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Abstract

Trophic factor treatment has been shown to improve the recovery of brain and spinal cord injury 

(SCI). In this study, we examined the effects of TSC1 (a combination of insulin-like growth factor 

1 and transferrin) 4 and 8 h after SCI at the thoracic segment level (T12) in nestin-GFP transgenic 

mice. TSC1 treatment for 4 and 8 h increased the number of nestin-expressing cells around the 

lesion site and prevented Wallerian degeneration. Treatment with TSC1 for 4 h significantly 

increased heat shock protein (HSP)-32 and HSP-70 expression 1 and 2 mm from lesion site (both, 

caudal and rostral). Conversely, the number of HSP-32 positive cells decreased after an 8-h TSC1 

treatment, although it was still higher than in both, non-treated SCI and intact spinal cord animals. 

Furthermore, TSC1 increased NG2 expressing cell numbers and preserved most axons intact, 

facilitating remyelination and repair. These results support our hypothesis that TSC1 is an effective 

treatment for cell and tissue neuroprotection after SCI. An early intervention is crucial to prevent 

secondary damage of the injured SC and, in particular, to prevent Wallerian degeneration.
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Introduction

Spinal cord injury (SCI) causes permanent neurological deficits. Its complex 

pathophysiology involves hypoxia, ischemia, vascular damage, free radicals production, 
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inflammatory response, necrosis and apoptosis, which contribute to a poor, almost null, 

recovery [1–4]. SCI causes structural abnormalities, such as reduced axonal density, 

abnormal myelination, Wallerian degeneration (WD) and glial scar, yet it still exhibits 

endogenous repair potential [5–8]. SCI leads to molecular and cellular changes which 

involve both, cytoprotection and cytotoxicity [9, 10]. Heat shock proteins (HSPs) are 

induced by stressful stimuli. They assist the mechanisms for cellular protection and survival 

[11]. The expression of HSPs is a first indication of potential cell survival [12]. The 

expression of HSP-32 and HSP-70 has been used as an indicator of oxidative stress in 

neurodegenerative disease and both of them are expressed after SCI [13–15]. 

Neuroprotection of all cells as well as stimulation of neuronal regeneration to restore 

functional recovery after SCI, are imperative concepts for treatment. Scientific evidence in 

the past decade proved that neurotrophins and other trophic molecules like transferrin confer 

neuroprotective effects after brain and SCI [3, 9, 16–19]. Glial-derived neurotrophic factor 

(GDNF) and brain-derived neurotrophic factor (BDNF), for example, have been proven to 

attenuate blood-spinal cord barrier (BSCB) breakdown, edema formation and cell injury in a 

rat SCI model [3,10]. Other trophic factors have also been subject to study: insulin-like 

growth factor 1 (IGF-1) was recently reported to attenuate cell death and enhance axonal 

outgrowth [10, 20]. Transferrin (Tf), an autocrine/paracrine factor for neural cells, is 

produced and secreted by oligodendrocytes (OLs) at early stages of postnatal development 

[21, 22]. This factor is essential for cell survival and differentiation of all mammalian cells 

[23–25], and it is also important for myelination [22, 26–28]. Our laboratory’s previous 

studies support the hypothesis that endogenous regeneration of neurons and glial cells after 

SCI is possible, in a proper environment [15, 29, 30]. Moreover, we have also found that 

after SC transection in the presence of a hydrogel, the endogenous nestin expressing 

progenitors remain actively involved in the reconstruction of the spinal cord even 21 months 

after SCI and gel implantation [31]. Thus, endogenous repair can be enhanced with adequate 

approaches. For example, a cell transplantation approach is basically a combination therapy 

where the cells are the first component and the factors they secrete condition the milieu that 

may support functional recovery. Therefore, if the potential intervention aims to regenerating 

the spinal cord with endogenous cell populations, the use of specific trophic molecules 

would enhance such repair.

TSC1, a combination of the trophic factors, IGF-1 and Tf, was previously shown to induce 

proliferation, migration and specification to the OL lineage of quiescence progenitors in the 

subventricular zone (SVZ) of the myelin deficient rat mutant [27] and in a mouse model of 

premature birth [32, 33]. The goal of the present study was to examine the early effects of an 

acute treatment with TSC1 after severe spinal cord crush. We hereby report that a single 

TSC1 intervention increased the expression of both, HSP-32 and HSP-70, stimulated a wave 

of MBP expression with a concomitant and considerable reduced WD. TSC1 also induced 

fast demyelination of axons while protecting them from being transected as if preparing 

them to be remyelinated by MBP positive OLs in their vicinity, a phenomenon that would 

have required longer time points than the currently studied.
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Methods

Animals

Six-month-old nestin-GFP transgenic mice were used with an average weight of 28.97 

± 4.85 g. We chose this age because nestin-GFP expression is very low and basically 

confined to the ependymal canal and therefore, it would not be difficult to detect an increase 

in nestin-GFP expressing cells. The nestin-GFP transgenic mouse, generated by Yamaguchi 

and coworkers [34], are bred at UCLA in a restricted access, temperature-controlled 

vivarium on a 12-h light/dark cycle, with food and water ad libitum. The animals were 

randomly assigned to five groups; untreated mice (n = 6), SCI mice 4 h (n = 6), SCI mice 8 h 

(n = 6), SCI + TSC1 mice treated for 4 h (n = 6) and SCI + TSC1mice treated for 8 h (n = 

6). All experimental procedures were carried out in accordance with the National Institutes 

of Health Guide for Care and Use of Animals and were approved by the Institutional Animal 

Care and Use Committee at UCLA.

Spinal Cord Injury

The surgical procedures were performed under general anesthesia with isoflurane in oxygen-

enriched air. The crush model was performed as previously described with minor 

modifications [35]. Briefly, a severe crush injury was made at the level of T12 using a 

dissection microscope and a rodent stereotaxic apparatus. Laminectomy was performed in 

aseptic conditions at the thoracic level T12. The crush injury was made using a number 5 

Dumont forceps ground down until the tips contact. Forceps were used to compress the cord 

laterally from both sides for 5 s. After surgery, mice were maintained in a temperature-

controlled environment during recovery and for testing. A single TSC1 administration (2 μl) 

was performed by delivering it in drops on the dorsal portion of the spinal cord without 

touching the spinal tissue (Fig. 1a). Samples were collected 4, 8 h or 7 and 14 days after 

surgery/treatment. A timeline of the injury and therapeutic intervention is shown in Fig. 1b.

Tissue Preparation and Immunohistochemistry

Deeply anesthetized animals were perfused with 4 % paraformaldehyde. The spinal cords 

were rapidly removed, post fixed overnight in 4 % paraformaldehyde, and cryopreserved in 

30 % sucrose. Thoracic segment of the spinal cord was separated from the other two spinal 

cord segments (lumbar and cervical). Twenty micrometers cross-sectional and longitudinal 

sections were obtained using a Micron cryostat. The specific antibodies used in this study 

are listed in Table 1. Immunohistochemistry was performed according to a previous 

publication [27]. Serial images stained sections were examined and photographed using the 

LSM-510 META confocal microscope (Zeiss).

Cell Counting and Statistical Analysis

Cross-sections at the thoracic (T12) level of the spinal cord were divided in 6 areas for cell 

counting purposes, as shown in Fig. 1b. The number of nestin-GFP expressing cells, HSP-32 

and double-labeled nestin-GFP/HSP-32 were counted in each of the six areas at different 

levels (Fig. 1c–e). At least 4 consecutive sections/animal and 3 animals/group were used for 

each marker. Cell count results were expressed as the mean ± SD numbers of positive cells. 
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Cells from the lesion epicenter, as well as 1 and 2 mm above and below the lesion, were 

counted.

Statistical analysis was performed by One-way analysis of variance (ANOVA), followed by 

Tukey’s test using the StatPage Software (Statpage.net). The level of significance was 

chosen as p < 0.05.

Results

To analyze the effects of TSC1 on uncommitted neural progenitors after SCI, we took 

advantage of the nestin-GFP expressing mice, generated by Yamaguchi and coworkers [34]. 

These mice express GFP under the control of the nestin-promoter. Nestin is a commonly 

used marker for neural stem cells (NSCs) also known as NPCs or neural progenitors. This 

mouse model allowed us to clearly identify changes in the NPCs population in untreated 

mice, SCI mice (both, 4 and 8 h) and SCI with TSC1 mice (both, 4 and 8 h). We examined 

the number of cells expressing nestin-GFP at the lesion site, above and below lesion (1 and 2 

mm) at thoracic segment T12 of the spinal cord.

Nestin-GFP Expressing Cells were Increased After Treatment with TSC1

We found that nestin-GFP expressing cells were present in all groups with or without TSC1, 

and that the total number of nestin-GFP expressing cells was already decreased 4 and 8 h 

after SCI (Fig. 2b). Additionally, the lesion area showed the lowest expression of nestin-GFP 

expressing cells when compared to 1 mm and 2 mm above and below the lesion. In contrast, 

we found that animals treated with TSC1 showed a higher total number of nestin-GFP 

expressing cells than mice with SCI but without TSC1. Four hours after treatment with 

TSC1, animals showed a significant decrease of nestin-GFP expressing cells, one and two 

mm below the lesion, when compared to mice 4 h after injury. We also found that there was 

no significant difference at the lesion level between SCI treated with TSC1 and non-treated 

mice. Interestingly, 8 h after treatment with TSC1 resulted in a higher number of nestin-GFP 

expressing cells than in SCI treated animals (Fig. 2b).

TSC1 Increases HSP-32

In order to determine the effect of TSC1 on cell injury response after SCI, we examined the 

expression of the stress protein, HSP-32. The total number of HSP-32 positive/nestin 

negative cells increased both 4 and 8 h after SCI. Interestingly, animals treated with TSC1 

after SC1 showed the highest number of HSP-32 positive/nestin negative cells after 4 h and 

this number considerably decreased 8 h after treatment (Fig. 2c). However, mice receiving 

the TSC1 treatment showed significantly higher numbers of HSP-32 positive/nestin negative 

cells than their counterparts both 4 and 8 h after SCI (Fig. 2b). The number of nestin 

positive/HSP-32 negative cells at the epicenter and the periphery remained virtually constant 

for mice not treated with TSC1both 4 and 8 h after injury, as well as in TSC1 treated mice 4 

h after the intervention. Nonetheless, TSC1 seemed to have rescued nestin-expressing cells 

as they reached their highest numbers 8 h after treatment (Fig. 2c). We next examined the 

colocalization of HSP-32 and nestin and it appeared as if most nestin expressing cells co-

expressed HSP-32 in all regions examined. At the epicenter, as well as above and below the 
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lesion, this population of cells displayed its lowest number at 4 h with a small but significant 

increase 8 h after SCI, as well as cells from the SCI + TSC1 group where at the epicenter 

and 1 mm periphery HSP-32/nestin expressing cells doubled the numbers when compared 

with 4 h (Fig. 2d). Thus, the number of neural progenitors co-expressing nestin-GFP/

HSP-32 cells was significantly increased 4 and 8 h after SCI, but to a lesser extent than in 

SCI + TSC1 mice both 4 and 8 h still at the epicenter, as well as 1 mm above the lesion. 

Interestingly, above the lesion, the number of cells showing colocalization of both markers 

reached its peak 4 h after TSC1 administration, most likely due to migration of these 

progenitors or perhaps loss of nestin expression of pre-existing progenitors.

HSP-70 Expression in SCI and SCI 1 TSC1

We next examined the expression of HSP-70 by immunofluorescence and found that it was 

increased in both, 4 and 8 h after SCI. At the lesion site 4 h after injury there were numerous 

HSP-70 positive cells organized as rows along the gray matter tissue and also some nestin 

expressing small cells intermingled within the few left white matter fibers (Fig. 3a). Only 

some nestin positive cells reaching the lesion border where the tissue had lost its 

cytoarchitecture, co-expressed HSP-70. In this region, the tissue looked like lace or spongy 

making it difficult to visualize any cells, additionally, there was incipient cavitation. In 

contrast, mice treated with TSC1 4 h after treatment had preserved cytoarchitecture, white 

matter tracks were visible where HSP-70 was found in thin cell processes in contrast to SCI 

mice where the label was found mainly in the cell bodies. The interface between the gray 

and the white matters was well defined; and in the gray matter spider like structures 

expressing both HSP-70 and nestin were found, as well as some HSP-70 positive/nestin 

negative cells. (Figure 3b). Eight hours after SCI the lesion epicenter had lost the vast 

majority of cells; HSP-70 labeled structures of fibrous nature predominated; only a few 

nestin expressing cells of enlarged aspect and devoid of cell processes were present (Fig. 3c) 

and view of the same field at higher magnification in Fig. 3e). At the same time term (8 h), 

the tissue of mice treated with TSC1 had a beautifully preserved organization where a mesh-

like structure appeared to cover the gray matter, while along the white matter tracks 

interfascicular HSP-70-expressing cells were visible (Fig. 3d). Moreover, nestin-expressing 

cells or their elongated fibers were arranged along the white matter. In some regions these 

fibers were perpendicular to axons and appeared to extend over and above white matter thick 

fibers intensely labeled by HSP-70 (Fig. 3f). Along these nestin labeled fibers, some bipolar 

nestin positive progenitors seemed to migrate towards or from the middle, where the 

ependymal canal was located.

TSC1 Promotes the Emergence of NG2-Expressing OLPs

To determine the impact of TSC1 on OLPs in this model of SCI, we examined the 

expression of the OLP specific marker neuron-glial antigen-2 (NG2). At the 4 h term after 

SCI, the tissue looked spongy due to damage and/or loss of cells and structures, and single 

cells were not distinguishable in the epicenter region (Fig. 4a). In contrast, in mice treated 

with TSC1 although the tissue exhibited damage after the crush, large NG2 expressing cells 

appeared to extend long cell processes into the white matter as if they connected with both, 

WM and GM. NG2 positive cells appeared also along white matter tracks that had partially 

kept their orientation. In some of these cells, segments of their cell processes were NG2 

Krityakiarana et al. Page 5

Neurochem Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



labeled. Other NG2 positive cells had a spider-like appearance with numerous hairy 

processes extending over the white matter fibers. Moreover, some cell processes were clearly 

NG2 positive and they appeared to be underneath the spider-like cells. Small bipolar cells 

were visible in both, the gray and white matters (Fig. 4b). A closer view of the white matter 

of SCI + TSC1 mice 4 h after the intervention, unipolar and bipolar nestin expressing 

progenitors were clearly distinguished from NG2 positive cells (Fig. 4c). A view of a naive 

mouse SC is shown in panel (D) where NG2 appeared to be absent in both gray and white 

matter and where the nestin label was visible along blood vessels indicating that the nestin 

signal belongs to pericytes in the intact spinal cord. Seven days after injury, cells along the 

ependymal canal expressed intensely the nestin gene and small cells in the gray matter 

appeared to express both, nestin and NG2 (Fig. 4e). At this time point mice receiving TSC1 

also had nestin-expressing cells in the ependymal canal and small cells co-expressing the 

label were seen in the gray matter (Fig. 4f). The white matter of TSC1 treated mice had been 

populated by bipolar nestin-expressing cells with long processes extending parallel to axons, 

some of these nestin positive progenitors appeared to migrate from the gray matter into the 

white matter, where some tissue loss could be observed (Fig. 4g). The gray matter of the 

naïve spinal cord did not show NG2 positive cells and nestin was solely expressed in 

pericytes (Fig. 4h). The gray matter of mice 14d after SC crush continued to deteriorate even 

within 2 mm away from the epicenter; cavitation, debris and enlarged yellow cells were 

abundant. The tissue consisted of NG2 labeled fibrous cells and only few faintly labeled 

nestin expressing cells were intermingled with the NG2 labeled fibers; pericytes were not 

visible (Fig. 4i). After 14 days of acute treatment with TSC1, the gray matter showed NG2 

positive cells labeled in their cell bodies. An interphase-like region of NG2 labeled fibers 

had formed between the gray and the white matter. In the white matter and beyond that 

interface numerous bipolar nestin-expressing cells appeared to travel along the NG2 matrix 

that had formed where usually axons reside. A few of these cells appeared to co-express 

NG2 and nestin (Fig. 4k). The gray matter of these mice displayed numerous NG2 positive 

cells with shorter processes than those found in the white matter. These cells were arranged 

in a gradient-like pattern. At this same time point (14 days) more small cells co-expressed 

nestin and NG2 (Fig. 4l).

In order to identify the effects of acute intervention with TSC1 after SC crush and to assess 

the integrity of the tissue we examined the lesion site and surrounding areas (1 and 2 mm 

rostral and caudal to the lesion). We used the neuronal/axon marker NF-200 (red) and anti-

MBP (blue) to visualize myelin. We found that 4 h after SCI there was severe damage and 

cavitation surrounding the lesion site (Fig. 5a). The formation of a dense scar was already 

present at this time point. Caudal to the lesion there was a gradient of naked axons still 

labeled by the anti-NF antibody in the gray matter, the NF gradient led to MBP-expressing 

OL labeled in the cell body rather than the fibers. The white matter was positive to MBP and 

intensely labeled. At a higher magnification of the portion rostral to the lesion, fibers and 

scar-like tissue were seen across the spinal tissue. MBP-positive cells were clearly seen and 

bundles of fibers along the white matter extended rostrally (Fig. 5b). As for MBP-labeled 

fibers they were visible in the white matter intermingled with necrotic bundles. Moreover, 

farther caudal from the lesion necrotic tissue and cavitation were already noticeable and 
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both, the gray matter and the white matter showed lack of NF and MBP. Nestin-expressing 

cells were seldom visible in the vicinity of the lesion (Fig. 5c).

Four hours after SCI + TSC1 the tissue looked more even in terms of MBP and NF staining. 

There was a thin faint scar but much smaller than in the SCI 4 h term. Cavitation was visible 

rostral to the lesion in the white matter, but not in the white matter caudal to the lesion (Fig. 

5d). In the caudal part to the lesion gray matter there was some necrosis and visible 

cavitation close to the epicenter. Higher magnification views of the caudal white matter 

showed numerous MBP positive cells and/or segments intermingled with NF labeled axons 

and some small, round or bipolar nestin-expressing progenitors all appeared to converge in 

the vicinity of the lesion (Fig. 5e). Even farther caudal to the lesion numerous naked axons 

were present bearing the NF label. Although unmyelinated, the vast majority appeared well 

organized and only a few myelin segments were found (Fig. 5f).

We also examined the spinal cord of mice that underwent SCI without TSC1; 8 h after, the 

intervention showed massive axonal disruption at the epicenter as well as cavitation in the 

gray matter caudal to the lesion. NF and MBP immunoreactivity was observed caudal and 

rostral to the lesion. The white matter showed massive foci of necrotic cells at the epicenter 

as well as caudal and rostral to the lesion (Fig. 6). Higher power view of the epicenter 

showed some OL recognized by MBP positive in the gray matter (Fig. 6b). At the level of 

the epicenter some enlarged OLs were found in the lace-like gray matter. At this time point, 

cavitation had developed in the white matter, near the epicenter, but there were also nestin-

positive cells arranged along NF faintly labeled axons (Fig. 6c). At even higher 

magnification the tissue loss was clearly visible and the enlarged OLs appeared not to have 

any cell process, and most of the NF label was practically gone in the epicenter regions (Fig. 

6d). Mice that received TSC1 after SC crush displayed considerable cavitation in the white 

matter, extending into the gray matter at the epicenter and its vicinity. However, the most 

striking finding was the presence of numerous MBP-positive OL in the gray matter. These 

cells were bearing the label in their cell bodies (Fig. 6e). Another important aspect was the 

presence of many nestin-expressing cells either surrounding some of the tissue cavities in the 

white matter (Fig. 6f), or as a thin extensive network of nestin-labeled cell fibers that 

appeared to extend over the damaged white and gray matters (Fig. 6h). These thin fibers 

were perpendicular to axons and appeared to originate from the ependymal canal (EP) across 

the gray matter. Some necrotic tissue was also visible in the gray matter (Fig. 6h).

TSC1 Prevents WD Increasing MBP-Expressing Cells After SCI

We further examined the effects of TSC1 1 and 2 weeks after the intervention. Figure 7 

shows the comparison of the spinal cord at 7 and 14 days after severe crush and that of one 

that received TSC1 adjacent to the epicenter. Seven days after severe crush most of the white 

matter had lost both myelin and MBP labeling; also the NF staining was seen in somata of 

cells in the gray matter but not in the white matter. Moreover, in the white matter very few 

NF-labeled fibers were seen. Numerous small nestin-expressing cells had migrated to the 

epicenter and its vicinity. Nonetheless, almost no myelinated fibers were seen. Some MBP-

positive OL were intermingled in the tissue at the epicenter edge and fewer of them were in 

the gray matter. Their numbers increased as distance to the epicenter shortened (Fig. 7a). 
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Seven days after SCI + TSC1 abundant MBP and NF immunoreactivity were seen and 

among these cells and fibers some GFP-nestin bipolar cells or dividing cells were also 

present (Fig. 7b). Fourteen days after SCI cavitation was extensive and numerous MBP-

positive cells were labeled solely in the cell body. Moreover, just a few neuronal cell bodies 

were visible. Disorganized segments of MBP positive fibers were present in the white matter 

and they were longer and increased in number at what one could call the interface between 

the white and the gray matter. Nestin-labeled bipolar cells or cells with numerous hairy 

processes were also present (Fig. 7c).

Mice treated with TSC1 after severe crush and 14 days after the intervention had preserved 

cytoarchitecture. Numerous cell bodies and long uninterrupted and naked NF-labeled axons 

were clearly seen. Myelinated fibers were also present and they showed continuity. Among 

fibers arranged in parallel as expected of the white matter, small and larger neuronal bodies 

were visible. In the gray matter, NF-labeling predominated but MBP-expressing cells were 

also seen. Although there was cavitation in both, the white and the gray matters, at large the 

cytoarchitecture had been preserved. At this time point and at this magnification it was 

difficult to determine the presence of nestin-expressing cells (Fig. 7D). At a higher 

magnification, there was extensive cavitation in the SCI mice that did not receive TSC1. 

These areas devoid of tissue would not offer support for axonal re-growth or for progenitor 

migration to repopulate and re-construct the spinal cord (Fig. 7E). In contrast, two weeks 

after SCI + TSC1 the vast majority of axons were present. Some of them were myelinated 

and many more were unmyelinated, but not transected. Moreover, some bipolar nestin-

expressing cells appeared to use naked axons to migrate and a few nestin-positive cells were 

present between axons. Healthy neuronal cell bodies were also present. The most 

remarkable finding was that MBP-positive OLs extended numerous long cell processes to 

reach axons across long distances. This was most likely because axons were still intact and 

perhaps signaling OLs for re-myelination (Fig. 7F).

Discussion

In the past the concept of “regeneration” after traumatic brain injury or SCI, basically 

referred to the potential of axonal re-growth from an injured neuron. This phenomenon and 

sprouting are due to the well-known innate anatomical plasticity of the CNS. After SCI the 

distal segments undergo WD and the proximal segments do not spontaneously regenerate 

[36]. Many approaches have been taken to understand why spontaneous regeneration 

initiates, but is not sustained. Studies describing the mechanisms underlying axonal growth 

failure including cavitation, inflammation, gliosis, scar formation and lack of trophic factors, 

have been reviewed and summarized [37]. These and other studies have led to experimental 

efforts to enhance regeneration of the injured spinal cord. One of these approaches has been 

the use of growth factors and bridges. Among those factors are NGF, BDNF, NT3, NT4/5, 

and GDNF [37], and in the brain Platelet derived growth factor-alpha (PDGF-aa), 

neurotrophin-3 (NT-3), basic fibroblast growth factor (bFGF), and insulin-like growth 

factor-1 (IGF-1) have been show to enhance re-myelination in a mouse model of cuprizone 

demyelination [38].

Krityakiarana et al. Page 8

Neurochem Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We recently described the use of “TSC1”, a mixture of transferrin and somatomedine C (also 

known as IGF-1) to promote CNS endogenous repair and myelination of the myelin 

deficient (md) mutant rat [27], re-myelination of the adult demyelinated mouse brain [39] 

and rescue of the forming white matter in a mouse model of periventricular leukomalacia 

resulting from premature birth, where we demonstrated that white matter loss after 

excitotoxicity can be partially rescued by using TSC1 that conferred neuroprotection to 

preexisting OLP and regeneration of the WM via OLP proliferation. Moreover, we also 

showed that an early TSC1 administration maximizes neuroprotection [32].

In all three animal models the mobilization of nestin-expressing progenitors played a major 

role on the improvement of myelin loss. Therefore, here we sought to determine if TSC1 

would be beneficial if administered acutely after SC severe crush.

We believe that SCI should be treated like heart failure or stroke where the patient is treated 

as soon as possible to optimize the potential outcome and minimize secondary damage. 

Because the trauma to the tissue was severe we did not want to increase the injury further 

and therefore, we decided to administer TSC1 without touching the spinal tissue.

It has been reported that HSPs play protective roles and provide tolerance against cellular 

stress. These proteins are involved in the modulation of proteolytic machinery, preventing 

protein misfolding and aggregation, thereby accelerating cellular repair processes [40]. After 

trauma, the secondary injury to the spinal cord is the induction of oxidative stress by 

initiation of free radical reaction and lipid peroxidation. The oxidation of fatty acids, 

including arachidonic acid, generates oxygen radicals as a byproduct and may be the 

primary mechanism of free radical generation in the traumatized spinal cord [13]. HSP-32 or 

heme oxygenase (HO)-1 is expressed in many kinds of cells (e.g. astrocytes, microglia, 

macrophages, neutrophils or neurons) which are stimulated by pro-inflammatory cytokines 

after SCI [41, 42] HSP-32 is important to control acute inflammation [14, 19]. It is well 

known that SCI induces oxidative stress response that elicits the upregulation of HSP-32 and 

HSP-70 [11, 19, 42]. This is an important mechanism for the recovery and survival of 

injured cells; [14, 43, 44]. In the present work, we examined the response of two stress 

proteins HSP-32, and HSP-70, as biomarkers of the extent of injury, its intensity and the 

potential for recovery in the presence of TSC1. We found that mice that were treated with 

TSC1 after severe crush showed higher number of cells expressing HSP-32 than in mice 

with SCI without TSC1, suggesting that in the presence of TSC1 these cells had activated 

their machinery to survive the insult in a more efficient manner. Therefore, TSC1 increased 

the number of cells that expressed HSP-32 allowing them to survive at the lesion epicenter, 1 

and 2 mm caudal to (or below) the lesion. These HSP-32 expressing cells included a 

subpopulation of nestin-expressing neural progenitors. These data confirm our previous 

work where HSP-32 was scarce and delayed in a rat model of SC hemi-section [15]. 

Nonetheless, in rats that underwent reconstruction of the lesion motoneurons and cells from 

the ependymal canal appeared to be the main populations expressing HSP-32.

The affymetrix profile of expression for HSP-32 has been reported to increase 11.4 times 24 

h after injury and 70 times after 48 h [45] which suggests that higher levels would be 

achieved in the presence of TSC1 resulting in reduction of cell death.
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Another stress protein, HSP-70 is involved in the repair or degradation of polypeptides that 

become denatured under stress [46]. It recognizes and binds to nascent polypeptide chains as 

well as partially folded proteins, preventing their aggregation and misfolding. It also 

interacts with HSP-40 to promote cellular protein folding and repair misfolded proteins [13, 

40, 46, 47]. In contrast to HSP-32, only a few nestin-expressing cells co-expressed HSP70 

indicating that cells from defined lineages responded to SCI by expressing HSP-70 in mice 

with SC crush without TSC1, treatment. In mice treated with TSC1 HSP-70 was 

conspicuous mainly in long and thick fibers in the white matter (perhaps myelinated axons 

or in myelin itself), and in the gray matter in neuronal cell bodies at the epicenter and below 

the lesion confirming that the neuronal population had a propensity to up-regulate HSP-70 in 

response to TSC.

TSC1 Promoted Survival and Migration of Nestin Expressing Cells

Nestin is an intermediate filament protein that is known as a neural stem/progenitor cell 

marker. It is expressed in undifferentiated central nervous system (CNS) cells during 

development, but also in the normal adult uncommitted progenitors CNS [48, 49] and in 

CNS tumor cells where the degree of nestin expression correlates with the malignancy of the 

CNS tumor [50]. Thus, nestin is generally recognized as a marker protein of undifferentiated 

CNS cells at the stage that precedes exit from the cell cycle and commitment of the mature 

progeny to a specific lineage. Moreover, GFP-expression and nestin protein co-expression 

have been studied in the dentate gyrus of the adult nestin promoter–GFP mice created by 

[34, 51]. In fact there are two types of nestin-GFP-bearing ptogenitor cells in these mice 

even if uninjured, some that co-labeled with an anti-nestin antibody and an anti-GFAP 

antibody. These cells expressing nestin, GFP and GFAP were described to often come in 

contact with blood vessels [52, 53]. Other cells co-expressed PSA-NCAM, nestin and GFP 

but not GFAP as visualized by their respective antibodies [52].

It has also been shown that after focal cerebral ischemia induced in rats nestin is expressed 

by reactive astrocytes [54] in the peri-infarct zone during the first 3 days while, in the 

ischemic core nestin expression was observed only in the microvasculature and in larger 

caliber cells, suggesting that nestin may be involved in the regulation of cell structure 

remodeling after ischemia [54]. Nonetheless, in a separate manuscript we have shown that 

with the TSC1 combination nestin–expressing cells become—MBP or Tf positive cells [27]. 

In addition we have shown that nestin and GFAP do not colocalized upon TSC1 

administration into the de-myelinated brain parenchyma [33].

In this study, we showed that the number of nestin-GFP expressing cells was decreased in 

both SCI and SCI + TSC1 mice both at 4 and 8 h after treatment at the lesion site as well as 

1 and 2 mm rostral and caudal to it. Having counted separately nestin-expressing cells from 

those co-expressing HSP-32 and nestin, we determined that only a small number of nestin-

expressing cells was unable to express HSP-32. Nonetheless, the number of nestin-positive/

HSP-32 negative was higher in mice treated with TSC1 than in those that underwent SCI 

without TSC1 treatment. Previous studies have shown that 1 day after a minimal SCI, the 

expression of nestin is induced achieving the peak of expression by 7 days after injury [55]. 

Taking both, their data and ours together we could deduct that nestin expressing cells are not 
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numerous at the epicenter and around the lesion at 4 and 8 h, because they had not yet 

migrated that far. We previously showed that TSC1 elicits the mobilization and migration of 

nestin-expressing cells from the subventricular regions of the brain to the parenchyma in the 

neonate dys-myelinated, uninjured rat brain [27]. In another more recent paper using a 

mouse model of excitotoxicity we have shown that the nestin-expressing cell population 

regenerates in two manners: it mobilizes preexisting dormant nestin-expressing cells as a 

consequence of the insult, and those nestin-expressing cells had also regenerated via cell 

proliferation when mice were treated acutely with TSC1. Moreover, a delayed 

administration of TSC1 after excitotoxicity reduced ventriculomegaly but not as much as 

when NMDA and TSC1 were injected simultaneously [33] indicating that there is a window 

of opportunity that is widely open just after the insult and that it gradually closes allowing a 

less robust regeneration upon TSC1 administration. In other words, the beneficial effects of 

TSC1 are considerably reduced as a function of time; the longer it takes prior to its 

administration, the least optimal its effects swill be. Therefore, TSC1 appears to be the 

proper combination of factors to activate and produce adequate numbers of nestin- 

expressing cells in a sustained manner (up to 2 weeks) after SCI.

IGF-1 is a pleiotropic factor with diverse roles in the CNS [56]. It is a potent proliferation 

agent for neural-stem cell precursors and neuroblasts and it promotes subsequent steps in the 

differentiation of neurons, astrocytes and OLs. Besides proliferation, IGF-1 has been shown 

to promote myelination [57, 58]. IGF-1 is widely distributed in the fetal and neonatal CNS, 

but it is restricted in the adult CNS [59]. Similarly, IGF-1 receptor expression is 

heterogeneous during early stages of CNS development, but the expression levels decline 

postnatally [60] reaching low levels in the aging brain. IGF-1 is also known to prevent 

apoptosis [61].

IGF-1 not only works on neurons, but also controls the balance between OLP proliferation 

and differentiation in CNS [62–64]. Moreover, Gage and collaborators [64] showed that 

IGF-I alone instructs the differentiation of multipotent adult rat hippocampus-derived neural 

progenitor cells into OsL. OL differentiation by IGF-I appears to be mediated through an 

inhibition of bone morphogenetic protein signaling. Furthermore, overexpression of IGF-I in 

the hippocampus leads to an increase in OL markers. Thus, demonstrating that IGF-I, 

dictates the fate choice of multipotent adult neural progenitor cells to an OL lineage.

Transferrin is the main iron carrier glycoprotein in mammals, behaving as a paracrine factor. 

It plays an important role in metabolic activity in all mammalian cells and prevents cell 

death after stress or injury [17, 65]. Cell culture studies showed that immature neurons 

require transferrin and IGF-1 for survival as they become post-mitotic [66]. Tf is also needed 

by developing OLPs [67]. We have demonstrated that it is synthetized and secreted by OL 

[68] and that it is an essential factor for the up-regulation of the MBP gene [22]. We have 

previously reported that low levels of Tf in the CNS contribute to myelin deficiency and that 

correction of Tf levels in cell culture [68] or in vivo, leads to myelination [22]. We have also 

shown that Tf synergizes with IGF-1 to enhance myelinogenesis in the md mutant rat [26] 

and the adult demyelinated brain [26].
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Although the molecular mechanisms underlying TSC1 neuroprotection against cell death 

were not examined in this study, it has been reported both in vitro and in vivo that IGF-1 

may directly prevent cell death and apoptosis of cells after injury [69–71]. In addition, Tf 

has been identified as a stabilizing factor of cytoskeletal proteins in nerve fibers and it also 

prevents the disruption of the axonal transport and myelin degeneration [71]. Therefore, the 

neuroprotective effects of TSC1 on axon preservation may be due, at least in part, to 

uninterrupted circulation of nutrients and the preservation of axonal cytoskeleton.

NG2-expressing cells also known as “polydendrocytes” comprise an abundant glial 

population widely distributed throughout the developing and the mature CNS. The NG2 

proteoglycan is characteristically expressed by OLPs in the normal CNS. OLs are 

particularly sensitive to stress resulting in cell death in the white matter after hypoxic or 

ischemic insults of premature infants and in some types of Multiple Sclerosis lesions where 

OLPs die. Polydendrocytes differentiate into OLs in vitro and have often been equated with 

OLPs and they appear to be the primary source of re-myelinating cells in demyelinated 

lesions [72]. The NG2 proteoglycan binds to OMI/HtrA2, a mitochondrial serine protease 

which is released from damaged mitochondria into the cytosol in response to stress. In the 

cytosol, OMI/HtrA2 initiates apoptosis by proteolytic degradation of anti-apoptotic factors. 

OLPs in which NG2 has been downregulated by siRNA, or using OLPs from the NG2-

knockout mouse showed an increased sensitivity to oxidative stress evidenced by increased 

cell death. The proapoptotic protease activity of OMI/HtrA2 in the cytosol can be reduced 

by its interaction with NG2 [73]. Another study supporting this idea has shown that human 

glioma expressing high levels of NG2 are less sensitive to oxidative stress than those with 

lower NG2 expression. Moreover, reducing NG2 expression by siRNA increases cell death 

in response to oxidative stress. Binding of NG2 to OMI/HtrA2 may thus help protect cells 

against oxidative stress-induced cell death in our experimental paradigm [73].

NG2 has also been described as an inhibitor of axonal growth based on the use of the NG2 

molecule rather than NG2-expressing cells [74]. But, when using NG2-expressing cells 

rather than the isolated NG2 proteoglycan in coculture experiments, Yang and coworkers 

showed that NG2 positive cells derived from postnatal rat brain promoted axon outgrowth on 

hippocampal neurons rather than inhibiting it [74]. In fact, growth cones of hippocampal 

neurons preferentially formed contacts with NG2 cells, whereas coculture with MAG-

expressing cells or mature OLs led to growth cone retraction. In addition, cocultures of 

neurons and astrocytes promoted less axon outgrowth than NG2 cells what led the authors to 

conclude that NG2 cells are responsible for the axonal growth-promoting effects [74]. These 

authors also ascertained that NG2 cells express laminin and fibronectin at the cell surface 

[74], extracellular molecules known to exert growth-promoting effects and which the authors 

suggested to be responsible for the extensive contacts between growth cones and NG2-

positive cells that were observed in the developing corpus callosum in vivo. Using the 

myelin deficient (md) mutant rat, we have previously demonstrated that upon exposure to 

TSC1, nestin expressing cells rapidly mobilize from the SVZ into the brain parenchyma, 

some proliferate and others do not. Then 3 days later in the brain of the md animal, these 

cells had migrated widely and dispersed throughout the caudate putamen, and they all 

expressed the early OL marker transferrin (Tf) [27]. With time these cells progressed in the 

OL lineage by acquiring more OL markers such as PDGF receptor alpha, NG2 and myelin 
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markers. Two weeks after a single administration of Tf + IGF-1 (TSC1) md rats showed 

myelinated fibers both, in the lateral and contralateral hemispheres [26]. In the same paper 

we showed that Tf upregulates MBP gene expression and that in combination with IGF-1 the 

effect is synergistic enhancing myelination. This information together with the findings [64] 

discussed above leave no doubt that the NG2-expressing cells in this study were OLs.

The fundamental features of WD include demyelination, myelin clearance and axonal 

degeneration or transection. These are some of the components of secondary effects after 

SCI [75]. It has been reported that demyelination occurs over the first week after SCI and the 

next step is remyelination which is completed between 2 and 4 weeks [76, 77]. It is possible 

that surviving NG2-positive cells were induced to divide early after injury by non-

myelinated axons within the injury area. Moreover, the timing of NG2-positive cells 

expression suggests a possible role for these cells in remyelinating the injured area [78]. 

Therefore, NG2 seems to play an important role to achieve remyelination after SCI.

Wallerian degeneration is a component of the secondary phase of SCI where there is cellular 

damage and cell death, demyelination and axonal degeneration [78].

Since TSC1 contains IGF1, it may be a potential action of TSC1 on promoting mitochondria 

homeostasis and energy management, which in turn, can play a role on reducing tissue 

damage. According to the diagram, TSC1 can reduce mitochondrial damage involving 

cytochrome C release. These in turn can act on reducing apoptosis by inactivation of 

caspase-9. This mechanisms work in conjunction with the many roles discussed for 

transferrin synergizing their effect and emphasizing the suitable combination between IGF-1 

and transferrin for neural repair purposes (see Fig. 8 in Appendix).

Conclusion

Conditioning the cellular micro-environment with different factors, such as brain-derived 

neurotrophic factor (BDNF), or epidermal growth factor receptor (EGFR) [38, 79] to 

overcome injury or disease, is an ideal approach. What is critical for future therapeutic 

interventions based on endogenous neural stem cells/progenitors, it is the specific choices on 

the combination of factors and the time of their administration. We have previously reported 

that the endogenous regeneration potential the spinal cord possesses can be sustained and 

brought to functional recovery of hindlimb movement by implanting a hydrogel to provide 

support to newly formed cells and cells migrating towards the lesion, thus rebuilding the lost 

tissue after double transaction [80]. The present study demonstrates that the contribution of 

TSC1 to recovery of the tissue after SCI is on one hand the preservation of cells and the 

cytoarchitecture of the spinal cord and, on the other, it promotes the regeneration of the cell 

populations that were lost as a consequence of the crush itself and the secondary damage. 

Interestingly, TSC1 appears to have accelerated demyelination while preserving the axons 

from transection, a phenomenon that took approximately 1 week to clear pre-existing 

damaged myelin. Moreover, the remyelination process appears to have actively started 

during the second week after the administration of TSC1 when OLs appeared to be 

contacting numerous axons suggesting that within one more week most axons would have 

been myelinated by endogenous OLs. While this study did not include examination of the 

Krityakiarana et al. Page 13

Neurochem Res. Author manuscript; available in PMC 2017 March 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



origin of these re-myelinating OLs (i.e. preexisting OL progenitors or, nestin-derived OLPs, 

or both), we can say that TSC1 acutely applied just once, on the surface of the spinal cord, 

has long-lasting effects on the spinal cord by attenuating cell and myelin loss in certain 

regions, supporting demyelinated axons and accelerating remyelination and recruitment of 

nestin-expressing progenitors at all time points studied. Considering that here we used 6 

months old mice that would be equivalent to 20–35 years of age in humans, these results 

augur well for a successful outcome on the clinical use of TSC1 as soon as possible after the 

lesion occurs. Moreover, the use of a combinatorial therapy that would include a support 

such as a hydrogel as we previously reported, where nestin-expressing cells continue to 

migrate 21 months after spine reconstruction [80] together with TSC1 as described herein, 

and an assisted exercise therapy program that would enhance even more the numbers of 

nestin-positive cells and OLPs as we previously reported [81], appears to be the most 

promising approach currently available to prevent WD and enhance a robust functional 

recovery from SCI even in mature adults.
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Appendix

There are various signaling pathways involved in IGF-1 normal activity in the CNS. Ligand 

binding to IGF-1 receptors (IGF1Rs) triggers receptor autophosphorylation and association 

with docking proteins (not shown; for review see [82]. Upon cell injury (center of diagram) 

apoptosome formation is triggered by the release of cytochrome c from damaged 

mitochondria in response to either intrinsic or extrinsic cell death stimuli. The cytochrome 

binds to ATP-dependent proteolysis factor 1(Apf-1) monomeres which then create APF 

heptameres or heptamere apoptosomes. Recruitment of pro-caspase-9, either in the 

apoptosome or binding directly to Apf1, activates caspase 9, cleaves pro-caspase-3 and 

activates it. Caspase-3 breaks down cellular components for their recycling. Based on the 

reports from Wood and collaborators one can infer that in our experimental paradigm 

exogenous IGF-1 contained in TSC1 may prevent mitochondrial damage and cytochrome 

release blocking the caspase chain of events that lead to apoptosis (see text for details). The 

amount of iron (left part of the diagram) in cells is controlled by the cell surface transferrin 

receptor (TfR)-mediated uptake of iron as transferrin-iron. [83] TfR synthesis is regulated by 

interaction of the iron regulatory protein (IRP) with the iron-responsive element (IRE) 

present on the 3′ untranslated region of TfR mRNA. IRPs serve as sensors of cellular iron. 

[83–85]. The cellular oxidative damage caused by reactive oxygen species and reactive 

nitrogen species is critically controlled by cellular iron homeostasis [85]. Exposure to H2O2, 

enhances the expression of TfR mRNA, where TfR appears to be the link between oxidative 

stress and TfR-mediated iron uptake. Transferrin (Tf) (left part of the diagram) is the iron 

carrier glycoprotein for all normal cells of mammalians. In circulation, it is saturated to 

around 30 % in adults. Thus, allowing for the chelation of iron radicals released after cell 

injury. In the CNS, Tf is synthesized by OLs and choroid plexus. Iron (Fe) is found in OLs 
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and myelin in high density and both iron and Tf are required for myelin production [22, 85, 

86]. As discussed by [87] and other authors, excess and/of free iron can be cytotoxic, by 

catalyzing the production of hydoxyl radicals from hydrogen peroxide [88]. Increased iron 

concentrations in the brain have been shown in neurodegenerative diseases, e.g. Alzheimer’s 

disease and Parkinson’s disease [89, 90] where oxidative stress has been proposed as a 

pathogenic mechanism of neurodegeneration. Conversely, brain Tf levels decrease with age 

and the decrease is dramatic when Alzheimer’s and Parkinson’s disease are superimposed on 

the aging process [91]. This stoichiometry of the iron related proteins Tf, ferritin and 

transferrin receptor (TFR) is essential to maintain CNS function. Upon OLPs and or myelin 

breakdown free iron is released. In our experimental model, Tf may act as a transient 

chelator while “Ferritin”, the iron storage protein, is synthesized (circle with red dots) 

helping prevent oxidative stress and lipid peroxidation. Heat shock factors (HSF) are 

transcriptional activators of heat shock HSP (P) genes [92]. These activators bind 

specifically to Heat Shock sequence Elements (HSE) throughout the genome [93–98]. The 

Heat shock factor (HSF/HSF1) mediates the stress-induced expression of heat shock or 

stress proteins (HSPs). HSF/HSF1 is inactive in unstressed cells and it is activated during 

stress. Activation includes its hyperphosphorylation. Twelve Serine residues are 

phosphorylated in heat-activated HSF1 from which phosphorylation of HSF1 residue Ser326 

plays a critical role in the induction of the factor’s transcriptional competence by heat stress 

and chemical stress. The functional role of other newly identified phosphor Ser residues 

remains unknown [99]. The Heat Shock sequence Element is highly conserved from yeast to 

humans. Heat shock factors (HSF) are transcriptional activators of heat shock genes. These 

activators bind specifically to Heat Shock sequence Elements (HSE) throughout the genome 

[93]. Although not shown in the diagram, eat shock proteins bind to the misfolded proteins 

and dissociate from HSF-1. This allows HSF1 to form trimers and translocate to the cell 

nucleus and activate transcription [7]. Its function is not only critical to overcome the 

proteotoxic effects of thermal stress, but also needed for proper animal development and the 

overall survival of cancer cells [100, 101]. It is worth mentioning that we have previously 

shown a synergistic effects of TSC1 as a neuroprotective agent. In the present work, we 

showed that a single dose of TSC1 was necessary and sufficient to increase the number of 

HSP-32-expressing cells most likely by HSF phosphorylation, hence promoting 

mitochondria homeostasis and energy management (Fig. 8).
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Fig. 1. 
a Schematic representation on TSC1 mode of administration as drops over the lesion at the 

thoracic level (T12). Nestin-GFP transgenic mice generated by Yamaguchi and co-workers 

[34] (2000) 6 months of age were used in this study. The surgery included laminectomy and 

after laminectomy, mice received a severe crush at the lumbar level (L1–L2) followed by the 

administration of a 2 μl drop of TSC1 as shown in Fig. 1B. This approach allowed 

immediate contact with the spinal cord tissue and rapid absorption of TSC1. Because the 

volume is small the full amount of TSC1 reaches the dorsal portion of the spinal cord tissue. 

b Time line showing when the severe crush was performed as well as, the TSC1 

administration
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Fig. 2. 
TSC1 increased the number of nestin-expressing cells 4 and 8 h after treatment. a Schematic 

representation of a transverse section of the spinal cord showing the six different areas used 

to count cells. The bar graph represents the total number of cells from three separate groups 

that were counted: nestin-GFP expressing cells (b), HSP-32 positive cells (c), and, co-
expression of both markers by the same cell (d). Quantification was performed from coronal 

spinal cord sections of control (SCI) mice and SCI + TSC1 mice. HSP-32 positive cell 

numbers reached their highest at the level of the lesion and below (caudal to) the lesion after 

TSC1 treatment. Nestin-GFP expressing cells in SCI mice were increased after been treated 

with TSC1 for 4 and 8 h. The number of cells co-expressing nestin-GFP and HSP-32 was 
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increased after treatment with TSC1. Note that the total number of nestin or HSP-32 

expressing cells would be the sum of the corresponding bars for each marker and the number 

represented in the colocalization bar. Bars represent the mean ± SD; *p < 0.05, **p < 0.01 

versus respective control
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Fig. 3. 
Sagittal views of the spinal cord at the lesion level of SCI and SCI + TSC1 mice at 4 and 8 h 

after injury. a HSP-70 positive cells and nestin-GFP expressing cells were present at the 

epicenter (EC) where the tissue that showed sponginess (EC), massive cell loss and 

cavitation were already visible (short arrows). In most regions nestin expressing cells 

weren’t distinguishable. HSP-70 labeled the soma of some cells as well as, some thin and 

hair-like fibers. These cells seemed to migrate in rows towards the lesion in the caudal semi-

stump and they would stop at the lesion edge as if there was an imaginary border. A real 

colocalization of nestin and HSP-70 was not observed. b Mice treated with TSC1 after SCI 

displayed HSP-70 in the WM both in their thin fibers and in their cell body (long arrows). 

Numerous HSP +/nestin negative cells were present in the gray matter. Certain large 

multipolar cells in the WM co-expressed HSP-70 and nestin. c Eight hours after injury 

caudal and adjacent to the epicenter of the lesion cavitation was considerably reduced and 

very few cells expressed nestin intensely (arrowheads) while others faintly co-expressed 

nestin and HSP70 (long arrows). There were also small HSP-70 + positive nestin-negative 

cells in the white and gray matter. d Eight hours after lesion and TSC1 administration, the 

cytoarchitecture of both WM and GM were very well preserved. Nestin labeled hairy 

structures were organized as fishing net over the extent of the gray matter (arrowheads) 

while, in the WM nestin labeled fibers were parallel to axons and perpendicular to the nestin 

positive structures in the gray matter (arrows). Hairy fibers were labeled for HSP-70 mainly 

in the WM and they were devoid of nestin expression. e Eight hours after injury and 1 mm 
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from the lesion epicenter, enlarged green cells were present, and almost no HSP-70 was 

found. Beyond 1 mm and caudal to de lesion, colocalization of both markers and more 

HSP-70 were observed. f Eight hours after mice were treated with TSC1 both, the WM and 

GM were well preserved with a robust expression of HSP-70 in numerous thin and thick 

fibers (short arrows) in the GM. There were also green small cells around axonal fibers in 

the WM with numerous thin nestin positive fibers extending perpendicularly to the 

ependymal canal over the GM towards the WM (arrowheads)
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Fig. 4. 
Two types of progenitors were present upon TSC1 intervention. a and b show low 

magnification views of the lesion epicenter. a Four hours after injury at the level of the 

lesion, the tissue appeared disrupted and without defined cellular structures that would have 

expressed nestin (neural progenitors) or OLPs identified by NG2. Moreover, the tissue 

showed a spongy appearance (arrows), and presented extensive cavitation (arrowheads). b In 

contrast the tissue from mice receiving TSC1 showed two types of structures: 1 Clusters of 

cells co-expressing nestin and NG2 (yellow). These cells were characterized by extending 

several long cell processes that appeared to go above nestin negative NG2 positive structures 

as a bridge for small cells to migrate towards the WM (small arrows). 2 Cells devoid of their 

processes (thin, long arrows). There were very small signs of cavitation (dotted areas). c 
Below the lesion (1.5 mm) along white matter tracks numerous small bipolar nestinansd 

NG2 expressing cells had appeared (Long and thin arrows). There were also interfascicular 

cells expressing solely NG2 mainly in their cell body (short arrows). d Low magnification 

view of a spinal cord of a naïve mouse at the T12 level. Seven days after injury panels e–g. e 
At higher magnification, the ependymal canal showed intense nestin expression (EC). The 

tissue adjacent to the ependymal canal had a spongy appearance (short arrows). A few 

patches of cells co-expressing nestin and NG2 were visible (yellow cells; long, thin arrows). 

At a longer distance from the EC the yellow cells were disappearing leaving behind only 

debris. f Seven days after injury and TSC1 treatment, the ependymal canal displayed an 

intense nestin expression. Beyond the EC few scattered, bipolar nestin-bearing cells 

appeared to migrate perpendicular to the EC and towards the white matter (long thin arrow). 
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There was some cavitation in the GM (arrowheads). Some NG2 and nestin co-expressing 

cells presumably had migrated away from the canal (yellow cells). g The WM displayed a 

plethora of nestin-expressing bipolar cells mostly arranged in rows following the direction of 

the axons. Thus, nestin-expressing cells that had migrated following those axons directly 

exposed to the severe crush accumulated where the axons were severed. Long, thin arrows 

show examples of bipolar cells appearing to migrate along the axons. In areas where the 

white matter suffered to a lesser extent, nestin-expressing cells with elongated thin processes 

were also seen (thin, long arrows). Cavitation was less frequent in TSC1 treated mice 

(arrowhead). NG2 expressing cells had formed a matrix with their cell processes that 

intermingled with the axons and nestin-expressing cells (short, thick arrows). h Low 

magnification view of a naïve spinal cord’s gray matter. i Fourteen days after the 

intervention, the GM of mice that did not receive TSC1 had a lace-like aspect and NG2 

labeled fibrous cell processes surrounding the cavities that formed upon tissue loss. 

Numerous cells that co-expressed both NG2 and nestin were enlarged and seemed to be 

dying. Very few green cells bearing faint nestin expression were visible at this time point 

(long, thin arrows). In contrast, mice treated with TSC1 (panel L) was populated of 

numerous NG2-expressing cells with large cell body and fibrous processes (short, thick 
arrows) Long. They had formed a dense structure across the GM that appeared to serve as a 

migratory substrate of both nestin expressing cells (long thin arrows) and NG2/nestin co-

expressing cells (thin, long arrows). NG2 expressing cells were much larger than the NG2/

nestin co-expressing cells. j Surprisingly, the white matter of mice 14 days after SCI had 

preserved its structure to some extent and nestin positive cells had reached them and 

appeared to migrate along axons (thin, long arrows). k In mice treated with TSC1 the white 

matter was populated by bipolar nestin positive cells intermingled with NG2 intensely 

labeled cells, the WM structure was nicely preserved allowing for the migration of nestin-

expressing neural progenitors (thin, long arrows). Interestingly, bipolar cells co-expressing 

nestin and NG2 were abundant (small arrows), while in mice without TSC1 bipolar cells in 

the white matter mostly expressed nestin alone
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Fig. 5. 
Comparison of mouse spinal cord 4 h after SCI or SCI + TSC1. a The low magnification 

view of the spine showed fibrosis at the epicenter and surrounding areas that appeared to be 

severed axons as NF labeled fibers accumulated. Caudal to the lesion cavitation was visible 

in the gray matter where nestin expressing cells had accumulated and were intermingled 

with NF labeled fibers and both dorsally and ventrally there was reactive tissue. b At higher 

magnification the view of the epicenter showed spongy tissue and some MBP positive cells 

were visible while the neighboring tissue had already become lace-like. Rostrally and 

adjacent to the epi-center few small nestin positive cells could be seen (arrows). c Higher 

magnification view of the tissue rostral to the lesion where cavitation had not started and 

nestin expressing cells appeared to sit on NF labeled axons. d Caudal to the lesion bipolar 

nestin positive cells appeared to migrate from the ependymal canal [EC] and perpendicular 

to it across axonal fibers. MBP positive cells were present in this area. e Low magnification 

view of a mouse spinal cord 4 h after SCI + TSC1, the overall structure of the spinal cord 
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has been preserved. Caudal to the lesion NF labeled cell bodies were present (long arrows) 

and an extensive scar had not formed. Motoneurons were also present (long arrows). 

Numerous nestin positive cells single or in rows were frequent (short arrows). f High 

magnification view of the ventral white matter caudal to the lesion MBP expressing OL and 

myelin segments are visible intermingled and parallel to the ependymal canal. Numerous 

nestin expressing cells were also seen. g The white matter showed segments of myelinated 

axons that were abruptly ended by tissue loss (cavitation; arrowheads). Other axons 

appeared normally myelinated. Numerous axonal fibers faintly labeled for NF appeared to 

keep their position and structure of the WM (short arrowheads). h Higher power view of the 

epicenter at the level of the gray matter (GM). The tissue lost its form but not completely, 

MBP labeled axons appear to have severed or lost their label. Nonetheless, numerous MBP 

expressing cells were also in the vicinity of the lesion both caudally and rostrally 

(arrowheads). Numerous nestin positive small cells surrounding the lesion from the rostral 

side appeared to migrate towards it (long arrows). In this area the axons had adopted the 

form of the tissue after the severe crush they were bearing the NF marker (small arrows)
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Fig. 6. 
Comparison of mouse spinal cord 4 h after SCI or SCI + TSC1. a The low magnification 

view of the spine shows fibrosis at the epicenter and surrounding areas that appeared to be 

severed axons as NF labeled fibers accumulated at both sides, caudal to the lesion there was 

cavitation mostly in the gray matter where the NF label was arrested. Rostral to the lesion 

the white matter appeared to have suffered the most showing cavitation dorsally and 

rostrally. b A high magnification view of the interphase between the white and gray matter 

adjacent to the epicenter where nestin positive cells were present (arrows). In the gray matter 

there were some MBP positive cells without cell processes in areas of cavitation. c Rostrally 

and ventral to the lesion in the white matter nestin expressing cells were seen as if they were 

using axonal fibers to migrate in the direction of the gray matter (arrows). These cells seem 

to find the end of the road where the fiber stops at the cavitation edge (arrowhead) and an 

accumulation of green progenitors was seen in the outer portions of the white matter. d A 

closer view (even at higher magnification) of the white matter shows MBP positive cells 
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held by thin tissue fibers. Some of these OLs showed a round appearance and no cell 

processes. Other MBP positive cells appeared bipolar with MBP expressed in their cell body 

and one nestin positive cell process. Yet, in the gray matter the cavitation was expanded. e 
There was a striking difference between the untreated and the TSC1 treated spinal cords. 

TSC1 appears to have preserved the myelin fibers in the white matter neighboring the gray 

matter. Moreover, numerous OL bearded MBP in their somas. f At the caudal portion of the 

lesion and ventral to it there were foci formed by cavitation that had been invaded by 

numerous nestin expressing progenitors (arrow) or in the external portion of the white matter 

(arrow). But neither MBP nor NF staining was present in the adjacent white matter. g At the 

epicenter in the gray matter MBP positive cells were visible together with NF 

immunoreactivity (arrows). Dorsally and rostral to the lesion the WM displayed 

considerable cavitation the cavitation that extended into the gray matter. Nonetheless, 

fibrous cells and scar-like structures appeared to be covered by a light and extensive veil of 

nestin positive thin and hairy fibers shown in h (long arrows). These fibers were located in a 

radial fashion in an approximately 45 degrees angle from the pia mater in direction to the 

epicenter. The gray matter contained numerous MBP positive OLs (arrows)
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Fig. 7. 
TSC1 prevents Wallerian degeneration after SCI. a Seven days after crush and 1 mm from 

the epicenter the SC displayed cavitation but, it still had preserved it’s cytoarchitecture, 

besides at the lesion border where MBP label was seen. Beyond that point between 1 and 2 

mm from the lesion almost not MBP could be seen in either the WM or GM. There was not 

NF label along axons in this region, NF was seen on some cells expressing it in their soma 

and processes that extended only at the border of the lesion but not beyond it (Thick, short 
arrows). b At this time point mice treated with TSC1 showed scarce cavitation sites of 

modest size when compared to panel A. Both MBP and NF labels. Few nestin labeled, 

bipolar cells and fibers appeared in the vicinity of the lesion (thin arrows). c A week later 

SCI non-treated mice had more cavitation than seven days after injury (arrows), numerous 

nestin positive small cells were visible in both the gray and white matter (arrowheads). Some 

moto-neurons expressing NF in their cell body were also found although devoid of 

processes. Disorganized or even transected-like myelin structures were abundant in the white 

matter and less abundant and fainter in the gray matter, some of them appeared to be 

reactive-like OL. d Fourteen days after injury and TSC1 administration, the GM was 

populated with numerous NF positive cells and structures and MBP labeled fibers were 

abundant. MBP staining allowed for the visualization of the nodes of Ranvier along axons 

(arrows). Some turquoise colored bipolar cells appeared to migrate along a myelinated 

segment (arrowhead). e At higher magnification cavitation was more evident (14 d after 
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SCI), motoneuron cell bodies in blue were scarce. Green enlarged cells of unhealthy 

appearance were present and there were also a few smaller, healthy nestin positive cells. In 

the white matter bundles of axons were disrupted and neuronal cell bodies were clearly 

compromised. Some very small cells intensely labeled for NF were seen but there was not 

tissue to support their potential migration. f Higher magnification view of a spinal cord 14 

days after but not transected. They extended along the field of view in a parallel 

arrangement. Other fibers were myelinated and alternating nodes of Ranvier and myelin 

segments were clearly distinguishable. Neuronal survival or perhaps naisance of new 

neurons, were facilitated by TSC1 as numerous motoneurons were present. Moreover, only 

scarce cavitation was found. Interestingly, the colocalization of nestin and NF in some if not 

most motoneurons at the level of the cell body is evident (arrowheads). OLs with a 

prominent cell body and at least ten visible large processes extended over long distance 

reaching out to axons
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Fig. 8. 
Schematic representation of some mechanisms that may be modulated by TSC1 with respect 

to apoptosis and iron homeostasis
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Table 1

The list of primary and secondary antibodies

Primary antibodies

 Anti-heat shock protein-32 (HSP-32, StressGen, Ann Arbor, MC)

 Anti-heat shock protein-70 (HSP-70, Sigma, Santa Cruz, CA)

 Anti-chondroitin sulfate proteoglycan (NG2, Chemicon International inc, Temecula, CA)

 Anti-myelin basic protein (MBP, Biogenesis, UK)

 Anti-neurofilament-200 (NF-200, Boehringer Mannheim, Germany)

 Anti-microtubule associated protein-2 (MAP-2, Sigma, Santa Cruz, CA)

 Anti-glial fibrillary acidic protein (GFAP, Chemicon Interanational inc, Temecula, CA)

Secondary antibodies

 Rabbit anti-mouse IgG Texas Red (Jackson Immunological Research Laboratories, Inc, West Grove, PA)

 Goat-anti mouse IgG Alexa Fluor 635 (Invitrogen, Carlsbad, CA)
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