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Introducing proteins of interest into cells in the nervous system is challenging due to innate biological barriers that limit access to most
molecules. Injection directly into spinal cord tissue bypasses these barriers, providing access to cell bodies or synapses where molecules

can be incorporated. Combining viral vector technology with this method allows for introduction of target genes into nervous tissue for the
purpose of gene therapy or tract tracing. Here a virus engineered for highly efficient retrograde transport (HiRet) is introduced at the synapses
of propriospinal interneurons (PNs) to encourage specific transport to neurons in the spinal cord and brainstem nuclei. Targeting PNs takes
advantage of the numerous connections they receive from motor pathways such as the rubrospinal and reticulospinal tracts, as well as their
interconnection with each other throughout spinal cord segments. Representative tracing using the HiRet vector with constitutively active green
fluorescent protein (GFP) shows high fidelity details of cell bodies, axons and dendritic arbors in thoracic PNs and in reticulospinal neurons in
the pontine reticular formation. HiRet incorporates well into brainstem pathways and PNs but shows age dependent integration into corticospinal
tract neurons. In summary, spinal cord injection using viral vectors is a suitable method for introduction of proteins of interest into neurons of
targeted tracts.

Introduction

Viral vectors are important biological tools that can introduce genetic material into cells in order to compensate for defective genes, upregulate
important growth proteins or manufacture marker proteins that highlight the structure and synaptic connections of their targets. This article
focuses on direct injection of a highly efficient retrogradely transportable lentiviral vector into the rat spinal cord in order to highlight major motor
pathways with fluorescent tracing. This method is also highly appropriate for axonal regeneration and regrowth studies to introduce proteins of
interest into diverse populations of neurons and has been used to silence neurons for functional mapping studies'?.

Many of the anatomical details of spinal motor pathways were elucidated through direct injection studies with classical tracers such as BDA

and fluoro-gold3'4’5'6’7'8. These tracers are considered gold standard but may have certain disadvantages such as uptake by damaged axons, or
axons in passage in the white matter surrounding an injection site®'®". This could lead to incorrect interpretations of pathway connectivity and
may be a dra\{\éback in regeneration studies where dye absorption by damaged or severed axons could be mistaken for regenerating fibers during
later analysis “.

- . . . L . 13,14,15,16,17,18,19
Lentiviral vectors are popular in gene therapy studies, as they provide stable, long-term expression in neuronal populations =™ ™™ ™™ .

However, traditionally packaged lentiviral vectors can have limited retrograde transport and may trigger immune system response when used
in vivo*??' A highly-efficient retrograde transport vector termed HiRet has been produced by Kato et al. by modifying the viral envelope with a
rabies virus glycoprotein to create a hybrid vector that improves retrograde transpod22’23.

Retrograde tracing introduces a vector into the synaptic space of a target neuron, allowing it to be taken up by that cell’'s axon and transported to
the cell body. Successful transgort of HiRet has been demonstrated from neuronal synapses into the brains of mice and primates??* and from
the muscle into motor neurons?2. This protocol demonstrates injection into the lumbar spinal cord, specifically targeting the synaptic terminals

of propriospinal interneurons and brainstem neurons. PNs receive connections from many different spinal pathways and can thus be utilized to
target a diverse population of neurons in the spinal cord and brainstem. Labeled neurons in this study represent circuits innervating motor neuron
pools relating to hindlimb motor function. Robust labeling is seen in the spinal cord and brainstem, including high fidelity details of dendritic
arbors and axon terminals. We have also used this method in previous studies within the cervical spinal cord to label propriospinal and brainstem

reticulospinal pathwaysgs.

This protocol demonstrates injection of a viral vector into the lumbar spinal cord of a rat. As seen in Movie 1, the incision is targeted by
identifying the L1 vertebra located at the last rib. This is used as a caudal landmark for a 3-4 cm incision that exposes musculature over the L1-
L4 spinal cord. Laminectomies of the dorsal aspects of the T11-T13 vertebrae are performed and a beveled glass needle is directed 0.8 mm
lateral from the midline and lowered 1.5 mm deep into the gray matter to inject virus.
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All of the following surgical and animal care procedures have been approved by the Animal Care and Use Committee of Temple University.

1. Pre-surgical preparations

Prepare pulled glass needles for viral injection a few days before surgery using 3.5 nanoliter glass capillary pipettes designed for nanoliter
injectors. Pull each pipette on a two-step needle puller according to the manufacturer’s instructions to create two needle templates.

Refine the tip of the needle templates by cutting off approximately 1-2 mm of excess glass with microscissors. Measure approximate aperture
size under a microscope with a microscope calibration slide to isolate needles with 30-40 pym apertures.

With the needle positioned at 30°, use a micropipette beveller to create a tip with a 30-40 um aperture and a 45° beveled angle. Verify
aperture width with the Vernier scale on the calibration slide. Pass water and ethanol through the glass needle using a syringe with a flexible
needle attachment to wash away debris and mark the needle at regular intervals with a black marker.

Place the needles in a covered Petri dish previously cleaned with 70% ethanol and sterilize for 30 min in a Biosafety hood under UV light.
Prepare HiRet lentivirus by removing a suitable volume from the freezer immediately prior to the procedure.

NOTE: A suitable volume includes the amount needed for injection (1 pL per injection x number of injections) plus a small amount of extra
volume to account for pipetting and loading losses. Transport and store the virus on ice when not in use.

Prepare the injector by plugging it into the micropump and placing it into a micromanipulator with a Vernier scale.

To prepare the glass needle, carefully load a colored dye such as red oil with a syringe outfitted with a flexible needle. Ensure that no bubbles
remain in the needle.

Insert the glass needle into the injector, ensuring that the needle is seated correctly into the washers, the injector cap is screwed on tight, and
the steel injector needle is extended approximately % the length of the glass needle. Virus can be loaded into the needle in a later step.

2. Anesthesia and surgical site preparation

o o

Weigh the animal on a digital scale. Record the pre-operative weight to determine the volume of anesthetic required and to allow for
monitoring of weight post-surgery. Female Sprague-Dawley rats approximately 200-250 g were used in this protocol.

Anesthetize the rat using either isoflorane inhalation or an injected ketamine/xylazine solution (k/x). Here, ketamine is injected
intraperitoneally at a 67 mg/kg and xylazine at a 6.7 mg/kg dosage.

Confirm an appropriate anesthetic plane by pinching the foot firmly. If reflexive withdrawal occurs, wait several additional minutes before
proceeding.

NOTE: Also observe the whiskers, eyes and breathing rate for signs of consciousness. If the whiskers are twitching, the eye blinks when
touched gently, or breathing is rapid and shallow, wait until the anesthetic plane is deeper to proceed with the protocol. Also monitor these
signs throughout the laminectomy and injection surgery. If the animal displays a shallow anesthetic plane, administer a booster shot of
ketamine-only equal to % the original k/x dosage.

Shave the rat along the dorsal midline from the hips to the inferior angle of the scapulae. Pull the skin of the animal taut for an easier and
more precise shave.

Apply ophthalmic ointment to both eyes.

Apply antiseptic to the shaved area to sterilize the site. For the first scrub, soak sterile gauze with a 5% iodine solution and wipe away all hair
and debris. Follow this with a unidirectional swipe with sterile gauze soaked in 70% ethanol, so that no area is contacted twice. Use this same
technique with alternating iodine and ethanol-soaked gauze twice more.

3. Surgical field and instrument preparation

Prepare a set of autoclaved surgical tools that include a scalpel, rongeurs, rat tooth forceps, spring scissors, hemostats, medium point curved
forceps and retractors or weighted hooks by unwrapping the sterile wrap to create a sterile field.

Open a package of sterile surgical gloves and place the sterile glove wrap on the table. Use this as an additional sterile field for used tools to
prevent contamination of the sterile wrap.

Drop a #10 scalpel blade onto the sterile field. Secure the blade to a handle with hemostats. Position sterile saline, 4.0 chromic catgut suture,
and materials to control bleeding such as a cauterizer, sterile gauze, sterile cotton-tipped applicators (for muscle bleeds), or gelfoam or
bonewax (for bone bleeds) in an accessible place.

Retrieve the animal and set it on a sterile cloth. Place gauze underneath the bladder to collect urine. Prop up the target area with a rolled
towel under the abdomen. If available, place a surgical heating pad underneath the sterile cloth, especially for longer procedures.

NOTE: Sterility is important during survival surgery. Keep a spray bottle of 70% ethanol on hand to maintain sterility of gloved hands, and a
use bead sterilizer if instrument sterility is compromised, or between individual surgeries.

4. Exposing the vertebral column and identifying the laminectomy site

Identify the area where a skin incision will be made by pressing the fingers gently at the last rib to locate the L1 vertebra. Using this as a
landmark, make a 3-4 cm skin incision with a #10 surgical scalpel ending just inferior to L1 to expose the muscle. Hold the skin taut by gentle
spreading and press firmly with the scalpel blade to ensure a clean incision.

Cut and spread superficial fat with forceps and scissors.

Feel for the spinous processes with the flat of the scalpel blade or a finger. Often the midline area will be outlined by a “V” of white fascia on
either side. Make a small rostral cut to allow room to grab securely onto an upper process with rat tooth forceps, then make 2 long, deep cuts
as close to the processes as possible. At the deepest point of the cut, the dorsal surface of the vertebrae can be felt with the scalpel blade.
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4. Hold the lateral muscles aside with retractors or weighted hooks to improve visibility. Clear muscle around the processes with a scalpel,
spring scissors or rongeurs to determine the shape of their heads.

NOTE: Remember that the spinal cord does not extend the full length of the vertebral column, as spinal cord tissue stops growing earlier in
development than bone. This means that the target spinal level may be underneath a differently named vertebra.

5. Identify the laminectomy site by visualizing the shapes of the heads of the spinous processes. The spaces between the T6-T7, T7-T8 and T8-
T9 processes are relatively large in most rats. The gap between T9 and T10 is much narrower, and the head of the T11 process is noticeably
longer and flatter than T10. Locate the T11 and the adjoining T12 and T13 processes.

NOTE: Assistance in targeting correct vertebral levels can be found in a rat spinal cord atlas and previous studies outlining landmarks in the
mouse, which has a very similar vertebral structure®>*. Leave a rostral spinous process such as T9 undisturbed to give a midline landmark.

5. Performing a laminectomy

1. Once the target area has been correctly identified, perform laminectomies of the dorsal aspects of T11-T13. Gently spread the vertebrae to
reveal intervertebral ligaments, which are good sites to insert rongeurs for the initial bite of bone. Hold the rongeurs in a half-closed position
to increase fine control.

2. Remove the spinous processes and the dorsal aspect of the vertebrae by taking small bites with the rongeurs. Be careful not to damage the
spinal cord or disturb the dura. Lift slightly with the rat tooth forceps to help pull the spinal cord away from the vertebrae and decrease the
tendency to hit spinal cord tissue.

3. Clear bone away from the midline so that the midline blood vessel can be observed. Leave a window that clearly shows the spinal cord tissue
and is free of debris.

4. Gently touch the spinal cord with forceps. Some animals may reflexively jump even if their anesthetic plane is deep. Apply a few drops of a
numbing agent such as lidocaine directly to the spinal cord to prevent jumping during the injection procedure.

5. Secure the animal in a spinal holder by fastening stabilizing forceps to spinous processes rostral and caudal to the laminectomy window.
Raise the abdomen of the animal using the spinal holder to negate the effect of breathing movements. This will increase needle stability and
ensure appropriate depth of injection.

6. Loading virus and positioning the injector

1. Load virus into the injector by pipetting approximately 5 uL onto a piece of parafilm and positioning the needle so that the tip is inside the
drop.

2. Use the micropump to withdraw up to 4 uL of virus at a rate of 20—100 nL/s.

3. Set the controller to inject and release a small amount of virus from the needle to ensure the tip of the needle is not blocked. Wipe off excess
virus with a laboratory wipe.
NOTE: A Hamilton syringe with a steel needle may be used as an alternative to pulled glass pipettes.

4. Position the micromanipulator so that the Vernier scale is visible and position the needle at the midline of the spinal cord.

NOTE: The midline can sometimes be located by a large blood vessel running on the anterior surface of the spinal cord. However, this can

vary in individual rats, and midline targeting should be confirmed by comparison with an intact spinous process.

Direct the needle laterally by 0.8 mm using the Vernier scale on the micromanipulator.

Lower the needle to the spinal cord until it is indenting, but not puncturing, the dura. Using a quick twisting motion, puncture the dura with the

needle until it has sunk to a depth of 1.5 mm.

o o

7. Injecting virus into the spinal cord

1. Once the needle is in place, program the injector to inject at a rate of 400 nL/min. Confirm that virus is entering the spinal cord by observing
the progress of the dye front. There should be no obvious leakage or bulging of spinal cord tissue. If leakage is observed, this can sometimes
be alleviated by reducing the injection speed to 200 nL/min.

2. Once the injection is finished, allow the needle to rest in the spinal cord for 2—5 min (depending on volume injected) to facilitate diffusion of
the virus.

3. Slowly withdraw the needle and move to the next injection site. Inject 1 pL of virus into each of 6 evenly spaced sites approximately 1 mm
apart along the length of the L1-L4 spinal tissue. The same needle may be used for each injection as long as it continues to function properly.

8. Wound closure and post-operative care

1. Remove the animal from the spinal holder and take out retractors or hooks used to spread lateral muscle. Ensure that the wound is clear of
all debris before closing.

Suture the muscle using a 4.0 chromic catgut suture. Cut suture threads close to the knot to reduce likelihood of internal skin irritation.
Staple the skin closed using 9 mm wound clips. To allow for optimal healing, line up the edges of the skin before stapling.

Place the animal on a water convection warming pad and monitor until wakeful.

Inject 5—10 mL of sterile saline subcutaneously to replenish fluids and an antibiotic such as cefazolin to prevent infection. When the animal is
ambulatory, place it back in its home cage and provide analgesics such as carprofen tablets.

aorODN
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Representative Results

Successful injection and transport of the viral vector should result in transduction of a robust population of unilateral neurons in the spinal cord
and in certain brainstem nuclei. Figure 1 demonstrates stereotypical labeling of neurons and axons in the thoracic spinal cord and in the pontine
reticular formation of the brainstem at four weeks post-injection. Significant GFP expression is seen in neurons in the gray matter of the thoracic
spinal cord on the side ipsilateral to the injection (Figure 1A, boxed area). A few neurons are also observed on the contralateral side, especially
near the midline. In the white matter, GFP expression is observed in axons in the ipsilateral cord (Figure 1A, arrows and arrowheads), especially
in areas typical to propriospinal axons (arrowheads). Figure 1A’ shows a higher magnification of the boxed area in A, demonstrating typical
expression in neuronal cell bodies and dendrites. GFP expression in neurons can also be observed in brainstem nuclei such as the pontine
reticular formation (Figure 1B, higher magnification of the boxed area in Figure 1B’).

Figure 1: Transduction of Neurons in the Spinal Cord and Brainstem. (A) GFP expression in neurons (boxed area), axons of propriospinal
neurons (arrowheads) and axons of other tracts (arrows) in the thoracic spinal cord. (A’) Higher magnification of neuronal expression in the
boxed area of A. (B) The pontine reticular formation in the brainstem expressing GFP-labeled neurons and dendrites. (B’) Higher magnification
of the boxed area in B. Scale bars: (A) = 500 um; (B) = 1 mm; (A’), (B’) = 50 um. Please click here to view a larger version of this figure.

This protocol describes injection of a viral vector into the rat spinal cord.

Movie 1: Targeting the injection into the lumbar spinal cord of the rat. This video summaries the basics of the targeting and injection of a
viral vector into the rat spinal cord. Please click here to view this video. (Right-click to download.)
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Genetic manipulation of neurons in the brain and spinal cord has served to hl%hhght sensory, motor and autonomic pathways via fluorescent
tracing and to explore regrowth potential of neuronal tracts after injury 28,293 . Direct injection of a retrogradely transportable viral vector
into the spinal cord can target neuronal populations via their synaptic connections, making this method an excellent choice for mapping pathways
in the central nervous system. The HiRet vector specifically shows selective uptake at the neuronal synapse 22425 and previous tracing with
similarly structured vectors showed no spread into injured axons or unrelated cells***®, which is consistent with results featuring the HiRet
construct??*?*?°_ Thus, direct injection of HiRet as a retrograde tracer is an ideal method for exploring interneuronal circuits that undergo plasticity
after injury.

There are two critical concepts involved in successful injection of a viral vector into the spinal cord. The first is establishing the correct target
with the glass needle, and the second is ensuring adequate flow of the virus from the needle into the tissue. As this protocol involves retrograde
tracing, targeting the correct area necessitates a thorough understanding of the synaptic connections of the neuronal population of interest.
Propriospinal and reticulospinal neurons connecting to the lumbar spinal cord are targeted here. These neurons are spread throughout the
brainstem and cervical and thoracic spinal cord segments, with the majority of PNs localized to laminae V-VII within the gray matter. To ensure
transduction of an adequate population of neurons, six viral injections are made over an area spanning four spinal segments. The L1-L4
segments are chosen due to the presence of the central pattern generators, and their known connections to other areas of the spinal cord.
Once the correct spinal segment(s) and laminae are known, physical location of these targets via anatomical landmarks is crucial. Atlases
showing details of anatomical structure and vertebral shape can be helpful to confirm targeting landmarks®. It should be noted that the majority
of this protocol remains the same whether one injection or six are made; the difference is only in the number of spinal segments exposed

via laminectomy, and the fact that you will need to reload the glass needle with additional virus if injecting more than 4 pL. The protocol can
also be easily adapted for the mouse. Due to its smaller size, the volume of virus injected into the cord should be adjusted downward and

the measurements needed to hit the correct spinal laminae adjusted. Several videos of similar surgeries on the mouse have previously been
publlshed

The next consideration is adequate diffusion into the tissue. Careful preparation of the needle is necessary to ensure that the aperture is
sufficient for the viral suspension to flow outward and that debris does not block the tip, and visualization of the flow from the needle into the
spinal cord via a front of colored dye is helpful to confirm that the suspension is penetrating the tissue. Once the suspension has been distributed
into the tissue, maintaining the needle within the spinal cord for 2-5 minutes will ensure adequate diffusion.

Successful transduction of a target population can also depend on intrinsic properties of the virus injected such as titer, serotype and infection
efficiency. We find a genomic copy titer of at least 10" GC/mL for HiRet lentivirus to work well for in vivo experimentation. Higher titers or
injection volumes might show higher labeling index, but care needs to be taken since virus could diffuse out of the intended area or into the
contralateral spinal cord. Consideration should also be given to the type of vector appropriate for labeling ceIIs of interest based on their tropism.
Certain viral serotypes may have better infection and transduction rates in different populations of neurons®. Traditional lentiviral vectors are
known to infect a broad range of cell types due to the VSV-G envelope protein, however modifications to this vector may influence its tropism 40
The HiRet construct mOdIerS the envelope by pseudotyping with a fusion glycoprotein (FuG-B) of rabies virus, which allows for highly-efficient
retrograde transport 223 and is effective in transducmg proprlosplnal and reticulospinal tracts, with neuronal numbers comgarable to tract
tracing via methods such as fluorogold and mlcroruby (for details of construction of the HiRet vector see Hirano et al.)**. However, it did not
sufficiently label the adult corticospinal tract in these experiments, though it does label the CST in neonates with high eff|C|ency in other studies’.
It is possible that receptors necessary for HiRet uptake at the targeted synapses, such as NCAM or p75 , are only weakly expressed on adult
CST neurons*?*? , though this is still being investigated. In any case, this demonstrates the importance of determlnlng whether the vector being
used is appropriate for the targeted cells. In this experiment, brain and spinal cord tissue were processed and probed after four weeks to ensure
abundant time for amplification and transport from the lumbar cord to all brain areas. HiRet is transported via fast retrograde axonal transport,
and thus a shorter experimental period may be appropriate if the distance traveled is lesser, such as if the injection area is in the cervical spinal
cord.

Direct injection surgery is a useful tool for introduction of viral vector technology into the spinal cord. Use of HiRet for genetic experimentation is
advantageous as it permits stable, long lasting transgene expression, and is non-toxic to neurons. In this experiment, no GFP labeling was seen
in neurons that do not make direct synaptic connections to the injection area. This was also true in previous studies in animals with a thoracic
contusion |nJury . Additionally, HiRet-GFP was unable to label spinal motor neurons or dorsal root ganglion neurons when injected into the
transiently demyelinated sciatic nerve (unpublished observations). Together, these data suggest that HiRet does not readily enter through axons
and efficiently transduces neurons by uptake of the vector at synapses, providing a more detailed and high-fidelity map of neuronal connections
of the targeted population. This is an advantage over other retrogradely transportable viral vectors such as retrograde adeno-associated virus
(rAAV-retro), which is known to be taken up by axons in passage44 and makes HiRet especially useful in studies mapping regenerating and
reconnecting cwcwtrx in the |njured spinal cord. HiRet’s advantages may also allow for specific targeting of neuronal populations for silencing or
ablation studies?

The authors have nothing to disclose.
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