside and inside diameters were 1.00 and 0.50 mm,
respectively, with a final tip length of !5 to 7 mm and tip diameter
of !300 mm. The micropipette was loaded with phosphate-buffered
saline (PBS) followed with cell or cell debris solution in each injection
volume (i.e., 3 mL) (Figure 1) before the pipette was connected with
a PBS-filled 50 mL Hamilton microsyringe (Hamilton, Reno, Nevada).
The micropipette tip was inserted into the C6 spinal cord 2 mm
beneath the dorsal pial surface. The tip was then retracted for 0.5 mm.
The tumor cell suspension (104 in 3 mL PBS) was then injected slowly
(3 mL/5 min) into the C6 level spinal cord parenchyma. The needle
was kept in place after injection for another 5 minutes before removal

FIGURE 1. Microinjection of G55 human glioma cells and general pathology of
tumor growth in the spinal cord. A, tumor cells were loaded into a customized
glass micropipette that was connected with a Hamilton microsyringe before
injection. B, after laminectomy, 10K G55 cells in 3 mL PBS were slowly
injected to the spinal cord. C, scale of tumor mass at 7 days after implantation
at C6 (arrow; note: the appearance of the tumor mass was darker than the
surrounding host tissue); D, scale of tumor mass (dotted line) after tissue
fixation in a cell debris-treated spinal cord (ie, 21 days after G55 cell injection).
PBS, phosphate-buffered saline.
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to prevent backflow of tumor cells. Surgical wounds were closed with
staples.
Post-surgery care included pain management for 3 to 5 days with

Buprenorphine (Patterson Veterinary, Devens, Massachusetts; 0.06 mg/
kg, subcutaneous; twice a day), hydration (5 mL/day, subcutaneous,
Lactated Ringer’s solution, Baxter, Deerfield, Illinois), body temperature
maintenance, and daily bedding material change. Rats were monitored
for their bladder function: no rat showed micturition loss during the
study period. No prophylactic antibiotics were used.

Study Design

To systematically test the effects of genetically engineered F3.NSCs on
SGCs, we used a randomized block-design for the in vivo studies.
Statistical power analysis was performed using SPSS 13.0 (Chicago,
Illinois) after initial data acquisition. Based on the analysis, with 4 rats per
group, there was!95.5% possibility of detecting $42.7% of difference
in mean survival time among F3.CD-TK-treated, F3.CD-treated, and
F3 cell debris-treated groups. We therefore determined that a group size
$4 would be adequate for analyzing the main outcome measures of the
present study.

DiI Labeling of F3.hNSCs

F3.NSCs cells were pre-labeled 48 hours before transplantation by
directly adding Cell Tracker CM-DiI (Life Technologies) to the culture
medium with a final concentration of 2 mM (see more details in the
Supplemental Digital Content, http://links.lww.com/NEU/A825).

Stem Cell Injection and Drug Administration

Seven days after tumor implantation, rats were re-anesthetized and
partial laminectomies were performed one segment above and below the
C6 tumor cell injection site. Rats with spinal cord glioma were injected
with DiI pre-labeled F3.hNSCs (F3.CD-TK; F3.CD; or cell debris
controls, n = 4/each; 1.5 · 106/10 mL/each site) at 1 mm rostral and 1
mm caudal to the visible tumor mass margins, using the aforementioned
injection method. The incision was closed after hemostasis was achieved.
Lastly, precursor drugs were administrated following the regimen below,
starting 2 days after F3.hNSC injection:
1. F3.CD treatment: 5FC (500 mg/kg in 5 mL/day) and GCV (25 mg/

kg in 1 mL/day), intraperitoneally for 5 consecutive days. Two days
later the same regimen of 5 consecutive days of injection plus 2 days
intermission was repeated until the rat met the termination criteria.

2. F3.CD-TK treatment: 5FC (500 mg/kg in 5 mL/day) and GCV (25
mg/kg in 1 mL/day) were administered intraperitoneally in the same
5 days on/2 days off format as previously described until termination
criteria were met.

3. Control treatment: equivolume of debris of the same number of F3.
CD-TK hNSCs plus repeated 5-FC and GCV administrations were
given as per the method described in 2.

Evaluations of Somatomotor Abnormality
and Longevity

Motor function and autonomic parameter assessments were carried out
weekly. Hindlimb locomotor function was evaluated by the standard
Basso, Beattie, and Bresnahan (BBB) scale.11,12 Rats were euthanized
based on the termination criteria of unilateral or bilateral hindlimb BBB
score #9. Failure of such somatomotor function indicated a possibility
for a rat to be not able to fully carry out self-care, especially for the

current study where all rats with ISCG showed autonomic dysfunctions
before their BBB score dropped to 9. Therefore, for meeting the high
humane standard of animal warfare, BBB score #9 was used as
a surrogate for post-tumor survival. After euthanasia, tissue was perfused
and fixed with 4% paraformaldehyde. The spinal cords and the brains,
together with other internal organs, were collected for histopathological
and immunocytochemical analysis.

Autonomic Function Monitoring

Volume-pressure recording method for noninvasive blood pressure
monitoring was adapted as previously described.13 Blood pressure and
heart rate were acquired by placing the tail-cuff device at the root of the
tail. Ten successive data points were recorded to generate the average
number for systolic blood pressure (SP), diastolic blood pressure (DP),
and the heart rate for each measurement. Besides the 3 baseline data
points, follow-up measurement was done weekly. When the BBB
score dropped to 10 as the tumor progressed, measurement was done
twice a week and once again before the termination. Mean arterial
blood pressure (MAP) was computed based on an established formula of
MAP " DP 1 1/3 · (SP 2 DP).
For body temperature monitoring, a non-contact surface body

temperature recording was carried out by using an infrared thermometer
(TW2; ThermoWorks, Lindon, Utah) with an operating range from 0 to
50!C and a resolution of 0.1!C.
Respiratory function monitoring was carried out using our established

method.11,14,15 Briefly, baseline respiratory parameters were first
established in conscious and free moving Rowett Nude rats.11,15 Mean
values for respiratory frequency (f), tidal volume (TV), minute
ventilation (MV), inspiration time (IT), and expiration time (ET) were
generated by the software through averaging the data from a 10-minute
recording period. Besides 3 baseline data points, measurement was done
on a weekly basis. When the BBB score dropped to 10 as the tumor
progressed, measurement was done twice weekly and once again before
termination (for more specifics, please see the Supplemental Digital
Content, http://links.lww.com/NEU/A825).

Histopathological and
Immunocytochemical Evaluations

The post-fixation spinal cord tissue was encased in optimal cutting
temperature compound (Sakura Finetek USA, Inc, Torrance, Califor-
nia) and cryosectioned transversely at 20 mm thickness. Serial sections
(1 of every 100 or 500 mm tissue) of the 1.0 cm spinal cord centered at
the tumor epicenter were chosen for haematoxylin and eosin (Sigma)
staining for general pathology analysis of tumor growth. In addition,
one cross-section out of every 100 mm of tumor epicenter tissue was
selected from each spinal cord for immunocytochemical detection of
presence of F3.hNSCs in order to assess the tumor cell tracking
capability and “bystander” oncolytic effect of the donor cells. For this
purpose, human cell markers of human nuclei antigen (Millipore,
Billerica, Massachusetts), human Nestin (Millipore) and cleaved
caspase-3 (Cell Signaling Technology, Inc., Danvers, Massachusetts)
were used to identify donor cells and apoptotic tumor cells,
respectively. Slides were cover-slipped using mounting medium
containing DAPI (Vector Labs, Burlingame, California) for confocal
imaging of a Zeiss LSM1 confocal microscope equipped with Zeiss Zen
2011 software (Carl-Zeiss Microimaging, München, Germany).
Histopathological data of tumor volume was analyzed by creating
a computerized 3-dimensional reconstruction of the tumor mass based
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on serial transverse pathologic slices stained with haematoxylin and
eosin as described above (see details in the Supplemental Digital
Content, http://links.lww.com/NEU/A825).

Data Analyses

Datawere presented asmean6 standard deviation. One-way ANOVA
(analysis of variance) with post-hoc Tukey honest significant differences
test, Student’s t test, and median rank test were used for statistical
assessment using SPSS 13.0, with the statistical significance level set at
P , .05.11,14-17

RESULTS

Our standardized approach (see Methods for details) (Figures
1A and 1B) resulted in robust G55 engraftment and growth. By 7
days post implantation, large exophytic tumor masses were clearly
visible in all spinal cords implanted with G55 cells (Figures 1C
and 1D). The in situ gross appearance of the tumor was darker
than the surrounding non-tumor tissue of the spinal cord (Figure
1C; see post-fixation image in Figure 1D), which was caused by
the tumor’s denser cyto-angioarchitecture.6

In order to design an efficient pilot in vivo study, we first
examined the response of G55 cells to the oncolytic impact of
5-fluorouracil and GCV-triphosphate converted from their
precursor compounds of 5FC and GCV, respectively, by co-
culturing G55 with F3.CD or F3.CD-TK. For the F3.CD and
5FC system, 5FC concentration was set at 270 mg/mL (2.1
mM), a medium dose in the range of 100 mg/mL to 500 mg/mL
reported previously.7,18,19 In the F3.CD-TK and 5FC 1 GCV
setting, in addition to the same dose of 5FC, 3 mg/mL (12 mM)
GCV was applied.10 F3.CD plus 5FC and F3.CD-TK plus
5FC 1 GCV treatments showed significant tumor inhibition
effect that reduced G55 cell growth rates by 60.78% 6 2.87%
and 83.06% 6 1.38%, respectively, relative to vehicle-treated
controls (P , .05; 3 · 3 wells/each dose/each assay; total: 9
assays; ANOVA with Tukey’s post-hoc test) (Figure 2A). We
additionally determined that 5FC or GCV treatment alone in
the doses used had no harmful effect on the cultured G55 cells
(data will be published separately).

All G55-injected rats developed pathologic behavioral signs
resulting from tumor growth thatmanifestedmainly as progressive
loss of motor function in the hindlimbs.We used the BBB scale to
evaluate the overall hindlimb locomotion capability. BBB score is
a parametric ranking system that ranges from 0 to 21, where
0 indicates total paralysis and 21 a normal locomotor function.
Importantly, a BBB score of 9 indicates a basic capability for a rat to
do body weight-bearing stepping.11,12 G55 growth in the cervical
spinal cord model was aggressive, triggering the onset of the BBB
score#9 (i.e., the primary criterion of termination) as early as 16
days post tumor cell injection in the control group receiving cell
debris treatment (Figure 2B).

Importantly, ISCG rats receiving F3.CD-TK 7 days after G55
seeding and subsequent 5FC-GCV administration had signifi-
cantly increased average survival (37.56 9.4 days; group median:

39) relative to the F3.CD-treated (23.4 6 6.3 days; group
median: 24) and cell debris control (20.0 6 3.2 days; group
median: 23) groups (P , .05; n = 4/group; median rank test).
The Kaplan-Meier curves demonstrated marked benefits of F3.
CD-TK cell plus 5FC-GCV treatment on overall survival relative
to the other 2 study groups (Figure 2C). In contrast to earlier
reports of brain tumor data,9,10 there was no significant impact of
F3.CD regimen on the overall survival or in vivo tumor growth
rate (see below) in our study. The data were corroborated by the
fact that F3.CD plus 5FC alone showed discernibly lower
potency than that of the F3.CD-TK in vitro (Figure 2A).
We next analyzed the speed of tumor growth via dividing the

terminal volume of the tumor (unit: mm3; derived from
morphological data) by the post-tumor survival time of the rat.
The speed of tumor growth was significantly slower in the F3.
CD-TK-treated group (0.5696 0.035 mm3/day) compared with
rats that received either F3.CD (0.933 6 0.015 mm3/day) or F3.
CD-TK debris (0.954 6 0.013 mm3/day; P , .05; n = 4/group;
one-way ANOVA with post-hoc Tukey test). However, there was
no significant difference in tumor growth rate between the F3.CD
plus 5FC-GCV-treated group and the F3.CD-TK cell debris-
injected controls (Figure 2D). We acknowledge that the tumor
growth process might be very likely following a nonlinear course.
The data, nevertheless, provided postmortem estimation for the
tumor inhibitory impact of F3.CD-TK plus 5FC-GCV regimen.
Similar to most clinical cases of cervical spinal cord gliomas, rats

with C6 ISCG showed progressive disturbance of autonomic
function including abnormalities in blood pressure, body temper-
ature, and respiratory pattern (Figure 3). Beginning at the third
week after G55 cell seeding (i.e., 2 weeks after treatment), rats of
the cell debris-injected control group, on average, showed
significantly decreased SP. Their MAP reduced significantly at
the terminal stage, compared with the pre-tumor baseline,
although DP was slightly less affected (Figures 3A-3C). The
MAP data suggested that the cervical tumor growth might have
compromised tissue blood perfusion of the ISCG rats.16 This
extrapolation was corroborated by changes of body temperature
in the same set of rats. We observed development of more severe
hypothermia in the cell debris-injected control rats beginning in
the third week after tumor cell injection (Figure 3D). Treatment
with F3.CD-TK regimen significantly improved both MAP and
body temperature maintenance in rats with ISCG, compared
with cell debris-injected controls (Figure 3). Interestingly, F3.CD
plus 5FC-GCV treatment also significantly benefitted body
temperature maintenance (Figure 3).
Respiratory perturbation is a leading morbidity and mortality

cause of cervical spinal cord pathology.11,14,15,20 We observed
respiratory pattern changes such as significantly decreased
respiratory rate in the control ISCG rats, compared with the
F3.CD-TK regimen-treated group (Figure 4A). The reduced
respiratory rate in the control rats seems to be triggered by gradual
weakness in the inhalation efficiency. Such deficiency was defined
by the increased inhalation time during the breathing cycle,
reflecting progressively reduced respiratory drive to the
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diaphragm, likely due to midcervical glioma compression to the
phrenic motor neurons14 (Figure 4B). However, there was no
significant difference in the tidal volume (Figure 4C) and minute
ventilation (Figure 4D) among the 3 groups at the end phase that
was determined by loss of hindlimb capability of exerting
consistent weight-bearing stepping.

Gross and histological examinations of the central nervous
system and internal organs concluded that there was no ectopic or
metastatic growth of G55 cells; however, we recognize that the
relatively short study duration may have limited the detection
capacity. We used 3-dimensional reconstruction analysis of the
spinal cord microscopic images to investigate the tumor growth
profile and F3.hNSC tumor infiltration scale. Our data revealed
that all spinal cords with ISCG demonstrated similar cross section
scales of tumor growth (Figure 5A) with longitudinal tumor ends

reaching the C4 and C8 levels in most cases (Figure 5B). There
were extensive penetrations of donor therapeutic cells into the
tumor masses in the spinal cords of both F3.hNSC-treated
groups (Figure 5A). Also confirmed by confocal microscopy were
the drastically denser cell population inside the tumor mass
relative to the surrounding host tissue (Figure 5C) and the
presence of DiI-pre-labeled F3.hNSCs co-labeled by antibody
against human nestin in the tumor zone (Figure 5D).
Immunocytochemical assays showed that F3.CD-TK regimen-

treated spinal cords had significantly increased groupaverage number
of caspase-3 immunopositive apoptotic tumor cells that were
diffusively surrounded by DiI-pre-labeled F3.CD-TK cells (Figure
6A); the F3.CD-5FC-GCV-treated group also had a significantly
higher mean number of apoptotic tumor cells than that of the
control spinal cords (Figure 6B). By contrast, there were only

FIGURE 2. Therapeutic effects of F3.NSCs in vitro and in vivo. A, in vitro cell culture study showed that F3.CD-TK plus 5FC and GCV
regimen had significant higher oncolytic effect, inhibiting tumor cell proliferation by 83.06% 6 1.38%, compared with that of F3.CD-
5FC treatment (60.78%6 2.87%, relative to control rate of F3.CD-TK debris-treated G55 cells; n = 9; P, .05, ANOVA with Tukey’s
post-hoc test). B, C6 glioma rats showed progressive hindlimb functional deficit as assessed by Basso, Beattie, and Bresnahan (BBB) scoring.
Rats with F3.CD-TK plus 5FC-GCV treatment had significantly reduced hindlimb functional loss starting 2 weeks after F3.CD-TK
treatment, relative to the other 2 groups (P, .05, n = 4/group, ANOVA with Tukey’s post-hoc test). C, Kaplan-Meier curves show overall
survival estimates of rats with C6 gliomas after F3.CD-TK, F3.CD, or cell debris implantation plus 5FC or 5FC-GCV treatments,
respectively (termination criterion: unilateral or bilateral BBB score #9). F3.CD-TK regimen significantly increased survival compared
with other groups (P, .05, median rank test).D, F3.CD-TK regimen reduced tumor growth rate relative to that of either F3.CD group or
cell debris-injected controls. *P, .05 when compared with cell debris group; #P, .05 (n = 4/group, ANOVA with Tukey’s post-hoc test),
compared with F3.CD-treated group.
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sporadic truncated caspase-3 positive apoptotic tumor cells in the
cell debris-injected spinal cords (Figure 6C). The data suggested
that the significantly improved survival and tumor growth
reduction in the F3.CD-TK regimen-treated group likely resulted
from the bystander oncolytic effect of the donor cell-converted
chemotherapeutics; the combinatorial effect of 5-fluorouracil and
GCV-triphosphate markedly suppressed tumor growth through
inducing apoptotic death of G55 glioma cells in situ (Figure 6D).

DISCUSSION

Clinical incidence of ISCG is generally rare relative to that of
brain glioblastomas; however, it could carry even poorer prognosis
for many patients. Moreover, no targeted treatment has been

established as either primary or adjuvant management for clinical
spinal gliomas. In this pilot study, we designed and validated a rat
model of cervical ISCG that showed reproducible and clinically
relevant somatomotor and autonomic abnormalities of ISCG. In
addition, using themodel we have nowdemonstrated that CD-TK
dual gene-engineered hNSCs significantly inhibited tumor growth
and prolonged survival of rats with C6 ISCG by infiltrating tumor
mass and locally converting benign precursor compounds into
oncolytic drugs to trigger glioma cell apoptosis.
Despite potential risks, surgery is still considered a necessary

option for many ISCG cases, because published studies showed
that patient prognosis is significantly correlated with both
pathological grade of the tumor and the presence of an intra-
operative dissection plane.21 However, for patients with World

FIGURE 3. Blood pressure and body temperature changes. C6 glioma rats showed a progressively decreasing trend of systolic and diastolic blood pressure, mean artery blood
pressure (MAP), and body temperature levels. Compared with cell debris-treated group, F3.CD-TK cell regimen treatment significantly improved systolic blood pressure (A) and
diastolic arterial blood pressure (B), starting 2 weeks after F3.hNSC injection, resulting in markedly improved MAP at the terminal stage (C). F3.CD regimen also improved
systolic and diastolic blood pressure maintenance (A and B) compared with cell debris-injected control group.D, less body temperature decrease in F3.CD-TK or F3.CD group
was also observed, relative to the controls. *P , .05 when compared with cell debris control group (n = 4); #P , .05 when compared with pre-surgery baseline data (n = 4/
group, ANOVA with Tukey’s post-hoc test).
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Health Organization grade III or IV intramedullary spinal cord
(ISC) tumors, about 61% of them showed further worsened
functional status after surgical intervention, rendering gross total
resection essentially not a feasible treatment option.20 A large
single center retrospective study found that the mean pro-
gression-free survival in patients with ISC malignant astrocytoma
and glioblastoma was only 6.5 months, albeit the fact that all
efforts were in place for providing most aggressive treatments
available.21 Furthermore, a long-term post-surgery follow-up of
202 patients with ISCG revealed that as many as 66% of the
ependymoma patients, with 81% of them having received gross

total resection treatment, reported no change in their clinical
signs or symptoms.20 Regarding noninvasive therapies, both
chemotherapy and radiotherapy, given individually or combined,
only showed very limited benefits in longevity improvement.22-24

Taken together, the daunting reality of the dismal prognosis for
high grade ISCG underscores the basic and translational science
need for establishing new experimental models and developing
efficacious targeted treatments.
Although there are dozens of preclinical studies and a few

clinical trials involving the application of stem cell-based therapies
for brain gliomas, there has been no study that investigated this

FIGURE 4. Respiratory function changes. C6 glioma rats showed a progressive trend of decreased respiratory frequency (A) and increased of inspiration time (B), relative to
their pre-tumor baseline respiration level. Treatment with F3.CD-TK cell implantation plus 5FC-GCV administration significantly improved inspiration time and respiratory
frequency, starting 1 week after F3.NSCs implantation, compared with cell debris-injected control group (A and B). The combination of decreased respiratory frequency and
increased inspiratory time helped to compensate for potential air volume loss (see tidal volume in C) due to breathing rate decreasing. This resulted in minute ventilation being
maintained at levels not significantly reduced than pre-tumor baseline level prior to the terminal stage (D). *P , .05 when compared with cell debris control group (n = 4);
#P , .05 when compared with pre-surgery baseline level (n = 4/group, ANOVA with Tukey’s post-hoc test).
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FIGURE 5. Histopathology of the tumor-seeded spinal cord and immunocytology of tumor cells and implanted F3.NSCs in situ.
A, images of 3-dimensional reconstruction of cervical glioma spinal cords of the 3 study groups. B, haematoxylin and eosin stain
showed intraspinal cord distribution of G55 tumor masses. Intraspinal cord presence of densely populated G33 tumor cells is
shown in (C). Red color-coded region in panel A indicates the penetration of the implanted F3.hNSCs, which migrated and
infiltrated the tumor masses. The existence of F3.hNSCs was confirmed by detection of double signals of human Nestin and DiI-
pre-labeling (D). Scale bars: 1 mm in B, 100 mm in C, and 25 mm in D.
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approach in ISCG.5,7-10,25,26 We therefore systematically assessed
the concept of gene directed enzyme prodrug therapy in our
newly established model. There were 3 previously published
articles on establishing a rat model of ISCG: all protocols showed
reproducible intramedullary growth of glioma by directly
injecting 9L gliosarcoma, 98L glioma, or glioblastoma multi-
forme neurosphere cells into the middle or lower thoracic spinal
cord level.27-29 The thoracic spinal cord tumor models reliably
produced hindlimb locomotion deficits and offer feasibility of
applying standard behavioral batteries (e.g., BBB locomotor
scale12) to define the survival duration of the affected rats. The
cervical spinal and cervicothoracic junction, regions housing

enriched autonomic neural components, are more common sites
for the multitude of growth of intramedullary tumors. Thus,
autonomic abnormalities are often manifested by ISCG patients,
which, sometimes, have life-threatening consequences.30,31

For patients with cervical spinal cord pathology (e.g., injury,
tumor, etc.) research and medical attention has been routinely
focused onmaintaining the respiratory function.32,33 In our model,
the control ISCG rats showed significantly decreased respiratory
rate underpinned with correspondingly increased inspiration time
phase during the course of tumor growth (Figure 4). Overall, our
data of respiratory changes corroborates with clinical observation for
patients with cervical ISCG-related bilateral diaphragm weakness

FIGURE 6. Oncolytic effect of F3.CD-TK and F3.CD cells delivered locally inside the tumor mass. The bystander effect of
donor F3.hNSCs plus corresponding precursor drugs was evaluated by assessing immunoreactivity to antibody against truncated
caspase-3 in tumor cells (green) that mostly located within 500 mm around F3.hNSCs (red: DiI pre-labeled). F3.CD-TK cell
regimen showed significantly stronger oncolytic effect (A) than F3.CD cells (B) that had less potent, but still significant effect
in triggering tumor cell apoptosis (i.e., immunopositivity of truncated caspase-3), compared with cell debris control treatment (C).
*P , .05 when compared with cell debris group (n = 4); #P , .05 when compared with pre-surgery baseline level (D) (n = 4/
group, ANOVA with Tukey’s post-hoc test).
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who frequently demonstrate clinical signs of so-called “poor
inspiratory effort” because about 70% of normal tidal volume in
humans is attributable to the inspiratory work of the diaphragm.34

There was marked survival benefit in C6 ISCG rats treated with
the F3.CD-TK plus 5FC-GCV regimen. This is the first stem cell-
based multimodal therapy to significantly prolong longevity of
ISCG rats by impeding glioma growth. The efficacy was not only
better relative to the cell debris-implanted control group, but also
better than the group treated with F3.CD regimen. Apparently,
the failure for the single CD gene-engineered hNSCs, which
showed efficacy in brain glioblastoma models, to exert discernible
survival effect on rats with ISCG is novel experimental evidence
corroborating the worsened tractability of cervical spinal cord
malignant tumors. It suggests that a dual gene-engineered
approach may help devise stem cell therapies with synergistic
antitumor impact to treat high-grade ISCG.The dual gene synergy
may be used as a component in well-designed combinatorial
formulas for treating other types of conventionally intractable
tumors, including hepatocellular carcinoma.35 Our in vitro data
indicates that a major advantage for the dual gene engineering
strategy is its capacity to provide additionally augmented
chemotherapeutic efficacy for disrupting deoxyribonucleic acid
synthesis of high-grade glioma cells that respond very poorly to
conventional treatments. Our ongoing studies are elucidating
specific mechanisms underlying the synergistic effect, assessing
ISCG-triggered somatosensory changes, and testing donor cell
safety in naive animals.

CONCLUSION

This study has established an experimental model of cervical
ISCG that manifests clinically relevant somatomotor and auto-
nomic abnormalities. Using this system, we have developed
a regimen of dual gene-engineered hNSCs plus prodrugs to
efficaciously treat high-grade ISCG in rats. Since the US Food and
Drug Administration recently approved the first clinical study
evaluating a single CD gene-engineered hNSC-based therapy for
recurrent high-grade gliomas in the brain (NCT01172964), we
aim to deliver the first therapy for clinical ISCG using dual gene-
engineered hNSCs tomeet the healthcare demand for this category
of devastating disorders36,37 and to facilitate future therapeutic
development for currently intractable metastatic diseases.
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COMMENT

T eng et al state, “the daunting reality of the dismal prognosis for high
grade ISCG (intramedullary spinal cord gliomas) underscores the

basic and translational science need for establishing new experimental
models and developing efficacious targeted treatments.” In response to
this need, they have designed an important experimental model of
cervical spinal cord glioma for studying a novel gene directed enzyme
pro-drug therapy. This strategy involves human neural stem cells en-
gineered to enzymatically convert nontoxic chemotherapy precursors
into oncolytic agents. The neural stem cells can be directly injected into
the spinal cord, adjacent to the tumor locus. Then, systemically
administered 5-fluorocytosine and ganciclovir, upon reaching the neural
stem cells, are converted to 5-fluorouracil and ganciclovir-triphosphate
for local tumor killing effect.
This small pilot study of 4 animals in each of 2 different treatment

groups and 1 control group demonstrated significant benefit for those that
underwent intraspinal injection of an F3.CD-TK cell line and subsequent
intraperitoneal 5-fluorocytosine and ganciclovir administration. As with
any pilot study, the promising results of this investigation lead to further
intriguing questions. The investigators elected to use a human glioblastoma
(World Health Organization grade IV) cell line for creating their tumor
model. In humans, ependymomas and low-grade astrocytomas are more
common intramedullary spinal tumors than glioblastomas. The impact of
the higher-grade tumor used in this model may be most evident in the
observed rapid disease progression, compared towhat can be amore indolent
course seen clinically. How this difference in tumor histology affects further
study of experimental therapies, and eventual translation to patients with
ependymomas and low-grade spinal cord gliomas remains to be seen.
The authors report survival as a primary endpoint. It deserves mention,

however, that they defined survival based on a predetermined cutoff for
hindlimbmotor dysfunction. Per their study design, a hindlimbmotor loss
score low enough for the possibility tonot fully carry out self-carewas criteria
for humane termination (hence, mortality). Therefore, the actual outcome
measurewas number of days post tumor implantation and therapy initiation
before significant loss of hindlimb function—using a neurologic score as
a surrogate for disease burden and progression. With a high-grade tumor
and repeated direct spinal cord manipulation (tumor implantation, in-
traspinal stem cell injection), it may not be surprising that all animals
ultimately demonstrated eventual hindlimbmotor loss. As the investigators
expand this pilot, it will be interesting to see how this therapy or perhaps
a multi-modal strategy may affect other relevant oncologic measures such
as tumor growth vs suppression or reduction.
Finally, transplantation of neural stem cells both experimentally and in

humans is decades old. Yet, the possibility of neoplastic transformation of
undifferentiated precursor cells remains a common concern, even though
this has largely not been seen. The potential for the therapeutic neural
stem cells in this model, adjacent to a high-grade tumor, to become de
novo tumors will be an issue that will ultimately need to be addressed
before future translation.
These questions and others are certain to be answered by this group as

they carry this excellent work forward. Teng et al should be congratulated
on an important advancement in an area of neurosurgery that has long
deserved better scientific exploration, and ultimately a better treatment
solution for affected individuals.

Daniel J. Hoh
Gainesville, Florida
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Abstract 

 

The adult rodent spinal cord presents an inhibitory environment for donor cell survival, impeding 

efficiency for xenograft-based modeling of gliomas. We postulated that mild thermal pre-

condition may influence the fate of the implanted tumor cells. To test this hypothesis, high grade 

human astrocytoma G55 and U87 cells were cultured under 37°C and 38.5°C, to mimic regular 

experimental or core body temperature of rodents, respectively. In vitro, 38.5°C-conditioned 

cells, relative to 37°C, grew slightly faster. Comparing to U87, G55 demonstrated greater 

response to the temperature difference. Hyperthermal culture markedly increased production of 

HSP27 in most G55 but only promoted transient expression of cancer stem cell marker CD133 in 

a small cell subpopulation. We subsequently transplanted G55 cells following 37°C or 38.5°C 

culture into the C2 or T10 spinal cord of adult female immunodeficient rats (3 rats/each locus/per 

temperature; total: 12 rats). Systematical analyses revealed that 38.5℃-preconditioned G55 

grew more malignantly at either C2 or T10 as determined by tumor size, outgrowth profile, 

resistance to bolus intratumor administration of 5-fluorouracil (0.1 micromole), and post-tumor 

survival (P < 0.05; n = 6/group). Therefore, thermal precondition of glioma cells may be an 

effective way to influence the in vitro and in vivo oncological contour of glioma cells. Future 

studies are needed for assessing potential oncogenic modifying effect of hyperthermia regimens 

on glioma cells. 

Key words: spinal cord; spinal cord glioma; intramedullary tumor; glioma; glioblastoma; tumor 

stem cell; thermal stress; precondition; heat shock protein; cell doubling time 
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Introduction 

 

Glioblastoma multiforme (GBM) is the most malignant type of glioma (Grade IV classified by 

the World Health Organization) in the central nervous system (CNS). Despite the fact that 

primary tumors in the spinal cord, spinal nerve roots, and dura are rare compared to intracranial 

neoplasms, there is continued increase in clinical incidences (14). Most clinical studies reported 

that survival rate for intramedullary spinal cord gliomas (ISCG) is less than 24 months under 

maximum therapeutic intervenes (23,33). Since effective treatment remains an unmet medical 

demand due to the poor response to conventional surgical, pharmacological, and radiation 

managements, it is essential to devise effective and efficient modeling systems to investigate 

pathophysiological mechanisms and develop therapies for ISCG (30). However, to date, there 

have been only a few of experimental studies aiming to investigate spinal cord gliomas. The 

reality is partly caused by a generally inhibitory environment of the adult mammalian spinal 

cord, which limits donor cell engrafting (8,15,30). Therefore, capability to manipulate intraspinal 

cord engraftment of donor cells is a prerequisite for establishing xenograft-based ISCG models 

in mammalian species (15,19,30). Determination of proper in vitro culturing regimens (i.e., pre-

conditioning) is an efficacious strategy to prime donor cells (10) and temperature plays a pivotal 

role in tailoring donor fate in vivo (29). It was reported that cardiac myoblasts with 39.0°C 

precondition increased their resistance to oxidant stress post implantation (37).  Because core 

body temperature of the rat is normally between 36.5 – 38.5°C (36,38), we decided to test 

whether pre-conditioning human GBM cell lines under mild thermal environment of either 

37.0°C or 38.5°C would affect the intraspinal cord oncological profile of glioma cells by 
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assessing their proliferation and oncological features in vitro as well as growth potential and 

sensitivity to bolus treatment of 5-fluorouracil (5-FU), a prototype oncolytic drug in vivo.  

 

Materials and Methods 

 

Cell culture: Human glioblastoma cell lines investigated were U87MG (ATCC® HTB-14™; 

WHO grade IV astrocytoma; ATCC, Manassas, VA) and G55. G55 is a human glioblastoma cell 

line that was passaged in vivo through nude mice and re-established as a stable xenograft cell 

line. Dr. E.Y. Snyder of SBPDC kindly provided G55 cells that were initially donated by C. 

David James (Department of Neurological Surgery, UCSF) (16,43). G55 cells, growing in close 

comparability to U87 cells, possess signature genes and a VEGF profile similar to other Grades 

III-IV astrocytoma cells (20,31,43); however, because of their in vivo passaging-based 

establishment, G55 cells maintain more of the characteristics of primary human glioblastoma cell 

(16). G55 and U87MG were maintained with Dulbecco's Modified Eagle Medium (DMEM) 

(Life Technologies, Grand Island, NY) supplemented with 10% fetal bovine serum (FBS) 

(Atlanta Biologicals, Flowery Branch, GA) and 1% penicillin/streptomycin solution (Life 

Technologies) in a 37.0°C and 5% CO2 incubator. Cells were regularly split with application of 

0.25% Trypsin (Life Technologies) when they reached a80% confluency. Due to the providers’ 

established credibility, no additional authentication (e.g., DNA fingerprinting) was done for U87 

and G55 in the present study.  

 

Preconditioning GBM cells under 38.5°C setting: When G55 and U87 cells in 37.0°C and 5% 

CO2 culturing reached 40-50% confluency, they were replaced into an incubator with an initial 
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setting of 38.0°C and 5% CO2 and kept there for 24 hours; afterwards the incubator’s ambient 

temperature was increased to 38.5°C. When the growing cells reached a70% confluency (i.e., 

P0), they were split and passaged in a ratio of 1:5. Using the same cell propagation method, the 

G55 and U87 lines were maintained for two additional passages (i.e., P1 and P2). The total of 3 

passages took about a9 days for each group. 

 

Calculation of cell doubling time (CDT): Each passage of cells under 38.5°C preconditioning 

and their 37.0°C counterparts were detached with Trypsin (Life Technologies) and prepared into 

single cell suspension. Cell numbers were counted by hemocytometer with trypan blue (Sigma-

Aldrich®) stain being used as the exclusion standard for viability control. CDT was calculated 

based on the following formula (ATCC). 

 

Cell Doubling Time (CDT) = T ln2/ln(NT/N0) 

N0 = the number of the cells at the beginning of the incubation time 

NT = the number of cells at the end of the incubation duration (i.e., T) 

T = the given duration (unit: hour, for the current study)  

Note: T, the incubation duration, could be in any time unit. 

 

Evaluation of HSP27 expression: Immunocytochemical stain (ICC) was used to evaluate the 

expression level of HSP27 (heat shock protein 27 kDa) in G55 cells. Briefly, P0 to P2 glioma 

cell groups post 37.0°C or 38.5°C preconditioning were seeded onto glass coverslips. When the 

confluency of the cells approached 80%, they were fixed with 2% paraformaldehyde (PFA). For 

the ICC, cell-seeded coverslips were washed with PBS containing Triton X-100 (0.3%) and 
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incubated in 5% (vol./vol.) normal donkey serum (Millipore, Billerica, MA) for 30 minutes. The 

incubation for the primary antibody against HSP27 (Catalogue No.: ADI-SAP-800; Enzo Life 

Sciences, Farmingdale, NY) took place under 4°C and overnight (i.e., a12 hours). Afterwards, 

the specific secondary antibody (Jackson ImmunoResearch Laboratories Inc., West Grove, PA) 

was applied per specifications provided by the manufacturer. Cells were covered by using 

mounting medium containing DAPI (Vector Labs, Burlingame, CA) for fluorescent microscopic 

analysis (Carl Zeiss).  

 

Evaluation of CD133 expression and caspase-3 activation: Briefly, P0 and P2 G55 cells 

following 37.0°C or 38.5°C conditioning were seeded on glass coverslips with an initial density 

of 7,500 cells/coverslip housed in 12-well culture plates (Falcon, BD Biosciences). After 72h, 

the cells reached 70-80% confluency before they were fixed with 2% PFA. Using the same 

preparation procedures, co-incubation with primary antibodies against CD133 (EMD Millipore, 

Billerica, MA), a cancer stem cell marker and cleaved caspase-3 (Cell Signaling Technology, 

Inc.), a cell apoptotic marker was carried out in 4°C overnight. Corresponding secondary 

antibody (Jackson ImmunoResearch Laboratories Inc.) were applied afterwards per 

specifications provided by the manufacturers. Mounting medium containing DAPI (Vector Labs) 

was used for coverslipping prior to laser confocal fluorescent microscopic analysis. 

 

Quantification of fluorescent immunoreactivity of G55 cells: Percentage of immunopositive 

cells were quantified via dividing the total positive cell number by the total number of DAPI-

labeled nuclei under each randomized 0.25 × 0.25 mm2 microscopic fields. For ICC of HSP27, 3 

fields for each coverslip and 3 coverslips per each culture condition were quantified (total: n = 
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9). For quantifying CD133 and cleaved caspase-3 immunopositive cells, 5 fields for each 

coverslip and 3 coverslips per each culture condition were evaluated (total: n = 15). Therefore, 

the estimated total immunopositive cell number per coverslip = the total number of DAPI-

labeled nuclei per coverslip x the % of immunopositive cells averaged from the 3 or 5 fields 

randomly sampled in each coverslip.   

 

G55 xenograft in the rat spinal cord: (1) Surgery: Female immunodeficient rats (8-9 weeks old 

RNU, 175-190 grams of body weight; Charles River Laboratories, Wilmington, MA) were 

anesthetized with ketamine hydrochloride (75mg/kg) and xylazine (10 mg/kg; Patterson 

Veterinary, MA, USA) via intraperitoneal injections. Rats were placed on a heated sterile 

surgical plate and prepared for surgery. The C2 or T10 spinous process was identified followed 

by a longitudinal incision being made over it using a #10 surgical scalpel (AspenTM, Caledonia, 

MI). After tissue dissection laminectomy was made between C2-C3 or T10-T11 for each rat to 

expose the dorsal surface of the spinal cord. (2) Tumor cell implantation: Using a #11 sharp tip 

surgical blade (AspenTM) the dura was opened to access the spinal cord and a 26-gauge needle 

connected with a HamiltonTM microsyringe was inserted into the dorsal C2-C3 or T10-T11 spinal 

cord for a 2 mm dorsoventral penetration. The needle was then retracted 0.5 mm prior to 

microinjection of the P2 G55 cells (104 cells/3ml PBS) preconditioned under either 37.0°C or 

38.5°C culture setting. The injection needle was kept inside the spinal cord for an additional 5 

min before removal. After muscle and soft tissue closure with surgical suture (Ethicon 4-0, 

coated Vicryl suture, undyed braided), skin incision was stapled (Medline Industries, Inc. 

Mundelein, IL). The rats received the standard post-operation care (30). All experimental 

procedures were reviewed and approved by the Animal Care and Use Committee (IACUC) of 
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the Brigham and Women’s Hospital and Harvard Medical School. (3) Evaluation of 

pathophysiological signs: Rats were monitored daily for general physical conditions including 

body weight, grooming frequency, hair and skin condition, facial porphyrin staining. Hindlimb 

functions were also tested daily and summarized weekly based on the Basso, Bresnahan and 

Beattie (BBB) scale as previously reported (6). For assessing the tumor’s response to a bolus 

anti-tumor drug treatment (see below), rats were scheduled to receive a bolus administration of 

5-fluorouracil (5-FU, Sigma-Aldrich®) when their BBB scores fell to ≤9 unilaterally (i.e., failure 

to carry out consistent weight-bearing locomotion), a physical sign indicating that they might not 

be able to fully carry out self-care and should be euthanatized (30).  

 

Intratumor administration of 5-FU: When the BBB score of the hindlimb dropped to ≤9 

resulting from ISCG growth, rats were anesthetized and prepared for surgery as described above. 

C2-C3 or T10-T11 laminectomy site was reopened in order to examine and access the tumor 

mass. A bolus microinjection of 10 μl of 5-FU (10 mM; dose: 0.1 micromoles) was done over 5 

minutes via a needle inserted close to the center of the tumor mass. The needle was kept inside 

the tumor for another 2 minutes before removal. Rats were evaluated for general physical 

condition and hindlimb BBB score for another 72 hours before they were euthanatized by deep 

anesthesia with i.p. 90 mg/kg ketamine hydrochloride and 15 mg/kg xylazine (Patterson 

Veterinary) before systemic perfusion with 4% PFA. The spinal cord and the brain, together with 

other internal organs were collected for histopathological and ICC analyses. 

 

Histopathological and ICC analyses: The post-fixation spinal cord tissue was embedded in 

OCT compound (Sakura Finetek) and cryosectioned transversely at 20 μm thickness. Serial 
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sections (one of every 100 or 500 μm tissue) of the 1.0 cm spinal cord centered at the tumor 

epicenter were chosen for hematoxylin and eosin (H&E; Sigma-Aldrich®) staining for general 

histopathology analysis of tumor growth. In addition, one cross-section out of every 100 µm of 

tumor epicenter tissue was selected from each spinal cord for ICC evaluation. Histopathological 

data of tumor volume was analyzed by creating a computerized three-dimensional (3D) 

reconstruction of the tumor mass based on serial transverse pathologic slices stained with H&E 

as described recently (30). 

 

Statistical analysis: Experimental data are expressed as mean ± SEM. Statistical significance 

was defined at the P < 0.05 level. Multi-group data were evaluated statistically by using one-way 

ANOVA (analysis of variance) with post-hoc Tukey HSD (honest significant differences) test. 

Outcomes of two-group studies were compared by paired or unpaired Student’s t test. We used 

SPSS-based computation (SPSS 13.0; SPSS Inc.) for all data processing.  

 

Results 

Mild thermal precondition promoted growth of human GBM cells 

 

Under regular tissue culture condition (i.e., 37.0°C and 5% CO2), U87 cells and G55 cells had 

CDT at 21.55 ± 0.13 and 19.31 ± 0.11 hours, respectively (n = 9/group; Figure 1). For the 

purpose to avoid excessive stress due to sharply increased temperature, the two cell lines initially 

cultured in 37.0°C environment underwent a two-step protocol of thermal increment: they were 

first kept under 38.0°C for a 24-hours adaptation period before being exposed to 38.5°C for the 

continued culture. This design enabled the cells to have uninterrupted growth under different 



Copyright © 2016 Cognizant Communication Corporation 
 

10 
CT-1573 Cell Transplantation early e-pub; provisional acceptance 04/29/2016          

thermal settings without encountering any discernible levels of cell death. Under this protocol, 

P0 G55 and U87 manifested CDT of 18.80 ± 0.44 and 20.90 ± 0.42 hours, respectively (n = 

9/group). In longer incubation time P1 and P2 G55 cells showed further augmented responses to 

exposure of 38.5°C ambient condition. Specifically, CDT of P2 G55 cells was further shortened 

to 17.40 ± 0.37 hours, significantly shorter than that of P2 U87 (i.e., 20.40 ± 0.32 hours; n = 

9/group, P < 0.05, One-way ANOVA with Tukey HSD test; Figure 1). However, the overall 

CDT differences between the two temperature settings were limited. For example, P2 G55 CDT 

shortened about 1.91 hours (i.e., <10%) in average under 38.5°C comparing to 37.0°C. 

Correspondingly, there was only 16.60 ± 0.21 % increase in the total cell number per coverslip 

for 38.5°C-cultured P2 G55 cells vs. 37.0°C P0 G55 (n = 9/group). The result indicated that the 

designed thermal conditioning had no dramatic impact on glioma cell proliferation. In either 

group, no noticeable levels of cell death were present, suggesting that the thermally escalated cell 

proliferation was not caused by elimination of temperature-sensitive cell sub-populations. We 

therefore decided to focus on G55 cells for all the subsequent assays and analyses focusing on 

biological and oncological features of G55 cells (27,28). 

 

Increased HSP27 expression in GBM cells following 38.5°C precondition 

 

In order to determine whether there were any definitive cytological changes resulting from the 

thermal stress and partly underlying the 38.5°C exposure-triggered more robust cell division, 

ICC evaluation of heat shock protein 27 kDa (HSP27) expression was performed. HSP27 is a 

member of small HSP family with well-characterized functions of protein chaperone activity, 

thermotolerance, inhibition of apoptosis, and regulation of either normal or malignant cell 
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growth (3,32). Under 37.0°C culture condition, only a fraction of P1 G55 cells synthesized 

HSP27 at detectible levels (i.e., 7.41 ± 2.23% of the cells counted, n = 9/group; Figure 2). 

However, when P1 G55 cells were cultured under 38.5°C, HSP27 expression level was 

significantly elevated (i.e., 72.52 ± 1.77% of the total cell growth field; n = 9, P < 0.05, One-way 

ANOVA with Tukey HSD test; Figure 2). Interestingly, the increase of HSP27 production in 

G55 cells following thermal exposure was partially a time dependent event. For example, after 

a9 days of continued 38.5°C culture the HSP27 immunopositive percentage reduced to 60.33 ± 

2.28% in P2 G55 cells, though remaining significantly higher than that of 37.0°C P1 G55 (n = 9, 

P < 0.05, One-way ANOVA with Tukey HSD test; Figure 2), suggesting that the cells were 

progressively acclimated to the 38.5°C culture condition by adjusting their essential biological 

processes such as growth rate (Figure 1), resilience to oxidant insults, and thermotolerance (e.g., 

upregulation of HSP27; 3,27,28,32). 

 

Thermal culture transiently upregulated caner stem cell marker CD133 in a subpopulation 

of G55 cells that were apoptosis resistant: We next assessed the effect of thermal conditioning 

on the oncological feature of G55 cells by evaluating levels of cancer stem cell marker CD133 

expression (11,44). In 37.0°C setting, 2.7 ± 0.16% of G55 cells expressed CD133. However, 

CD133 expression percentage of 38.5°C-cultured P0 G55 increased to 6.48 ± 0.36 but 

subsequently reduced to 3.96 ± 0.13 in P2 cells, both being significantly higher than 37.0°C 

setting (P < 0.05, n = 15/group, ANOVA with Tukey HSD test; Figure 3A-D). We then verified 

whether CD133-expressing G55 cells were more apoptosis resistant, a key oncological feature of 

cancer stem cells (5,11,44). Following 38.5°C culture, there was a significantly increased rate of 

apoptosis in G55 P0 cells but the degree of increase was very limited (i.e., 2.34 ± 0.13% vs. 1.64 
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± 0.16% of 37.0°C; P < 0.05, n = 15/group, ANOVA with Tukey HSD test; Figure 3E-H) as 

detected by nuclear presence of cleaved caspase-3 for its known role in hyperthermotherapy-

enhanced chemotherapy effect on human glioma cells (17). The apoptotic cell percentage 

decreased to 1.56 ± 0.10% in 38.5°C P2 cells that was insignificant comparing to 37.0°C control 

cells. In all the settings, immunoreactivity to cleaved caspase-3 was only observed in G55 cells 

that were negative for CD133 expression (Figure 3E-G; note: A-D respectively showed the 

same imaging fields in E-G).   

 

In vivo evaluation of 38.5°C preconditioned G55 cells in the rat spinal cord for their 

oncological features 

 

As a pathophysiological sign of ISCG growth, rats showed gradually heightened impairment of 

the hindlimb locomotion and eventually lost the ability to sustain performing body weight-

bearing stepping (i.e. BBB score ≤9). Therefore, per humane standards for animal care, the first 

daily detection on loss of weight-bearing stepping in the hindlimb was used to determine post-

tumor survival duration (30). Because there was no significant statistical difference in the 

survival length between C2 (n = 3 x 2 temperature groups) versus T10 (n = 3 x 2 temperature 

groups) implantation of G55 cells (Table 1), the data of C2 and T10 groups were combined to 

assess whether there was any effect of 38.5°C or 37.0°C precondition on post-tumor survival. 

Indeed, immunodeficient rats with implantation of 38.5°C preconditioned G55 cells showed 

significantly shortened group mean survival time than the group received tumor cells 

preconditioned under 37.0°C (15.33 ± 0.67 days versus 18.33 ± 0.71 days, n = 6/group, P = 

0.012, unpaired Student’s t test). The outcome suggested that relative to 37.0°C exposure, G55 
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cells post 38.5°C preconditioning augmented their malignancy in the rat spinal cord, resulting in 

more rapid deterioration of neural functions (Figure 4; Table 1).  

We next examined if 38.5°C precondition also alternated the oncological resilience of 

G55 cells in vivo. This was done by evaluating the resistance degree of intraspinal cord G55 cells 

to a bolus intratumor administration of 5-FU given to the rat on the day when its BBB score 

dropped ≤9 (i.e., longevity endpoint; see Methods for more details). The drug 5-FU inhibits 

tumor growth by disrupting DNA elongation to trigger apoptosis (30). At 72 hours after 5-FU 

administration, rats with 38.5°C preconditioned G55 glioma demonstrated significantly poorer 

response to 5-FU chemotherapy compared to the 37.0°C group, as determined by further 

worsened mean BBB score, i.e., score difference between the first day of BBB ≤9 and that 

observed at 72 hours post 5-FU treatment. Rats with 38.5°C preconditioned G55 glioma had a 

group mean individual BBB score difference of 3.33 ± 0.42 (i.e., more than 3 points loss in 

average) versus -1.33 ± 0.91 (i.e., more than 1 point improvement) of the 37.0°C group (n = 

6/group, P = 0.001, paired Student’s t test). In fact, none of the rats of 38.5°C preconditioned 

G55 group showed motor function improvement following 5-FU administration; moreover, 5 out 

of the 6 rats had BBB scores that decreased ≥ 3 points. By sharp contrast, 4 out of the 6 rats 

received 37.0°C preconditioned G55 cells manifested motor functional improvement following 

bolus 5-FU treatment, showing the best BBB score improvement by 5 points (i.e., from 9 to 14; 

Table 1; Figure 4). The data indicated that mild thermal preconditioning could markedly 

influence the oncogenic features of human high grade glioma cells in the adult mammalian spinal 

cord (29). 

 

Pathological features of intraspinal cord growth of 38.5°C preconditioned G55 cells  



Copyright © 2016 Cognizant Communication Corporation 
 

14 
CT-1573 Cell Transplantation early e-pub; provisional acceptance 04/29/2016          

 

There were strikingly different gross pathological profiles of gliomas derived from implantation 

of 38.5°C preconditioned G55 cells relative to those derived from 37.0°C cultured tumor cells 

(Figure 5). Among the 6 spinal cords that were injected with 38.5°C preconditioned G55 cells, 5 

exhibited obvious tumor outgrowth disrupting the dorsal surface of the spinal cord (Figure 5: 

upper panel) whereas none of the glioma masses derived from G55 cells post 37.0°C 

preconditioning grew above the dorsal surface, leaving the spinal cord with a relatively smooth 

and largely intact dura membrane (Figure 5: lower panel). Furthermore, tumor size in rats 

received 37.0°C preconditioned G55 cells, in average, appeared smaller (Figure 5; Table 1). 

H&E (hematoxylin and eosin) staining histochemically validated the afore-mentioned 

conclusions (Figure 5). Therefore, 38.5°C precondition resulted in more robust outgrowth of 

G55 gliomas and higher resistance to chemotherapeutic effects that impede cell proliferation and 

viability (e.g., intratumor delivery of 5-FU; Table 1). 

Discussion 

The adult mammalian spinal cord, in general, presents a dormant and inhibitory 

environment for endogenous stem cells and donor cell engraftment. The feature sets up barriers 

not only for regenerative biology-based neural repair approaches but also for efforts to establish 

xenograft models of spinal cord disorders such as ISCG. In the current study, we observed that 

culture temperature difference exerted greater effect on G55 than U87 human glioma cells (e.g., 

CDT reduction). G55 cells preconditioned in 38.5°C, relative to 37°C, showed limited increase 

in proliferation and apoptosis rates; however, their HSP27 and CD133 expressions were 

markedly augmented. Comparing to sustainable levels of HSP27 increase, elevated expression of 

CD133 was transient in a G55 subpopulation. Importantly, 38.5°C culture enabled G55 cells to 
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grow more robustly at either C2 or T10 spinal cord as determined by tumor size and growth 

profile, or resistance to anticancer efficacy of a bolus intratumor administration of 5-FU. We 

conclude that mild thermal pre-conditioning effectively influence the oncological features of 

human glioma cells in vitro and in vivo. Our data suggests that future studies should determine 

potential oncogenic modifying effect of hyperthermia regimens on glioma cells in order to devise 

efficacious ways to manipulate glioma cell fate. 

Clinical incidence of ISCG is generally rare relative to that of brain glioblastomas, it, 

however, could carry even poorer prognosis for many patients. Moreover, no targeted treatment 

has been established as either primary or adjuvant treatments for clinical spinal gliomas. This 

reality is partly caused by difficulties encountered in endeavors trying to establish clinically 

relevant ISCG models (30). The temperature of the CNS of mammalian species, though 

conventionally ranged under “core body temperature”, could be even a1 °C higher than most of 

other internal organs due to its vigorous metabolic activity (1,2). Published work demonstrated 

that besides directly modifying interactions with neighboring cells and/or other environmental 

elements (24,34), the heat-shock pretreatment could be a practical method to influence cell fate 

in order to improve the success of the donor cell engraftment (7). We thereby designed and 

tested whether preculturing human high grade glioma cells under 37.0°C or 38.5°C ambient 

condition could impact the oncological features of U87 and G55, two glioma cell lines that may 

have different genetic and epigenetic profiles (43). It has been reported that moderate heat shock 

exposure (e.g., 43℃ for 1 or 2 hours), clinically applied to tumor-brain border-zone, caused 

cancer cell acute autophagy and cell cycle arrest, but did not induce apparent tumor cell 

apoptosis (21,46). However, to date, very limited attention has been given to the effect of even 

milder temperature elevation (e.g., 38.5℃ used in the current study) on the oncological features 
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of human glioma cells. Our data shows that whereas the two-step incremental exposure from 

38.0℃ to 38.5℃ culture slightly reduced CDT in U87 and G55, it discernibly impacted 

expression paradigms of HSP27 and cancer stem cell marker CD133 in G55 cells. Furthermore, 

our mild hyperthermia regimen heightened engraftment, growth, and viability resilience of G55 

in the adult rat spinal cord. At least part of the precondition-triggered changes could be 

underlined by 38.5℃-induced upregulation of HSP27. As a chaperone protein responding to heat 

stress, HSP27 is one of the most widely studied heat shock proteins in oncology since it plays a 

major role in inhibiting extrinsic and intrinsic cell death signaling pathways to reduce apoptosis 

(4,9). HSP27 is also related to the state of tumor growth and to the aggressive state of tumor cells 

(13,32,41,42). Pathological overexpression of HSP27 has been reported in a wide spectrum of 

malignancies, which was associated with poor prognosis in different types of tumors, including 

high grade invasive gliomas. Correlation analysis on HSP27 expression and tumor growth rate of 

astrocytomas revealed that abnormal levels of HSP27 were likely to promote tumor growth (18). 

It has also been reported that the majority of cells in a given GBM mass could be generated by a 

very small fraction of self-renewing, multipotent tumor initiating cells/cancer stem cells (CSCs) 

that may be accountable for tumor growth, recurrence, and resistance to chemo- and 

radiotherapies (5,11,25,35). Indeed, in addition to sustainable increases of HSP27, 38.5℃-

cultured G55 transiently augmented CD133 expression in a small subpopulation. CD133 

(i.e., prominin-1) is a glycoprotein that in humans is encoded by the PROM1 gene that has been 

considered as a representative marker of CSCs (5,11,44). Thus, our results that rats received 

38.5℃ preconditioned G55 demonstrated more aggressively developing tumors that were less 

sensitivity to 5-FU treatment, suggest that milder heat stress exposures may induce transiently 

increased expression of CD133 in a fraction of glioma cells that may be more resilient for 
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survival and proliferation (e.g., as per our in vitro data, none of the CD133 positive G55 cells 

exhibited cleaved caspase-3, an apoptotic marker following bolus 5-FU treatment). Lately, 

analyses based on bench data and mathematical modeling indicated a possibility that stem cell-

like tumor initiation cells may not be a fixed population; instead, expressions of CSC markers 

may likely transient oncological events occurring in a selected population of cancer cells when 

induced by environmental and genetic impacts (26,27). We are currently exploring whether mild 

hyperthermia-stressed glioma cells also have constitutively activated HSP27 in CD133+ cells as 

reported before for CSCs under hypoxia and serum depletion to inhibit caspase activation (22). 

Although hyperthermia therapy has been conventionally reasoned as a putative treatment for 

different types of malignant tumors including GBM, data from large size controlled studies 

remains lacking (40). Noticeably, fever is one of the most common signs for the initial diagnosis 

and in the terminal stage of GBM patients (38). Therefore, systematical studies will be needed to 

examine potential oncogenic modifying or enhancing effect of hyperthermia regimens on glioma 

and other types of cancer cells through applying stem cell biology-oriented designs (25,26).  

We recently reported that genetically engineered human neural stem cells plus prodrugs 

efficaciously treated glioblastoma in the first rat model of ISCG manifesting both somatomotor 

and autonomic abnormalities (30). The present study has, in addition, established an effective 

approach of thermal precondition of human high grade glioma cells for alternating their 

oncological features in vitro and in vivo. Using the mild thermal exposure tactic, we have 

developed a protocol of manipulating growth dynamics of human glioma cells in the adult rat 

spinal cord. Taken together, our work provides new experimental systems for investigating 

oncogenic mechanisms and screening for potential oncolytic therapeutics to treat spinal cord 

malignant tumors. The findings may additionally facilitate future investigations of hyperthermia 
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impact on malignant tumor cells and therapeutic discoveries for currently intractable metastatic 

diseases. 
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Figure legends 

 

Figure 1. Promotion of glioma cell growth in vitro by mild hyperthermia 

U87 and G55 glioblastoma cells showed significantly augmented cell proliferation rate when 

cultured in 38.5°C ambient condition for 1-2 passages (i.e., P1 and P2). Group average cell 

doubling time (CDT), relative to P0 baseline values, was significantly shortened in U87 (e.g., 

from P0 CDT of 21.55 ± 0.13 hours to P2 CDT of 20.40 ± 0.32 hours, n = 9, P < 0.05, One-way 

ANOVA with Tukey HSD test) and in G55 cells (e.g., from P0 CDT of 19.31 ± 0.11 to P2 CDT 

of 17.40 ± 0.37 hours, n = 9, P < 0.05, One-way ANOVA with Tukey HSD test). 

 

Figure 2. Upregulation of HSP27 expression in glioma cells following 38.5°C precondition 

Under 37.0°C culture, about 7.41 ± 2.23% of G55 cells showed immunoreactivity for heat shock 

protein 27 kDa (HSP27) (A).  By contrast, when the cells were cultured in 38.5°C (P0), % of 

cells immunopositive for HSP27 increased significantly to 72.52 ± 1.77% (n = 9, P < 0.05, One-

way ANOVA with Tukey HSD test) (B). However, when G55 cells were continuously cultured 

in 38.5°C for 3 passages (P2: a9 days), the percentage of HSP27 immunopositive cells reduced 

to 60.33 ± 2.28% (n = 9, P < 0.05, One-way ANOVA with Tukey HSD test) (C). A summary 

of % of HSP27 immunopositive cells in different groups was presented in D. Insets: Typical 

density of DAPI-labeled nuclei of a80% confluent cells that were cultured under different 

temperatures. Percentage of HSP27 ICC positive cells were quantified via dividing the total 

HSP27 immunopositive cell number by the total number of DAPI labeled nuclei under each 

randomly sampled area (see Methods for details). Scale bar = 10 µm. * indicates P < 0.05 

compared to cells in 37°C culture condition, # indicates P < 0.05 compared to P0 cells in 38.5°C 

culture condition.  
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Figure 3. Culture of 38.5°C transiently elevated CD133 expression in a G55 subpopulation 

but did not trigger caspase-3 cleavage in those cells       

In 37.0°C setting, 2.7 ± 0.16% of G55 cells expressed CD133. However, CD133 expression 

percentage of 38.5°C-cultured P0 G55 increased to 6.48 ± 0.36 but subsequently reduced to 3.96 

± 0.13 in P2 cells, showing a transient pattern though the latter remaining significantly higher 

than control level (P < 0.05, n = 15/group, ANOVA with Tukey HSD test; Figure 3A-D). 

Following 38.5°C culture, there was a significantly increased rate of apoptosis in G55 P0 cells 

but the degree of increase was very limited (i.e., 2.34 ± 0.13% vs. 1.64 ± 0.16% of 37.0°C; P < 

0.05, n = 15/group, ANOVA with Tukey HSD test; Figure 3E-H) as detected by nuclear 

presence of cleaved caspase-3 (see details in orthoslice images in the larger inset). The apoptotic 

cell percentage decreased to 1.56 ± 0.10% in 38.5°C P2 cells that was insignificant comparing to 

37.0°C control cells (1.64 ± 0.16%). In all the settings, immunoreactivity to cleaved caspase-3 

was only observed in G55 cells that were negative for CD133 expression (Figure 3E-G; note: A-

D respectively showed the same imaging fields of E-G). The total cell number estimates were 

presented in D and H. Insets: Typical density of DAPI-labeled nuclei of a70-80% confluent cells 

that were cultured under different temperatures.   

 

Figure 4. In vivo oncological profile of G55 post 38.5°C precondition in the spinal cord 

Implantation of 38.5°C preconditioned G55 cells resulted in significantly larger outgrowth of the 

tumor compared with that derived from 37.0°C precultured G55 at C2 and T10 spinal cord as 

measured by the length and width of the glioma mass (A). As a physical sign of tumor progress, 

rats showed gradual impairment of the hind limb locomotor function and eventually lost their 
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capability to sustain performing body weight-bearing stepping (i.e. BBB score ≤9). This was the 

time when intratumor 5-fluorouracil (5-FU; dose: 0.1 micromole) was administered to assess 

sensitivity to chemotherapy (i.e., oncological aggressiveness). Rats with 38.5°C preconditioned 

G55 implant at either C2 or T10 had very poor response to bolus 5-FU treatment, showing 

continued deterioration of BBB scores 72 hours later; by contrast, rats with 37.0°C cultured G55 

responded well to the treatment, with their BBB scores being maintained at similar levels 

showing slight improvement (B). In fact, the group individual BBB score change (i.e., BBB at 

the day of 5-FU injection – BBB at 72 hours post 5-FU) in average was 3.33 ± 0.42 of the 

38.5°C group versus -1.33 ± 0.92 for the 37.0°C group (P < 0.01, n = 6/group, paired Student’s t-

test) (C, right column). The data suggested that 38.5°C precondition made G55 cells more 

malignant. The notion was validated by rat post-tumor survival evaluation. Specifically, rats with 

38.5°C preconditioned G55 cells in C2 or T10 spinal cord showed a group mean survival of 

15.33 ± 0.67 days post G55 transplantation, which was significantly shorter than rats received 

37.0°C precultured G55 (18.33 ± 0.71 days, n = 6/group, P = 0.012, unpaired Student’s t test) (C, 

left column). * indicates P < 0.05 when compared to rats receiving 37°C precultured G55. 

 

Figure 5. Pathological features of thermal preconditioned G55 glioma in the spinal cord  

Five out of the six spinal cords showed dorsal surface disruption by the outgrowth of glioma 

mass derived from the implanted G55 cells following 38.5°C precondition (upper row). By 

contrast, none of the tumors derived from 37.0°C preconditioned G55 grew above the dorsal 

surface in the six spinal cords (lower row). Right: H&E stain demonstrated representative 

pathological scale of the intramedullary growth of the glioma mass for each group.   
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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