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Abstract 59 

The histological assessment of spinal cord tissue in three dimensions has previously 60 

been very time consuming and prone to errors of interpretation.  Advances in tissue 61 

clearing have significantly improved visualization of fluorescently labelled axons. While 62 

recent proof-of-concept studies have been performed with transgenic mice in which 63 

axons were pre-labeled with GFP, investigating axonal regeneration requires stringent 64 

axonal tracing methods as well as the use of animal models in which transgenic axonal 65 

labeling is not available.  Using rodent models of spinal cord injury, we labeled axon 66 

tracts of interest using both adeno-associated virus and chemical tracers and performed 67 

tetrahydrofuran-based tissue clearing to image multiple axon types in spinal cords using 68 

light sheet and confocal microscopy.  Using this approach, we investigated the 69 

relationships between axons and scar-forming cells at the injury site as well as 70 

connections between sensory axons and motor pools in the spinal cord.  In addition, we 71 

used these methods to trace axons in non-human primates.  This reproducible and 72 

adaptable virus-based approach can be combined with transgenic mice or with 73 

chemical-based tract-tracing methods, providing scientists with flexibility in obtaining 74 

axonal trajectory information from transparent tissue.    75 

 76 

 77 

 78 

 79 
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Significance Statement 80 

Recent advances in tissue clearing techniques have provided a promising method of 81 

visualizing axonal trajectories with unprecedented accuracy and speed. While previous 82 

studies have utilized transgenic labeling in mice, the use of virus or chemical neuronal 83 

tracers will provide additional spatiotemporal control as well as the ability to use animal 84 

models in which transgenic axonal labeling is not available.  We used adeno-associated 85 

viruses (AAVs) and chemical tracers and performed tetrahydrofuran-based tissue 86 

clearing to image multiple axon types in the rodent and non-human primate spinal cord 87 

using light sheet and confocal microscopy.  This approach will provide scientists with a 88 

simple and flexible method of obtaining axonal trajectory information from transparent 89 

tissue.    90 

 91 

 92 

 93 

 94 

 95 

 96 

 97 

 98 

 99 
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Introduction 100 

Since Cajal’s successful use of Golgi’s stain to describe the structure of cells within the 101 

bird central nervous system (CNS) (Cajal, 1888), increasingly accurate visualization of 102 

neural cells has been essential to progress in neuroscience. The use of anterograde 103 

and retrograde dyes as well as genetic labeling techniques have advanced our 104 

understanding of the structure-function relationship of the CNS.  Most of this data is 105 

collected from two dimensional histological sections, which makes it difficult to 106 

accurately study complex anatomical and structural changes that occur during 107 

development and disease.  Therefore, three dimensional visualization and quantification 108 

directly from whole CNS tissue would immensely benefit studies on CNS structure and 109 

function. 110 

The use of three dimensional visualization is especially important when quantifying new 111 

axonal growth after spinal cord injury (SCI). The use of histological sections is both 112 

time-consuming and open to misinterpretation since serial two dimensional sections do 113 

not always provide accurate reconstructions of a three dimensional organ (Luo et al., 114 

2013).  Axon fragments present in histological sections might be considered to have 115 

regenerated when in fact they were spared at the time of injury or sprouted from a 116 

spared axon.  Such spared axons would be readily apparent in intact tissue since their 117 

origin can be traced back to regions rostral to the injury site. Intact pieces of lesioned 118 

mouse spinal cord have previously been cleared and imaged to demonstrate increased 119 

axonal regeneration following a conditioning sciatic nerve injury (Erturk et al., 2012b), 120 

but these GFP-M mice had their axons prelabeled in a subset of neurons (Feng et al., 121 

2000), in which all tracts were bilaterally labeled. A more tract-specific method to 122 
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unilaterally trace regenerating axons requires the use of chemical-based tracers or 123 

fluorescent protein-expressing viral vectors such as adeno-associated virus (AAV).  124 

Importantly, these tracers and viruses can be used to study axons in a variety of 125 

different animal models in which transgenic fluorescent labeling is not readily available. 126 

AAV2 is the most widely used serotype, and has the highest selectivity for neurons 127 

(Tenenbaum et al., 2004). AAV8 has been reported to have a slight tropism for 128 

oligodendrocytes (Hutson et al., 2012), but has been shown to transduce rubrospinal 129 

tract (RST) and corticospinal tract (CST) fibers in adult rats better than AAV2 (Blits et 130 

al., 2010; Hutson et al., 2012). In addition to serotypes, another important consideration 131 

for viral vector-mediated gene expression is the strength of the promoter used for the 132 

gene-of-interest. The cytomegalovirus (CMV) promoter is commonly used, but other 133 

promoters, such as ubiquitin C (UbC), have also been utilized (Fitzsimons et al., 2002; 134 

Papadakis et al., 2004).  Furthermore, since most transgenic reporter mice express 135 

green fluorescent protein (GFP), it might be desirable to use a viral vector that 136 

expresses red fluorescent protein.  137 

Our goal in this study was to determine optimized methods for visualizing traced axons 138 

in cleared spinal cords from transgenic mice as well as non-transgenic animals. We 139 

compared different AAV serotypes, promoters, and fluorescent protein reporters and 140 

determined that AAV8 serotype with UbC promoter expressing GFP provides the 141 

strongest fluorescence signal after tetrahydrofuran-based tissue clearing, referred to as 142 

3D imaging of solvent-cleared organs or 3DISCO (3DISCO; Erturk et al., 2012a).  This 143 

viral tract-tracing method can be used to obtain convincing origin-target information for 144 

corticospinal and rubrospinal axons in the spinal cord in the mouse, rat and non-human 145 
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primates.  This method is compatible with both light sheet fluorescent microscopy 146 

(LSFM), which can be used to image large segments of spinal cord with speed, as well 147 

confocal microscopes (such as point-scanning laser microscopes), which can provide 148 

much better resolution.  In addition, this tract-tracing approach can be combined with 149 

transgenic mice in which different cell types are fluorescently labeled in order to study 150 

the relationship between axons and various cell types in the CNS.  These methods 151 

provide researchers with a relatively easy, reproducible and adaptable approach to 152 

investigate axon trajectories in intact CNS tissue with increased accuracy and speed. 153 

 154 

Materials and Methods 155 

Animals 156 

Transgenic mice expressing GFP under the collagen1α1 promoter (Col1α1-GFP mice) 157 

were kindly donated by Dr. David Brenner, University of California San Diego, La Jolla, 158 

CA (Yata et al., 2003). GFAP-CreER transgenic mice were obtained from The Jackson 159 

Laboratory (stock 012849, http://jaxmice.jax.org/strain/012849.html, (Ganat et al., 160 

2006)). Rosa26-tdTomato reporter mice were kindly donated by Dr. Fan Wang, Duke 161 

University, Durham, NC (Arenkiel et al., 2011).  All mice were in a C57BL/6 genetic 162 

background. To generate GFAPCreER-tdTomato mice, GFAP-CreER and Rosa26-163 

tdTomato mice were bred to each other to produce GFAP-CreER+/Rosa26-tdTomatofl/+ 164 

or fl/fl offspring. GFAPCreER-tdTomato mice (6–7 weeks old) received tamoxifen 165 

(50mg/ml diluted in 9:1 sunflower oil:ethanol) daily for five consecutive days 166 

(0.125mg/g, i.p.). One week after the last injection, mice received SCI as described 167 
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below. Adult female Fischer rats (180-200g, Harlan, Frederick) and one 5 year-old male, 168 

non-human primate (Macaca fascicularis, The Mannheimer Foundation, Homestead, 169 

FL) were also used in this study. All animal procedures were performed in accordance 170 

with the Author University animal care committee’s regulations.  171 

 172 

Plasmids and virus production 173 

We used an AAV vector that expressed eGFP under the human cytomegalovirus 174 

immediate-early promoter and another AAV vector that expressed eGFP or tdTomato 175 

under the human ubiquitin C promoter (Chung et al., 2006).  The plasmids, and the 176 

packaging plasmid AAV8 733 (Petrs-Silva et al., 2009) and pHelper (Agilent 177 

Technologies) were cotransfected into 293T cells at 70% confluence using calcium 178 

phosphate precipitation method. The cells were incubated for 48 hours at 37°C and 5% 179 

CO2.  After 48 hours, the cells were collected and freeze-thawed three times to release 180 

the AAV particles from the cells. After 30 min of Benzonase® Nuclease (Sigma) 181 

treatment, the crude lysate is clarified by low speed centrifugation. The supernatant was 182 

loaded on discontinuous iodixanol step gradients (Zolotukhin et al., 2002) in OptiSeal™ 183 

tubes (Beckman Coulter) and centrifuged in a Type 70 Ti rotor (Beckman Coulter) at 184 

69,000 rpm (350,000g) for 1 h at 18 oC. The AAV particle-containing fraction was 185 

collected and further purified using an AKTA FPLC system (GE Healthcare) by column 186 

chromatography on a 5 mL HiTrap column (GE Healthcare). About 25 mL was eluted 187 

from the column using elution buffer (20 mM Tris, 215 mM NaCl, pH 8.0) and then the 188 

AAV particles were concentrated and buffer exchanged to 200 uL in HBSS (Invitrogen) 189 
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using an Amicon Ultra-15 50K concentrator (Millipore). The purified AAV particles were 190 

then titered for genome content using real-time qPCR.  Titers were in the range of 1-3 x 191 

1014 GC (Genome Copy) per mL.  The three AAV vectors with the UbC promoter (AAV-192 

UbC, AAV-UbC-eGFP, AAV-UbC-tdTomato) have been deposited at Addgene. 193 

 194 

SCI 195 

Mice: Seven- to 9-week-old female mice were anesthetized (ketamine/xylazine, 100/15 196 

mg/kg i.p.) and received mid-thoracic (T8) laminectomies before undergoing spinal cord 197 

injuries. For dorsal hemisections, the dura was punctured with a 30G needle above the 198 

dorsal horns, and a superfine iridectomy scissor was used to cut the dorsal half of the 199 

cord at a depth of 0.8 mm.  A Micro Feather ophthalmic scalpel was used to retrace the 200 

lesion to ensure its completeness. For contusion injury, the spinal column was stabilized 201 

using a spinal clamp and the exposed T8 cord placed below the impacter of an Infinite 202 

Horizon Impactor device (Precision Systems and Instrumentation, 75kDynes).  Injured 203 

mice received lactated Ringer's solution, antibiotics (Baytril, 10 mg/kg), and analgesics 204 

(buprenorphine, 0.05 mg/kg) subcutaneously for the first week after surgery. Twice daily 205 

bladder expressions continued for the duration of the study. 206 

Rats: Ten days after the injection of viral particles (see below), Fischer rats were 207 

anesthetized (ketamine/xylazine, 80/10 mg/kg, i.p) and received moderate contusion at 208 

T8 as described above for mice (Infinite Horizon Impactor at 200kD). Injured rats 209 

received lactated Ringer's solution (6ml), antibiotics (Gentamycin, 0.05mg/kg), and 210 

analgesics (buprenorphine, 0.01 mg/kg) subcutaneously twice daily for the first week 211 
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after surgery. Twice daily bladder expressions continued for the duration of the study.  212 

In a separate study, Fisher rats were anesthetized as above and a laminectomy 213 

performed from T13 to L2 to expose the L4-L6 spinal cord. Contusion of the left L4-6 214 

spinal cord was induced using a NYU impact device (10 g X 12.5mm, (Gruner, 1992)). 215 

This SCI targets the lateral and medial gastrocnemius motor pool. 216 

 217 

Tracer injections 218 

Mice: Immediately after SCI, mice were placed on a stereotaxic frame (Stoelting). To 219 

label the corticospinal tract (CST), a craniotomy was performed to expose the right 220 

sensorimotor cortex and AAV virus was injected into the cortex using a nanoliter injector 221 

(WPI) attached to a pulled glass pipette. Six injections (200 nl per site) were performed 222 

at a rate of 50 nl/min at the following coordinates: 1.0 mm and 1.4 mm lateral; 0.7mm 223 

deep; 0.1 mm, 0.6 mm, and 1.1 mm posterior to bregma. For rubrospinal tract tracing, 224 

AAV (500 nl) was injected at a rate of 50 nl/min at 0.6 mm lateral, 3.7mm deep and 3.2 225 

mm posterior to bregma. The needle was left in place for 1 min before moving to the 226 

next site.   227 

Rats: For labeling the CST, rats anaesthetized by ketamine/xylazine (80/10 mg/kg) were 228 

placed on a stereotaxic apparatus connected to a QSI injector kit (Stoelting). A 229 

craniotomy was made over the left sensorimotor cortex and virus was injected at two 230 

sites (1ul each at a rate of 0.1ul/min): 1.2 mm and 2 mm lateral; 0.7mm deep; 1.7 mm 231 

posterior to bregma.  For labeling both CSTs, this procedure was repeated on the right 232 

sensorimotor cortex.  For labeling the dorsal root ganglia (DRG) sensory tracts, rats 233 
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were anesthetized as described above and a midline skin incision was made at the 234 

occipital protuberance (1-2 cm in length). An incision through the trapezius muscle was 235 

made and the underlying muscles were blunt dissected and retracted from their 236 

attachment to the dorsal skull to expose the atlanto-occipital cisternal membrane. The 237 

virus was then injected 100 μm below the punctured membrane at a rate of 0.4 ul/min 238 

and a total volume of 2 ul. 239 

Non-human primate: Macaque was fasted 12 hours prior to the procedure. Anesthetic 240 

induction used a combination of ketamine/xylazine (5/0.25 mg/Kg) for endotracheal 241 

intubation, followed by maintenance with isoflurane (1.5% and 2% oxygen). After the 242 

airway was secured, the animal was positioned prone on a stereotactic frame (KOPF 243 

Instruments, Tujunga, CA) and the head was fixed in position. A craniotomy was drilled 244 

starting on the midline 1 cm rostral to the coronal suture, extending its borders 245 

diagonally following the direction of the suture 3 cm laterally on each side, then caudally 246 

on a parasagittal line 3 cm on each side and returning diagonally towards the midline 2 247 

cm behind the coronal suture completing the flap. The bone flap was carefully removed 248 

and the dura opened with a #11 blade to expose the cortex. A motorized stereotaxic 249 

injector (Stoelting Co, Wood Dale, IL) was mounted on the frame, and a 10µl Hamilton 250 

syringe with a 32G needle was used to inject the right primary motor cortex with fluoro-251 

Ruby (150 nl per site, D1817, Life Technologies, Carlsbad, CA). After tracing, the dural 252 

edges were approximated and sutured in a water tight closure using 6-0 prolene. Burr 253 

holes were drilled in the cranial flap which was secured in position with sutures. The 254 

incision was then closed by layers and spontaneous extubation was allowed. The 255 

animal was monitored in an ICU unit for the following week and then transferred to its 256 
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regular room. Prophylactic antibiotic (ceftriaxone) was given pre-operatively (1 gr) and 257 

post-operatively (1 gr) for 3 days.  Analgesics were given for 5 days post-operatively 258 

(buprenex 0.01 mg/Kg BID and meloxicam 0.3 mg/Kg/day). After tracer injection, the 259 

animal survived for 10 weeks before euthanasia and transcardial perfusion with 4% 260 

paraformaldehyde (PFA).  261 

Retrograde Labeling of Motoneurons: Cholera Toxin B subunit (CTB) (C-22843; Life 262 

Technologies, Eugene, OR) was dissolved in 0.9% saline to a final concentration of 1%. 263 

After anesthetizing with 1.5% isofluorane and 2% oxygen, each MG and LG muscle was 264 

carefully dissected in order to avoid damage to the blood supply or nerves, and the 265 

muscle fasciae were left intact. CTB (5 µl per muscle) was injected at three sites in the 266 

proximal part of each muscle head, near where the nerve entered the muscle, using a 267 

Hamilton microsyringe. One week later, rats were anesthetized and transcardially 268 

perfused with 4% PFA and the spinal cords dissected. 269 

 270 

Quantifications 271 

Comparing labeling between different AAVs: Axons were manually counted in cervical 272 

gray matter tissue sections with ImageJ software. To count the axons in the gray matter 273 

contralateral to the labeled main CST, three vertical rectangular regions of interest (ROI, 274 

10 μm x 1300 μm) were drawn: 1) adjacent, 2) 500 μm, 3) and 1000 μm from the central 275 

canal. CST axons detected in each ROI were manually counted for each tissue section. 276 

Three cervical spinal cord sections were counted for each animal.  The average number 277 

of CST axons in each ROI across the three sections were averaged together to obtain 278 
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the final number of CST axons per mouse.  This method was performed for 279 

quantifications in Fig. 1d and 2g. 280 

Axonal tracing and counting using Imaris: Using the FilamentTracer module, fibers 281 

within a selected ROI were detected by utilizing semi-manual segmentation.  Briefly, the 282 

fiber is traced in the x-y position while Imaris simultaneously determines the z-position 283 

placement.  This method was performed for quantifications in Fig. 5I.  284 

Motoneuron counting using Imaris: After manually selecting the regions containing the 285 

two motoneuron columns, Imaris Spots function was used to automatically detect CTB-286 

labeled motoneurons.  After automatic detection, regions were manually inspected and 287 

corrected for any false-positive or false-negative detections. 288 

Analyses of VGLUT1 and GFP positive synaptic contacts:  Frozen sections of rat 289 

lumbar spinal cords with labeled sensory axons were immunostained with antibodies 290 

against NeuN (Millipore, #MAB377, dilution 1:250), vGlut1 (Synaptic systems, #135 291 

303, dilution 1:500), vGlut2 (Millipore #AB2251, dilution 1:2000), SV2 (DHSB, dilution 292 

1:400) and GAD-6 (DHSB, dilution 1:500).  NeuN immunopositive cells in lamina IX of 293 

the spinal cord were imaged using confocal microscopy.  12 motoneurons from 3 294 

different animals were randomly sampled. Thirty to forty optical z-sections, every 0.25 295 

microns, were imaged for each field.  The cellular perimeter of NeuN positive cell bodies 296 

and the origin of primary dendrites were rendered in three dimensions (3D) using the 297 

surface tool of the Imaris software.  The number of immunofluorescent varicosities 298 

juxtaposed to the 3D surface was measured using the surface and spot tools of the 299 

Imaris software.  An average density estimate was obtained for each cell.  We took 300 

extra care to ensure that the vGlut1+/GFP+ fiber endings were in contact with the 301 
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surface of the neuron by viewing the z-sections in the orthogonal view and rotating the 302 

sample at different angles to avoid counting processes and varicosities that were in 303 

separate planes.   304 

 305 

Tissue clearing and microscopy: 306 

After transcardial perfusion with 4% PFA as described above, spinal cords were post-307 

fixed in 4% PFA and then washed in PBS (both overnight at 4°C). The dura was 308 

carefully and completely removed as residual dura can trap bubbles that prevent 309 

effective LSFM.  Then the spinal cord was cut into approximately 8 mm-long segments 310 

(centered at T8 or L5 for the injury site). Samples were incubated (on a rotating shaker 311 

at room temperature) in 50%, 80%, 100% peroxide-free THF (Sigma 401757) each for 2 312 

hours for mice, 2.5 hours for rats, 3.5 hours for macaque and then 100% THF overnight. 313 

Peroxides were removed from THF by passing 100% THF through a chromatography 314 

column filled with basic activated aluminum oxide (Sigma 199443) as previously 315 

described (Becker et al., 2012) (Warning: this process also removes the stabilizer from 316 

THF, which may explode after prolonged exposure to oxygen or sunlight. Thus, users 317 

must add 250mg/L butylated hydroxytoluene (Sigma W218405) to THF after peroxide 318 

removal). The next day, samples were transferred to BABB solution (1:2 ratio of benzyl 319 

alcohol, Sigma, 305197; and benzyl benzoate, Sigma, B6630) for 2.5–3 h. After 320 

clearing, samples were immediately imaged by LSFM (Ultramicroscope, LaVision 321 

BioTec).  The ultramicroscope uses a fluorescence macro zoom microscope (Olympus 322 

MVX10) with a 2x Plan Apochromatic zoom objective (N.A. 0.50) and a total 323 

magnification of 12.5x.  For confocal microscopy, smaller (300-400 microns) cross 324 
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sections were cut from the original 8-mm-long segments and imaged using an Olympus 325 

FV1000 Fluoview confocal microscope using the 10x (NA=0.4), 40x (NA= 1.3) and 60x 326 

(NA=1.42) objectives. Image analysis and 3D reconstructions were performed using 327 

Imaris v7.7.2 software (Bitplane) after removing autofluoresence using the Imaris 328 

Background Subtraction function with the default filter width so that only broad intensity 329 

variations were eliminated.  Additionally, the entire spinal cord was defined as a region 330 

of interest (ROI) in order to mask all background fluorescence outside the spinal cord 331 

surface. Artifact and non-specific fluorescence surrounding the spinal cord was 332 

segmented and removed using the automatic isosurface creation wizard based upon 333 

absolute intensity. Voxels contained within the created surface were set to zero and the 334 

remaining mask was used for all further analysis.  Automatic segmentation of neurons 335 

within specified ROIs (region of interest) was applied using the spots detection function 336 

and later superimposed on a maximum intensity projection volume rendering of the 337 

tissue. Quality thresholds were set based upon visual inspection of the mixed model 338 

rendering. Movies were generated using Imaris and merged in Photoshop CS6. 339 

 340 

Results  341 

Comparison of AAV serotypes, promoters and fluorescent proteins for optimal axon 342 

labeling.  343 

Since THF-based tissue clearing can quench fluorescent signals, achieving strong 344 

fluorescent labeling is critical to obtain quality images.  Thus, our first goal was to 345 

determine the optimal combination of AAV serotype and promoter for robustly labeling 346 
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specific supraspinal tracts.  Several studies have shown that the transduction efficiency 347 

and tropism of CNS and PNS neurons can vary considerably (Chamberlin et al., 1998; 348 

Taymans et al., 2007; Cearley et al., 2008; Ayuso et al., 2010; Mason et al., 2010). 349 

Furthermore, the level of expression of reporter genes such as GFP depends on the 350 

promoter used by these recombinant viruses (Paterna et al., 2000; Paterna and Bueler, 351 

2002). Therefore, to identify the best virus serotype/promoter combination that labels 352 

various axonal tracts with strong fluorescence, we used AAV2 and AAV8 expressing 353 

GFP under the control of either the human CMV or the human UbC promoters. 354 

We injected the viruses in the motor cortex of adult mice to transduce layer V pyramidal 355 

neurons and to label corticospinal tract (CST) axons.  Two weeks post-injection, we 356 

analyzed the labeling intensity of the CST in histological sections at the thoracic levels 357 

between T6-T10.   While both AAV2 and AAV8 serotypes with the CMV promoter 358 

expressed GFP in CST axons in the dorsal funiculus with very few collateral axons 359 

labeled in the gray matter, AAV8 labeled a slight greater number of axons than AAV2 360 

(Figure 1).  Next, we compared the number of GFP-labeled axons under the UbC and 361 

CMV promoters using AAV8, and determined that fine collaterals are better visualized 362 

with the UbC promoter (Figure 1).  In fact, selection of the UbC promoter over the CMV 363 

promoter had a stronger effect on GFP labeling than selection of AAV8 over AAV2.  364 

Based on our results, we decided to use the AAV2- or AAV8-UbC-GFP virus for axon 365 

labeling in most of the ensuing experiments.  366 

Next, we compared the labeling efficiencies of GFP and tdTomato fluorescent proteins 367 

and their compatibility with tetrahydrofuran-based tissue clearing by injecting AAV8-368 

UbC-GFP or AAV8-UbC-tdTomato into each motor cortex to label each CST with 369 
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different fluorescent proteins in the same rat.  At 8 weeks after virus injection, segments 370 

of the cervical, thoracic and lumbar spinal cord were rendered transparent using a 371 

modified 3DISCO method and adjacent segments were also processed for tissue 372 

sectioning.  Modifications to the 3DISCO method included exclusion of 373 

dichlorormethane, different THF catalog number and longer incubation times (see 374 

Materials and Methods for details).  Images of the cleared spinal cord obtained with light 375 

sheet fluorescent microscopy (LSFM) demonstrated that while the CST was labeled 376 

with similar fluorescent intensities along the entire length of the spinal cord by both 377 

fluorescent proteins (Figure 2A-C), there were more collaterals visible with GFP than 378 

with tdTomato (Figure 2C).  Since this could be due to differences in labeling efficiency 379 

and/or susceptibility to fluorescence quenching by the tissue clearing method, we used 380 

tissue sections (rather than cleared tissue) from adjacent regions to compare GFP and 381 

tdTomato labeling.  Confocal images of tissue sections demonstrated that GFP labeled 382 

about twice as many CST collaterals in the gray matter compared to tdTomato (Figure 383 

2D-G).  This suggested that while potential differences in fluorescence quenching 384 

cannot be ruled out, the greater number of GFP-labeled axons visualized after tissue 385 

clearing was due, at least in part, to greater labeling efficiency by AAV8-UbC-GFP than 386 

by AAV8-UbC-tdTomato.  Therefore, while both GFP and tdTomato can be used to 387 

label supraspinal axons, GFP may provide better axonal labeling than tdTomato. 388 

 389 

Determining axon trajectory in cleared tissue using tract-tracing.   390 

Using this modified 3DISCO method for rendering the CNS tissue transparent, we set 391 

out to examine two specific supraspinal pathways, the CST and RST, in the injured 392 
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spinal cord.  Because of their important role in motor control as well as their presence 393 

as distinct bundles in the spinal cord, both tracts have been the focus of investigation in 394 

multiple regeneration studies.  Four weeks after moderate contusive T8 SCI and 395 

injection of AAV8-UbC-GFP into the motor cortex of adult mice, we used LSFM to 396 

optically section 8mm long cleared spinal cord at the lower cervical level.  We were able 397 

to scan the entire piece of the spinal cord (~1mm thick, 400-500 optical sections) in less 398 

than 3 minutes with the main component of the CST appearing as a single fluorescent 399 

bundle in the dorsal funiculus and collateral fibers extending to the dorsal grey (Figure 400 

3A-B, 2mm segment shown).  The resolution was sufficient to resolve some single 401 

collateral branches and axons traveling in the dorsolateral CST (Figure 3A, Video 1), 402 

but insufficient to resolve most individual axons within the main CST and gray matter 403 

(Video 1).  Therefore, we cut this same piece of spinal cord (as shown in Figure 3A, B) 404 

into 300-400 μm thick transverse sections, and placed them on a cover slip to image 405 

with confocal microscopy.  With a 10x dry objective we show that the main CST and its 406 

collaterals can be partially resolved (Figure 3C). With a 40x oil objective it was possible 407 

to resolve single axons within the main CST bundle, and follow the trajectory of their 408 

collateral branches all the way to their terminal boutons (Figure 3D, Video 1).   409 

Next, we traced the RST by injecting AAV2-UbC-tdTomato into the red nucleus 410 

immediately after a T8 moderate contusive SCI (mice sacrificed 4 weeks later).  Since 411 

RST axons are thicker than CST axons, LSFM had sufficient resolution to image axons 412 

in RST tracts that were observed clearly in the lateral funiculus (Figure 3E, F, Video 2) 413 

with collaterals spreading into laminae 5, 6 and the dorsal portion of 7 (Liang et al., 414 

2012).  Using confocal microscopy, we imaged a region more caudal to that shown in 415 
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Figure 3E, and observed that axon collaterals and terminal boutons could be visualized 416 

more clearly (Figure 3G, H, Video 2). 417 

Injected virus/tracers can often diffuse into other surrounding nuclei that lie close to the 418 

red nucleus, and these mislabeled axons are often misinterpreted as regenerating 419 

axons using traditional histological sectioning methods (Steward et al., 2003).  In fact, in 420 

our studies, we occasionally observed axons traveling in the ipsilateral ventromedial 421 

funiculus innervating laminae 7, 8 and 9 (bracketed region in Figure 3E-G).  However, 422 

using 3D reconstructions from cleared spinal cords, these mislabeled axons were 423 

clearly visible in regions rostral to the injury site and were easily distinguishable from the 424 

actual rubrospinal tracts.   425 

Our results demonstrate that supraspinal tracts traced with AAV2 or AAV8 expressing 426 

GFP or tdTomato under the UbC promoter can be visualized using LSFM or confocal 427 

microscopy using THF/BABB-based tissue clearing methods.  LSFM provides a very 428 

rapid method of imaging large diameter axons (e.g. RST axons) in whole spinal cord 429 

tissue, and can allow investigators to clearly identify mislabeled axons that can be 430 

mistaken as regenerating axons after injury.  However, thin axons such as those of the 431 

CST may require confocal (or two-photon) microscopy to resolve fine collaterals and 432 

terminals that extend into the gray matter. 433 

 434 

Axonal organization in relation to the scar at the injury site. 435 

When investigating axon regeneration, it is often useful or even necessary to obtain 436 

information about the spatial relationship between axons and scar tissue that forms at 437 
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the injury site.  However, since previous tissue-clearing studies have focused solely on 438 

axons, we sought to identify transgenic mouse models of scar formation that can be 439 

used with the axon tracing and tissue clearing methods described above.  The same 440 

viruses as above were used to visualize axons in relation to markers of the fibrotic scar 441 

(Col1α1-GFP+ fibroblasts) or the astroglial scar (GFAPCreER-tdTomato+ astrocytes), 442 

and were imaged using both LSFM and confocal microscopy as described above. In 443 

Col1α1-GFP mice, the CST was labeled with AAV8-UbC-tdTomato and the main CST 444 

tract was observed as a single fluorescent bundle that abruptly ended at the contusion 445 

injury site filled with Col1α1-GFP+ fibroblasts (Figure 4A, Video 3).  A region of interest 446 

centered at the rostral edge of the fibrotic scar showed severed axons failing to extend 447 

into the Col1α1-GFP+ region.  LSFM was able to image through the entire depth of the 448 

injury site, while images taken using confocal microscopy with a 10x dry objective were 449 

limited to the dorsal portion of the injury site due to the limited working distance of the 450 

objective (Figure 4B-E).  RST axons were also observed terminating at the Col1α1-451 

GFP+ fibrotic scar, and LSFM was sufficient to resolve individual axons (Figure 5A-D, 452 

Video 5) presumably due to their larger diameter.  Nonetheless, confocal microscopy 453 

still provided better resolution that allowed for approximately 50% more axons that could 454 

be detected compared to LSFM (Figure 5I). 455 

To assess the astroglial scar, we bred GFAP-CreER mice with Rosa26-tdTomato 456 

reporter mice to generate GFAPCreER-tdTomato mice in which a small percentage of 457 

astrocytes are labeled with tdTomato.  We used this strategy to demonstrate the 458 

feasibility of performing tissue clearing in Rosa26 reporter mice, which are commonly 459 

used in genetic fate mapping studies.  We used AAV8-UbC-GFP to label CST axons 460 



 

21 
 

and performed T8 dorsal hemisection in GFAPCreER-tdTomato mice.  We chose to use 461 

dorsal hemisection for these studies because contusive injuries resulted in significant 462 

accumulation of autofluorescent immune cells that interfered with accurate image 463 

acquisition (data not shown).  The fluorescence intensity of astrocytes in GFAPCreER-464 

tdTomato mice was not as strong as that observed in Col1α1-GFP+ fibroblasts, and we 465 

found it difficult to clearly delineate astroglial scar regions in 3D reconstructions from 466 

LSFM images (Figure 4F-H, Video 4).  Confocal microscopy provided better resolution 467 

of individual axons and astrocytes (Figure 4I-J), but was not able to image through the 468 

entire depth of the injury site.  Our studies demonstrate that while Col1α1-GFP mice are 469 

compatible with the 3DISCO tissue clearing method to study axon-scar relationships in 470 

the injured whole spinal cord, more experiments are necessary to determine the utility of 471 

Rosa26 reporter mice in similar studies. 472 

 473 

CST axon projections in the injured rat spinal cord  474 

While mice offer advantages of being genetically tractable, rats are still widely used 475 

across many neuroscience disciplines, including spinal cord injury, since rats (in 476 

contrast to mice) display histopathology that is more similar to humans.  However, 477 

because transgenic labeling of specific subtypes of CNS cells in rats is not widely 478 

available, their use has been limited in previous tissue clearing studies (Erturk et al., 479 

2012b).  To determine if virus-based tracing methods can be combined with tissue 480 

clearing to study axon trajectory in injured rat spinal cord, we injected AAV8-UbC-GFP 481 

into the motor cortex and performed a T8 contusion.  In tissue sections from spinal cord 482 
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segments rostral to the injury site (8-9 weeks after SCI), GFP labeled axons were 483 

observed in all the expected CST tracts (Figure 6A-E).  Since pyramidal cells express 484 

vesicular glutamate transporter 1 (vGluT1) (Fremeau et al., 2001), we used this as a 485 

marker of CST synaptic terminals in the rat spinal cord and found that some of the 486 

vGluT1 synaptic terminals in lamina VI co-localize with GFP (Figure 7) (Persson et al., 487 

2006).  It is important to note that all immunohistochemical analyses in our studies are 488 

from tissue sections taken from regions adjacent to cleared tissue rather than direct 489 

immunostaining of intact cleared tissue as recently reported (Renier et al., 2014).  490 

Taken together, our data show that AAV8-UbC-GFP can be used to trace CST axons 491 

and their synaptic terminals in the rat spinal cord.   492 

 493 

Next, we used LSFM to image the injured rat spinal cord after tissue clearing.  LSFM 494 

optical sections were used to trace and reconstruct the cavities at the injury site (Figure 495 

5F, G Video 6).  Axon terminals and retraction bulbs from the main CST were observed 496 

just rostral to the cavity, while dorsolateral CST axons were observed passing by the 497 

side of the cavity suggesting that they were spared, as expected.  Therefore, our data 498 

show that virus-based tract-tracing can be combined with THF/BABB-based tissue 499 

clearing to investigate axon trajectory in the injured spinal cord of non-transgenic 500 

animals such as rats. 501 

 502 

Proprioceptive sensory axon projections in the injured rat spinal cord 503 

Dorsal column sensory axons have been studied extensively in terms of their 504 

regenerative potential as well as their contribution to local reflexes in various types of 505 
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SCI models.  These axons are typically labeled by direct injection of transganglionic 506 

tracers such as cholera toxin subunit B (CTB) into the sciatic nerve or biotinylated 507 

dextran conjugates directly into the dorsal root ganglia (DRG).  However, these 508 

injections often result in tissue damage that produces a “conditioning” effect, which 509 

alters gene expression in DRGs and can confound data interpretation.  Furthermore, in 510 

experiments where bulk labeling of sensory axons are desired (e.g. to study sensory 511 

axons along the entire rostro-caudal axis), these traditional labeling methods are not 512 

very practical.    513 

 514 

To address these technical issues, we delivered AAV8-UbC-GFP into the cerebrospinal 515 

fluid through the cisterna magna in rats and performed T8 contusive SCI in the same 516 

animal. 3D reconstructions from confocal images of cleared whole DRGs showed 517 

multiple neurons and their processes labeled with GFP (Figure 8B-E, Video 7).  518 

Furthermore, tissue sections of the L5 nerve showed that some large caliber axons 519 

were labeled with GFP, indicating that both the central and peripheral branches of the 520 

DRG were labeled with this method (Figure 8G). Tissue sections in spinal cord regions 521 

distal to the injury site showed a majority of the afferents projecting to lamina VI and the 522 

ventral horn suggesting that most of the GFP-labeled axons were Ia and Ib afferents 523 

(Figure 8H-I and Figure 9).  53% of Vglut1 terminals on the cell bodies and proximal 524 

dendrites of L4-L5 motoneurons were co-labeled with GFP (Figure 9A-D), suggesting 525 

that a large portion of proprioceptive sensory axons were labeled using this method.  In 526 

addition, we immunostained for several presynaptic markers including vGlut2, bassoon, 527 

SV2 and GAD65. Bassoon immunoreactivity surrounds the NeuN positive surface and 528 
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some of them surround the GFP terminals suggesting the presence of axoaxonic 529 

synapses on the GFP terminals (Figure 9A-C and insets 1-3). While none of the GFP 530 

terminals were vGlut2-positive (Figure 9D), all expressed the presynaptic marker SV2 531 

(Figure 9E).  We also found that GABAergic (GAD65-positive) boutons surround GFP 532 

terminals (Figure 9F).  Taken together, our results indicate that the GFP boutons are of 533 

sensory origin.  However, it should be noted that approximately 40% of the AAV injected 534 

animals expressed GFP in other white matter tracts (Figure 8H-J), most likely due to 535 

labeling of neurons that give origin to descending tracts located close to the cisterna 536 

magna (data not shown).   537 

3D reconstructions of the injury site clearly showed the cavity boundaries and the 538 

injured axons both caudal and rostral to the injury site (Figure 8K).  Dorsal column 539 

axons caudal to the injury were interrupted and displayed numerous retraction bulbs 540 

and varicosities with a notable absence of Ia afferent collaterals in the spinal gray 541 

matter (Figure 8 inset 1 and Video 8).  While ascending axons rostral to the injury also 542 

displayed varicosities and retraction bulbs, axon collaterals into the gray matter were 543 

observed close to the cavities (Figure 8K, inset 2 and Video 8).  Taken together, our 544 

data demonstrates an alternative method of labeling ascending dorsal column sensory 545 

axons using AAV virus that can be used to visualize sensory axons in cleared whole rat 546 

spinal cord to assess axonal response after SCI. 547 

 548 

In addition to projecting to the gracile and cuneate nuclei in the brainstem, ascending 549 

proprioceptive sensory axons also send collaterals that synapse directly onto 550 

motoneurons as part of the monosynaptic reflex.  Since these local connections are 551 
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affected by SCI both anatomically and physiologically (Lee et al., 2007; Rotterman et 552 

al., 2014), we used this as a model system to study target innervation by labeled axons 553 

using our tissue clearing approach.  Furthermore, in order to visualize how motor pools 554 

are directly affected by SCI we used an unilateral lumbar (L5) contusion model to 555 

measure the death of motoneurons, which were retrogradely labeled by injecting CTB 556 

conjugated to Alexa Fluor 555 into the lateral and medial gastrocnemius (LG and MG) 557 

muscles.  The entire motor pools were observed in 3D using LSFM, and their cylindrical 558 

and longitudinally oriented columns were consistent with earlier reconstructions using 559 

histological sections of horseradish peroxidase-labeled motoneurons (Figure 10A, Video 560 

9) (Swett et al., 1986).  In the uninjured side, the total number of LG and MG 561 

motoneurons was 287 ± 14 which is similar to previous reports (Swett et al., 1986).  In 562 

the injured side, the number of motoneurons was 183 ± 9, indicating that our 3D 563 

analysis was sensitive enough to detect an expected decrease in motoneurons after 564 

lumbar SCI (Figure 10B).   565 

Next we sought to determine the spatial distribution of the sensory axon contacts onto 566 

CTB-labeled motoneurons.  Using LSFM, we observed axon bundles as well as single 567 

axons entering the spinal cord and projecting into the ventral gray matter near the 568 

vicinity of the retrogradely labeled motoneurons (Figure 10C, D, Video 9).  Since LSFM 569 

was insufficient to resolve terminal contacts onto motoneurons, we cut 300-400 μm 570 

pieces of the same spinal cord and imaged with a confocal microscope.  Using a 60x 571 

objective (NA=1.42), we were able to observe terminal contacts from proprioceptive 572 

sensory axons onto individual motoneurons as well their dendrites (Figure 10C inset 3, 573 

4, 5, Video 10).  The 3D reconstruction shows the gray matter overabundant with GFP 574 
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fibers making it difficult to distinguish individual fibers and terminals unless a few optical 575 

sections were viewed in 2D (Figure 10C inset 4, Video 10). However 3D reconstructions 576 

combined with volume rendering of specific motoneurons revealed GFP terminals more 577 

clearly (Video 10). Furthermore, projection of small numbers of optical sections can also 578 

differentiate terminals ending on a neuron from fibers passing nearby, but in a different 579 

plane (Figure 10C inset 5).   Therefore, our approach can be used to investigate axonal 580 

innervation of target neurons in whole rat spinal cord without the need for transgenic 581 

labeling. 582 

 583 

CST axon projections in the non-human primate spinal cord 584 

Due to differences between rodents and primates in the organization of motor 585 

pathways, as well as immune and other pathophysiological responses after SCI, non-586 

human primate models have an important role in SCI research.  To determine if 587 

supraspinal axons can be imaged in cleared non-human primate spinal cord, we 588 

stereotacticaly injected fluoro-Ruby into the right primary motor cortex in a macaque.  589 

Ten weeks later the animal was euthanized and two spinal cord regions were cleared; 590 

the first was a 5mm piece at the boundary of the medulla and the cervical spinal cord 591 

and another piece was at C2 (Figure 11).  In the first piece (medulla-cervical border), 592 

CST axons located in the pyramidal decussation were observed descending from the 593 

ventral pyramids into the main lateral CST (Figure 11A-B, Video 11). Few axons were 594 

observed traveling in the ipsilateral ventral cord and even fewer were observed in the 595 

dorsal columns.  While LSFM was able to discern many individual CST fibers that were 596 
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traceable by Imaris software (Figure 11C, D), confocal microscopy allowed the 597 

visualization of additional, thinner CST (Figure 11 insets 1-3).  In the cleared C2 598 

segment most of the axons run parallel to the main axis of the spinal cord with collateral 599 

fibers innervating the gray matter (Figure 11E, F, Video 11).  This CST organization in 600 

macaque is consistent with previous descriptions of the CST in other non-human 601 

primates (Lacroix et al., 2004). Taken together, these results show that our approach 602 

can be used to visualize supraspinal axons in cleared non-human primate spinal cord.  603 

 604 

Discussion 605 

Although recent advances in tissue-clearing techniques have made it much easier to 606 

obtain accurate origin-target information from whole tissue, most previous studies have 607 

relied on transgenic mice in which multiple axonal populations are brightly pre-labeled 608 

with GFP.  In this study, we have optimized viral and chemical-based tract-tracing 609 

strategies that can be combined with tissue clearing and imaging techniques to study 610 

axonal projections in the mouse, rat and non-human primate spinal cord.  This approach 611 

provides researchers with better spatiotemporal control over axonal labeling as well as 612 

the flexibility to use these methods in various experimental paradigms including those 613 

that require model organisms in which transgenic axonal labeling is unavailable. 614 

By comparing different combinations of AAV serotypes, promoters and fluorescent 615 

proteins, we determined that AAV2 or AAV8 can be used with the UbC promoter to 616 

express either GFP or tdTomato.  While AAV8-UbC-GFP provided the best results, 617 

AAV8(or 2)-UbC-tdTomato permits axon tracing in transgenic mouse lines, a majority of 618 
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which express GFP.  In addition, the use of GFP and tdTomato simultaneously allows 619 

labeling of multiple tracts in the same animal.  However, when we injected AAV8-UbC-620 

GFP and AAV8-UbC-tdTomato to label each CST in the same rat, we found that fine 621 

collaterals were much better labeled with GFP than tdTomato.  This could be due to 622 

several potential factors including increased susceptibility of tdTomato to quenching by 623 

THF/BABB, higher expression of GFP compared to tdTomato, better optimization of the 624 

translation code in the GFP gene, and/or better signal-to-noise ratio in the green 625 

channel in our imaging systems.   626 

In addition to the virus serotype and promoter, another important variable is the time 627 

allowed after virus injection.  In mice, we allowed 4 weeks after virus injection, which in 628 

our experience is optimal for achieving sufficient labeling of fine processes in the gray 629 

matter.  Two weeks is sufficient for histological sections, but for applications using 630 

THF/BABB tissue clearing method, there is significant degradation of endogenous 631 

fluorescence in fine processes (unpublished observations, see Table 1).  In rats, we 632 

allowed 8-9 weeks after virus injection due to their larger size.  Four weeks after virus 633 

injection in mice (and 8-9 weeks in rats) enabled us to image cleared tissue for about 4-634 

5 days before significant quenching.  However, chemical based tracers (such as dextran 635 

conjugates) lasted for several months after initial tissue clearing. 636 

While viruses expressing fluorescent proteins offer the advantage of continuous 637 

expression of the fluorescent marker, certain experiments may require tract-tracing 638 

using other types of tracers.  For example, for retrograde tracing, the use of fluorophore-639 

conjugated CTB is much more common than the use of retrograde viruses.  In our 640 

study, we used CTB conjugated to Alexa Fluor 555 to retrogradely label LG and MG 641 
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motoneurons and studied their direct innervation by proprioceptive sensory axons 642 

labeled with AAV8-UbC-GFP, demonstrating that both virus and conventional tract 643 

tracing are simultaneously compatible with the THF/BABB tissue clearing method.  In 644 

addition, since chemical fluorophores (such as Alexa dyes) are much more resistant to 645 

degradation by THF/BABB as compared to fluorescent proteins, they may be more 646 

suitable for tract-tracing in larger animals that require longer THF/BABB incubation 647 

times.  In our study, we used a dextran conjugate (fluoro-Ruby) to label the CST and 648 

obtain a 3D reconstruction of CST axons projecting through the cleared macaque spinal 649 

cord.  To our knowledge, our study is the first to demonstrate axonal projections in 650 

cleared spinal cord from a non-human primate as well as from rats with spinal cord 651 

injury.  It is also important to note that clearing adult spinal cord tissue poses special 652 

challenges because of the abundance of myelin compared to brain or embryonic tissue 653 

that has been often used to demonstrate tissue clearing methods in recent studies 654 

(Chung et al., 2013; Belle et al., 2014).  In addition, while chemical fluorophores are 655 

much more resistant to quenching, in our experience, injection of dextran conjugates 656 

(such as fluoro-Ruby, see Table 1) to label CST in rodents often leads to labeling of 657 

perivascular macrophages throughout the CNS. 658 

The ability to clearly demonstrate axonal projections is especially important in axon 659 

regeneration studies, which are plagued with the misidentification of spared axons in 660 

regions caudal to the injury site as regenerated axons (Tuszynski and Steward, 661 

2012).  However, by combining tissue clearing with tract-tracing methods similar to 662 

those that are typically used in axon regeneration studies, we were able to identify 663 

axons that were mislabeled or present in atypical regions that could be easily 664 
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misinterpreted as regenerating axons.  For example, when we labeled RST axons in 665 

mice, we found that the small size of the red nucleus often led to labeling of surrounding 666 

nuclei with descending projections in the ventral white matter (Figure 3E-G).  In 667 

addition, CST tracing in the macaque revealed a few CST axons in the ventral portion of 668 

the dorsal columns (Figure 11E, F).  In both instances, researchers observing these 669 

“ectopic” axons in tissue sections could have easily misinterpreted them as having 670 

regenerated.  However, 3D reconstructions from cleared whole spinal cord convincingly 671 

demonstrated the location and trajectory of these axons, and such information can be 672 

used to correctly distinguish between axons that have regenerated from those that were 673 

spared from injury either due to mislabeling or presence in atypical regions. 674 

Tissue clearing, of course, is only one of several steps required for obtaining axonal 675 

projection information from whole tissue.  Another important aspect that is often 676 

insufficiently addressed is the technical challenges in microscopy required to capture 677 

and reconstruct images from whole tissue.  We used the ultramicroscope version of 678 

LSFM to image large pieces of the spinal cord, which provided rapid image acquisition 679 

(~3 minutes for ~6 mm long spinal cord segment) and gross anatomical information on 680 

axonal projections.  For large diameter axons such as in the RST and ascending 681 

sensory axons, we were able to observe individual axons using LSFM.  However, for 682 

thinner axons, such as CST axons, or for fine anatomical structures such as synaptic 683 

terminals, confocal microscopy was necessary to provide the required resolution.  Since 684 

it is impractical to acquire images from the entire spinal cord using confocal microscopy, 685 

we focused on specific areas with confocal microscopy after using LSFM. This required 686 

us to cut the cleared tissue into smaller segments to make it compatible with the 687 
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working distances of our confocal objectives.  While we could have used a two-photon 688 

microscope to acquire similar high-resolution images without having to cut the cleared 689 

tissue into smaller segments, confocal microscopy is a more practical approach since it 690 

is much more readily available to the general scientific community.  691 

It is important to note that we used the La Vision BioTec Ultramicroscope, which was 692 

designed to image large tissue such as rodent brain by using a fluorescence macro 693 

zoom microscope (Olympus MVX10) with a 2x objective and a total magnification of 694 

12.5x.  As demonstrated by our images of fine CST axons, these specifications sacrifice 695 

resolution for large sample size and acquisition speed.  However, it is possible that 696 

other LSFMs with higher power objectives such as SPIM (Selective Plain Illumination 697 

Microscopy) or ezDSLM (easy Digital-Scanned Light sheet Microscopy) may provide 698 

better resolution of fine axons (Huisken et al., 2004; Takao et al., 2012).  In fact, SPIM 699 

was recently used to develop COLM (CLARITY-optimized light sheet microscopy) using 700 

a 10x (NA 0.60) objective, which should have slightly better resolution than our 701 

ultramicroscope (Tomer et al., 2014).  However, it takes hours to image a whole mouse 702 

brain using COLM, whereas the Ultramicroscope can do it in minutes.  Therefore, the 703 

user must consider the advantages and disadvantages of each method and choose the 704 

one that best suits their experimental needs. 705 

In summary, we present optimized and comprehensive methods for using tract-tracing 706 

to investigate axonal projections in cleared whole mouse, rat and non-human primate 707 

spinal cords.  While we focused on the injured spinal cord, this procedure can be readily 708 

applied to uninjured brain and spinal cord in connectomic studies.  In addition, our 709 

methods can be combined with existing transgenic mouse lines or used in species in 710 
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which transgenic labeling is unavailable, providing researchers with enhanced flexibility 711 

in investigating axonal trajectories in multiple species with improved accuracy and 712 

speed.  713 
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Figure and Movie Legends 857 

Figure 1. Comparison of AAV-GFP labeling of the mouse corticospinal tract.  858 

AAV8-CMV-GFP (B) labeled the dorsal CST slightly more efficiently than AAV2-CMV-859 

GFP (A). However, AAV8-UBC-GFP (C) labeled the dorsal tract and collaterals most 860 

efficiently as compared to the other two viruses. (D) Comparison of number of axons 861 

labeled in the gray matter between different viruses.  Axons quantified from specific 862 

regions of interest as detailed in Methods.  DAPI labeled nuclei are in blue.  Insets: 863 

shows higher magnification of the dorsal CST and their collaterals.  All images are from 864 

coronal tissue sections of mouse thoracic spinal cord two weeks post-injection.  Scale 865 

bars: A-C=200 μm; 100 μm for the rest of the panels. Error bars represent SEM.  n = 2 866 

biological replicates per group 867 

 868 

Figure 2.  Comparison of AAV8-UbC-GFP and AAV8-UbC-tdTomato labeling of the 869 

rat corticospinal tract.  (A, B, C) are horizontal optical sections of cleared spinal cords 870 

from different levels imaged with LSFM.  (D, E, F) are confocal images of coronal tissue 871 

sections of spinal cord regions adjacent to A, B, C respectively.  (G) Quantification of 872 

axon collaterals in the gray matter from tissue sections show greater labeling with GFP 873 

than tdTomato.  Axon quantified from specific regions of interest as detailed in Methods.  874 

Line in B show the length of the cleared cord.  All images are from rat spinal cord at 8 875 

weeks after AAV injection.  Error bars represent SEM.  p=0.07 using unpaired two-tailed 876 

Student’s t-test. n=3 biological replicates.  Scale bars:  A-C = 300 μm, D-F = 500 μm. 877 

 878 
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Figure 3. CST and RST axons can be visualized in cleared mouse spinal cord 879 

using AAVs. (A) 3D reconstruction from serial LSFM optical sections of a segment of 880 

the upper thoracic spinal cord from a mouse injected with AAV8-UbC-GFP into 881 

sensorimotor cortex to label CST axons (white, see also Figure 1). (B) Dorsal view of 882 

the same 3D reconstruction as in A. (C, D) Confocal microscopy, which has higher 883 

resolution than LSFM, can better distinguish individual CST axons. (see also Video 1). 884 

Boxed area in (C) is represented in (D).  (E) 3D reconstruction from serial LSFM optical 885 

sections of a cleared segment of the upper thoracic spinal cord from a mouse injected 886 

with AAV2-UbC-tdTomato into the red nucleus to label RST axons (white). (F) Coronal 887 

view of the same 3D reconstruction as in A. (G) Projection view of coronal image stack 888 

taken with confocal microscopy from cleared spinal cord (as shown in E and F).  889 

Bracketed regions in E, F and G refer to non-RST axons that were mislabeled during 890 

virus injection.  Boxed area in (G) is shown at higher magnification in (H, see also Video 891 

2).  All images are taken from cleared mouse mid-thoracic spinal cord tissue at 4 weeks 892 

after virus injection. Scale bars: C = 80 μm, E-G = 100 μm. n=3 biological replicates per 893 

group 894 

 895 

Figure 4. AAV-labeled CST axons in relation to the fibrotic and astroglial scar 896 

after SCI in mice. (A-E, see also Video 3) AAV8-UbC-tdTomato was used to label CST 897 

axons in Col1α1-GFP mice where fibroblasts are labeled with GFP (n=3 biological 898 

replicates).  (A-C) At 4 weeks after a contusive SCI, 3D reconstruction of the injury site 899 

using LSFM shows the lesioned CST (magenta) terminating at the rostral edge of the 900 

fibrotic scar (green).  (D, E) 3D reconstruction using confocal microscopy shows greater 901 



 

41 
 

number of CST axons and fibroblasts.  (F-J, see also Video 4) AAV8-UbC-GFP was 902 

used to label CST axons in GFAPCreER-tdTomato mice where astrocytes are labeled 903 

with tdTomato.  (F-H)  At 4 weeks after a dorsal hemisection, 3D reconstruction of the 904 

injury site using LSFM showed lesioned CST axons (green) terminating around the 905 

astroglial scar (magenta).  While the fluorescent signal was not sufficient to clearly 906 

identify the astroglial scar using LSFM, confocal microscopy provided much better 907 

results (I, J, n=3 biological replicates). All images are from cleared mouse spinal cord 4 908 

weeks after mid-thoracic injury and virus injection.   Boxed area in A is represented in B-909 

E.  Scale bar: A, F = 200 μm, B-E =50 μm and G-J =100 μm. 910 

 911 

Figure 5. AAV-labeled RST axons in relation to the fibrotic scar after SCI in mice.  912 

3D reconstruction of the injury site using LSFM (A-D) or confocal (E-H) microscopy after 913 

using AAV2-UbC-tdTomato to label the RST in Col1α1-GFP mice.  Lesioned RST axons 914 

(magenta) terminate at the rostral edge of the fibrotic scar (green) at 4 weeks after 915 

contusive SCI.  While confocal microscopy could not image through the entire depth of 916 

the spinal cord due to the limited working distance of the 10x objective (A versus E), the 917 

visualization of individual axons was much better (D versus H) than with LSFM as 918 

indicated by the quantification of the number of axons that could be detected by the two 919 

imaging methods (I).  The axons were counted from a region of interest that included 920 

the entire CST bundle in 3D as shown in (D) and (H).  p=0.036 using paired two-tailed 921 

Student’s t-test.  All images are from cleared mouse spinal cord injury site.  Boxed area 922 

in A is represented in C, D.  Boxed area in E is represented in G, H.  Scale bar = 100 923 

μm. n=5 biological replicates. See also Video 5. 924 
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 925 

Figure 6. AAV-labeled CST axons in relation to the cavity after SCI in rats.  926 

(A-E) Confocal images of coronal tissue sections from the upper thoracic segments 927 

(rostral to the injury site) after using AAV8-UbC-GFP to label CST in rats.  All CSTs 928 

including the main dorsal CST (dCST, B, C), and the minor dorsolateral CST (dlCST, B, 929 

D) and ventral CST (vCST, B, E) were labeled with this method.  (F-H) 3D 930 

reconstruction of LSFM images from cleared injured spinal cord (dorsal view) showing 931 

the lesioned CST terminating at the rostral portion of the cavity (magenta) (see also 932 

Video 6).  Axon tracing (red lines in G) shows spared dlCST next to the cavity.  Cavity 933 

reconstruction and axon tracing were performed using Imaris software.  (H) is a 934 

maximum projection image of 15 LSFM optical sections from the boxed area in G 935 

depicting the cavity in the outlined region.  All images are from rat spinal cord 8-9 weeks 936 

after AAV injection and spinal cord injury.  Scale bars: A, G=500 μm; H=200 μm. n=4 937 

biological replicates. 938 

 939 

Figure 7.  Rat CST terminals labeled with AAV express vGlut1.  (A-D) Coronal 940 

tissue sections of rat thoracic spinal cord immunostained with NeuN in magenta and 941 

vGlut1 in gray.  GFP positive CST axons can be seen sprouting into the contralateral 942 

and ipsilateral gray matter.  A, B, C are merged in D. (E-F) High magnification view from 943 

lamina 6 (boxed region in A) shows co-localization of vGlut1 and GFP terminals 944 

(indicated by arrows).  All images are from tissue sections from rat spinal cord.  Scale 945 

bars: A-D=400 μm; E-H=5 μm. n=3 biological replicates. 946 

 947 
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Figure 8. AAV-labeled Ia afferent axons after SCI in rats.  (A) Adult rat CNS with 948 

injured spinal cord at T8 (red arrow) showing the site of virus injection (yellow arrow) 949 

and the regions from where the images in H-K were taken (brackets with corresponding 950 

letters).  (B-D) 3D reconstruction of confocal images from cleared DRG at C3, T9 and 951 

L5 levels labelled with AAV8-UbC-GFP.  Confocal images of labeled neurons and their 952 

axon projections show similar quality between whole cleared DRG (E) and DRG tissue 953 

sections (F).  Tissue sections from the cervical (H), thoracic (I) and lumbar (J) spinal 954 

cord as well from L5 nerve (G) show that this method labels both the central and 955 

peripheral branches of the DRG (see also Video 7).  3D reconstruction of LSFM images 956 

from the cleared injury site (K, dorsal view) shows the caudal (left, box 1) and rostral 957 

(right, box 2) portions of the lesioned ascending sensory axons disrupted by the injury 958 

site as outlined by the cavity (magenta, see also Video 8).  Arrow in (K) indicate dorsal 959 

roots that are still attached to the spinal cord.  Arrows in inset 2 indicate afferent 960 

collaterals that are present in greater numbers in the rostral regions compared to caudal 961 

regions (inset 1).  This is quantified in (L), which displays the number of axon bundles 962 

emanating from the dorsal columns in a similar region of interest drawn rostral and 963 

caudal to the injury site in 3D reconstructions.  Error bars represent SEM.  p=0.009 964 

using unpaired two tailed Student’s t-test.  All images are from rat spinal cord 8-9 weeks 965 

after AAV injection and SCI. Scale bars:  B-D=200 μm; E=40 μm; F=50 μm; G=10 μm; 966 

H-J=300 μm; K=500 μm; Insets 1, 2=100 μm. Gr = Gracile, Cu = Cuneate, VI and IX 967 

indicate the Rexed laminae. 968 

 969 
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Figure 9.  AAV-labeled Ia afferent terminals in rat spinal cord gray matter express 970 

vGlut1.  (A-C) Confocal images of rat spinal cord tissue sections (lamina IX) with GFP-971 

labeled Ia afferents (A) immunostained with NeuN (blue) and the presynaptic marker 972 

bassoon (magenta). (C) is the merged image of (A) and (B).  Insets 1-3 are high 973 

magnification images of corresponding regions depicted in (C).  (D) GFP terminals 974 

adjacent to NF-M-positive (gray) axon express vGlut1 (red) but not vGlut2 (blue) 975 

indicating their sensory origin.  (E) GFP terminals express the presynaptic marker SV2 976 

(red) and vGlut1 (blue) indicating their proprioceptive origin.  Left asterisk denotes 977 

overlapping SV2 and vGlut1, while right asterisk has SV2, vGlut1 and GFP overlapping.  978 

(F) GAD65 boutons make contacts with GFP terminals indicating axo-axonic contacts 979 

from interneurons onto sensory axons.  All images are confocal images of rat spinal 980 

cord tissues sections 8-9 weeks after AAV8-UbC-GFP injection.  Scale bars:  A-C, E=10 981 

μm; Insets 1-3=1 μm; D=2 μm; F=3 μm.  n=4 biological replicates. 982 

 983 

Figure 10. AAV-labeled Ia sensory afferents innervating CTB-labeled rat 984 

gastrocnemius motor pool targets.  (A) 3D reconstruction of LSFM images from rat 985 

lumbar spinal cord with gastrocnemius motor pool retrogradely labeled with CTB.  Inset 986 

1 is a magnified view with the motor axons highlighted using a filtering mask.  Inset 2 is 987 

a magnified view showing the motoneuron soma and dendrites.  The difference in 988 

motoneuron number between the two sides due to the unilateral lumbar SCI is 989 

quantified in (B).  (C, D) 3D reconstruction in (A) shown together with GFP-labeled 990 

sensory axons (also see Video 9).  (Inset 3) Confocal transverse images of a cleared 991 

spinal cord segment outlined in C.  Inset 4 depicts a network of axons and their 992 
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terminals surrounding CTB-labeled motoneurons.  Inset 5 is a projection of 15 confocal 993 

optical sections showing three “en passant” boutons (asterisk) on a single motoneuron 994 

(see also Video 10).  All cords were examined 8-9 weeks after the AAV injection. All 995 

images are from cleared spinal cord from the same animal.  Scale bars: A= 500 μm; 996 

C=500 μm; D=700 μm; Inset 1=300 μm; Inset 2=50 μm; Inset 3=200 μm; Inset 4=30 997 

μm. n=3 biological replicates. 998 

 999 

Figure 11. 3D visualization of fluoro-Ruby-labeled CST axons in cleared non-1000 

human primate spinal cord.  (A-B, see also Video 11) 3D reconstruction of LSFM 1001 

images showing fluoro-Ruby-labeled CST axons at the level of the pyramidal 1002 

decussation in cleared non-human primate tissue.  Lines on the edges indicate the 1003 

length of the cleared specimen imaged by LSFM.  Actual thickness of the cleared tissue 1004 

was 5mm.  Insets 1, 2 and 3 are confocal images of the same cleared tissue taken from 1005 

corresponding regions depicted in (A and B).  The confocal scans are ~400 μm in depth 1006 

and taken from the rostral side of the tissue.  (C, D) Axon tracings from A and B 1007 

respectively showing the iCST (ipsilateral CST, yellow), cCST (contralateral CST, 1008 

green), and vCST (ventral CST, magenta).  Images are slightly tilted to reveal the 1009 

projections better and do not represent the exact orientation of images in A and B.  (E, 1010 

F) coronal views from LSFM (C2 level in E) and confocal (C1 level in F) images show 1011 

the main contralateral (cCST) and ipsilateral (iCST) CST in the dorsolateral white matter 1012 

as well as the minor ventral CST (vCST, arrow) in the ventromedial white matter.  Note 1013 

the presence of two CST axons in the ipsilateral dorsal column (diCST, circle).  The 1014 

gray matter in F is delineated with dashed lines.  All images are from cleared non-1015 
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human primate tissue injected with fluoro-Ruby.  L=lateral, M=medial, D=dorsal, V= 1016 

ventral, R=rostral and C=caudal. Scale bars: A, B, E, F=600 μm; Insets 1-3=150 μm. 1017 

n=1. 1018 

 1019 

Video 1. Composite 3D movie of the CST imaged with LSFM and confocal microscopy 1020 

of mouse thoracic spinal cord rostral to the injury site.  Magenta axons in the confocal 1021 

segment of the video represent axons that were traced using the Imaris software.  1022 

Corresponds to Figure 3A-D. 1023 

 1024 

Video 2.  Composite 3D movie of the RST imaged with LSFM and confocal microscopy 1025 

of mouse thoracic spinal cord rostral to the injury site.  Corresponds to Figure 3E-H. 1026 

 1027 

Video 3. 3D LSFM movie of an injured mid-thoracic spinal cord of a transgenic mouse 1028 

expressing GFP in fibroblasts, showing the lesioned CST labeled with AAV8-UbC-1029 

tdTomato and the fibrotic scar labeled with the GFP.  Corresponds to Figure 4A. 1030 

 1031 

Video 4. 3D LSFM movie of an injured mid-thoracic spinal cord of a transgenic mouse 1032 

expressing tdTomato in astrocytes and the lesioned CST labeled with AAV8-UbC-GFP.  1033 

Corresponds to Figure 4F. 1034 

 1035 

Video 5. 3D LSFM movie of an injured spinal cord of a transgenic mouse expressing 1036 

GFP in fibroblasts showing the lesioned RST labeled with AAV8-UbC-tdTomato and the 1037 

fibrotic scar labeled with the GFP.  Corresponds to Figure 5A-D. 1038 
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 1039 

Video 6. 3D LSFM movie of a mid-thoracic injured rat spinal cord showing the 1040 

relationship between the lesioned CST labeled with AAV8-UbC-GFP and the cavity 1041 

highlighted in magenta.  Corresponds to Figure 6F. 1042 

 1043 

Video 7. 3D LSFM movie showing cleared L5 adult rat DRG and L2 rat spinal cord 1044 

segment (caudal to a mid-thoracic injury) in which sensory neurons and afferents are 1045 

labeled after injection of AAV8-UbC-GFP into the cisterna magna.  Corresponds to 1046 

Figure 8D. 1047 

 1048 

Video 8. 3D LSFM movie showing lesioned rat sensory fibers labeled with AAV8-UbC-1049 

GFP and the cavity (highlighted in magenta) around a mid-thoracic injury site.  1050 

Corresponds to Figure 8K.  3D reconstructions of insets 1 and 2 are also included to 1051 

demonstrate the lack of afferent collaterals in the distal segment (inset 1) in contrast to 1052 

their presence in the proximal segment (inset 2). 1053 

 1054 

Video 9. 3D LSFM movie of rat lumbar spinal cord after a unilateral lumbar injury.  1055 

Gastrocnemius motor pools were retrogradely labeled using CTB-Alexa 555 (GM-CTB, 1056 

shown in purple) and sensory axons were labeled by injecting AAV8-UbC-GFP into the 1057 

cisterna magna (sensory-GFP, shown in green).  Later video segments show motor 1058 

axons that were traced manually using Imaris. Corresponds to Figure 10A-E. 1059 

 1060 
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Video 10. 3D confocal movie of gastrocnemius motoneurons labeled with CTB-Alexa 1061 

555 and sensory fiber terminals labeled with AAV8-UbC-GFP in the cleared rat lumbar 1062 

spinal cord (as shown in Figure 10 inset 4).  First segment of the movie shows all the z-1063 

stack images taken from the cleared tissue using confocal microscopy.  Next segment 1064 

shows a 3D reconstruction of these z-stacks.  This is followed by manual rendering of 1065 

individual motoneurons (from this 3D reconstruction) with synaptic contacts (red dots) 1066 

from labeled afferent axons (yellow). 1067 

 1068 

Video 11. 3D LSFM movie from cleared non-human primate medulla and cervical spinal 1069 

cord showing the CST labeled with fluoro-ruby.  The first segment of the movie shows 1070 

CST axons at the level of the pyramidal decussation.  The second segment shows CST 1071 

axons at C2 level of the spinal cord.  Corresponds to Figure 11. 1072 

 1073 
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Axonal/Neuronal 
labeling with: Fluorescence quenching Ideal imaging 

time frame Comments 

AAV-eGFP, tdTomato Fluorescence disappears 
progressively within a week Within 48 hours eGFP is preferred over 

tdTomato 

Fluoro-Ruby, Fluoro-
Emerald 

Fluorescence remains for 
few months 

Within first few 
weeks 

Results in off-target 
labeling of perivascular 
macrophages 

CTB-conjugated to 
Alexa fluors 

Fluorescence remains for 
few months 

Within first few 
weeks 

Preferentially labels cell 
body rather than axon; 
axon visualization 
requires software filtering 

Whole-mount 
immunofluorescence 
with Alexa fluors 

Fluorescence remains for 
few months 

Within first few 
weeks 

e.g. whole-mount staining 
of embryos followed by 
tissue clearing 

 

Table 1: Comparison of fluorescence quenching between different neural labeling methods after 3DISCO 
(with BABB) tissue clearing.  Based on results from this study and unpublished observations. 














































