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ABSTRACT 

 

Spinal cord injury (SCI) causes life-long neurological impairment, with loss of sensory and 

motor function distal to the point of injury. There are approximately 300,000 patients living 

with SCI in the United States, and currently no effective treatment, reducing their quality 

of life. Amongst other things, proprioception, which has been determined essential for 

normal locomotion, can be lost with SCI. Epidural Electric Stimulation (EES), that is 

thought to excite large diameter afferent fibers (LDAF), has been found to improve 

recovery from spinal cord injury in conjunction with movement rehabilitation in animal 

models and humans. This represents an exciting new approach to help these patients.  

However, many open questions remain about how and why EES works. Chief among them 

are 1) which of the afferent fibers are necessary and sufficient to promote better recovery, 

and 2) what are the mechanisms of plasticity in the spinal cord that underly improvement. 

Here, we sought to address the first question by using viral and genetic tools to begin to 

target specific subsets of LDAF. First, we use a viral vector that preferably transduces only 

in the large diameter afferent fibers (LDAF) in the Dorsal Root Ganglia (DRG), and then 

specifically only the proprioceptors within the LDAF, by using a transgenic rat line that 

expresses Cre recombinase in Parvalbumin, a marker for proprioceptive neurons in the 

DRG. This approach consists of using the chemogenetic modulator of neuronal activity 

Designer Receptors Exclusively Activated by Designer Drugs (DREADDs), which are 

activated by a putatively inert drug, clozapine-N-oxide (CNO), that crosses the blood brain 

barrier. While we were able to specifically target LDAF with excitatory DREADDs in L3-
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L5 DRGs in wild type rats, we were unsuccessful at specifically targeting proprioceptors 

by using the Pvalb-iCre rat line.  

Additionally, we studied the effect of exciting LDAF on rats with a 200KDyn SCI. CNO 

withdrawal on the week 7 stage of the recovery was associated with worse ladder 

performance than the previous and following weeks, as well as worse kinematic behavior 

of the same week on lower speeds in ankle movement. These results suggest that 

DREADDs activation is necessary for changes in movement at longer times post injury. It 

does not rule out that plasticity in neural circuitry has occurred but suggests that plasticity 

may rely on afferent activation. 

Finally, we sought to develop new methods to overcome skin motion artifact in rat 

kinematics by tattooing the knee area under the skin and recording infrared high-speed 

videos of moving rats which would correct joint calculations beyond just triangulation 

methods, as well as a novel MATLAB application that can accurately and reliably perform 

automated H-Reflex measurements, test the stimulating electrodes, and carry out typical 

instantaneous analyses, which in return allows for faster data collection with reduced 

human error, and subsequently result in higher research quality. 
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more, without DREADD activation (details in Fig 6). No significance was reported for 
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control animals; F(2,2)=13.57, p=0.069; n=2 rats LME: percent misses versus time point 
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cre-dependent double floxed viral vector, only Cre expressing cells will be transduced 

(vector adapted from Li et. al., PLOS ONE, 2019 [75]). B. To maintain the transgenic 

colony, a male TG rat is cross bred with a WT female rat. The resulting offspring will 

consist of an estimate of 50% TG rate. C. PCR on tail clips of weaned rats is a successful 

method to determine which of the offspring express Cre recombinase in the PV. 
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Figure 10. Sciatic injections of AAV2-Retro-DIO-hSyn-hM3Dq-mCherry.A. 

Illustration explaining the concept behind sciatic injections. The sciatic nerve is branched 

out of L3-L6 DRGs and innervates the hindlimb muscles. After demyelination of the 

sciatic nerve then viral injection, we expect the virus to be retrogradely transported into 
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injection of AAV5-DIO- hM3Dq -mCherry in the DRG. C. DRG of a TG rat having 
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Again, expression was detected in both groups of rats when an unrestricted AAV2-
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view. B. The knee is gently exposed through the incision. C. Final tattooed knee joint. D. 

An infrared video of a rat prior to the tattooing procedure shows no marker on the knee 

joint, demonstrating that what we see in later stages is not due to shadow or other 

imaging artifact. E. The subcutaneous tattoo is revealed in infrared. As the skin marker is 

also visible, infrared videography reveals the extent of skin motion artifact in this frame. 

The SD and TD knee markers do not coincide, and the knee joint has higher variability 
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does not affect the normal gait of the walking rat after a two-week recovery period. D, E, 

F. When comparing SD and TD angular kinematics, we find significant differences 

between the hip (D) and the knee (F) angles. On touchdown, we notice a 22.3 ±1.64-

degree correction of the hip angle and a 21.1± 3.2-degree correction of the knee angle, 

indicating that TD markers help correct the overestimation of these angles that occurs due 

to skin motion artifact. Hip angles also show a higher variability (28.3±0.2 -degree 

change in variability) when compared to SD kinematics. We also notice a consistent 

slight difference in motion with tattoo-derived ankle angles (F). G, H, I. When 
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area of the interface is described in detail in the main text in section II.3. This image 

shows the preset parameters, the single pulse form, the full pulse train and the obtained 
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app was running on Sim mode. The screenshot shows the preset parameters, the single 

light pulse, the full pulse train and the acquired data. Autosave was on and the directory 

of the saved file was shown at the bottom of the interface. .............................................. 81 
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Figure 22. Comparison of h-reflex data gathered with the GUI and an 

inexpensive electrical follower/stimulator, versus that generated by a combination pulse 

generator/stimulator. A. Plot showing the acquired EMG responses after delivering a 

recruitment curve on the GUI with the use of an inexpensive stimulator. The recruitment 

curve ranged from 0.3mA to 0.95mA with a step size of 0.05mA. Interpulse was set at 3 

seconds. No EMG was obtained on the first pulse. At 0.35mA, only an H-wave was 

obtained without an M-response. The plot shows the variation of the M and H wave 

throughout the recruitment curve. Data was amplified using a gain of 1000 on the AM 

1700 amplifier prior to data collection. The x-axis represents time in ms, whereas the y-

axis represents the acquired data in V. Each graph shown in this image represents the 

acquired EMG signal at different stimulating amplitues, starting with the lowest on the 

top (0.3mA) and the highest on the bottom (0.95 mA).B. Plot overlaying EMG data 

acquired through conventional method (red curve), and with the use of our GUI coupled 

with inexpensive equipment (blue curve). In this example, an electric stimulation of 

2.8mA was delivered to an anesthetized rat using both methods. Recorded data using 

both methods yielded very similar EMG responses on the same rat. The differences 

between both acquired curves were negligible (mean=0.0038; std=0.0121). .................. 84 

Figure 23. Validation of the impedance testing feature of the GUI. A. Schematic 

of circuit used for the impedance testing feature of the app (Multisim). A 1:100 voltage 

divider was used to measure the voltage delivered by the stimulator (R1 and R2). Rx 

corresponds to the measured load. Having a value of 1kΩ, the value of the voltage across 

R4 corresponds to the current delivered by the AM2200 stimulator. The voltage across 

Rx over the calculated current would then correspond to the measured impedance. The 

outputs of the circuit could be easily connected to the DAQ through BNC plug 

connectors. B. Graph showing the difference of known resistor values against measured 
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ones using the GUI. The correlation was linear and gave a high accuracy of impedance 

measurement detection (94%), with higher resistor values yielding a lower accuracy. The 

x-axis represents known resistor values in Ohms, and the y-axis shows the valued 

measured with the GUI in Ohms. C. Graph showing the variation of current accuracy as a 

function of impedance value. The graph shows that current was still delivered accurately, 

even when a higher impedance was used, which requires a higher voltage administration 

by the stimulator (average current accuracy of 99.9%, with a value of 95.8% for a 47kΩ 

load). The limit of the impedance that can be used will be determined by the stimulator 

chosen. The x-axis represents the known resistor value in Ohms, and the y-axis shows the 

current accuracy as a percentage. An impedance value higher than 15kΩ is not 

recommended, as it would require the stimulator to go to very high voltages to achieve 

certain stimulating amplitudes, and it would increase the error and decrease the accuracy 

of the detected current. D. Screenshot showing the GUI’s impedance test feature in use. 

That feature was tested in an anesthetized rat..  The first graph shows data acquired after 

delivering a slow ramp ranging from 0 to 1mA, which can provide a usable estimate of 

the electrode impedance. The x-axis represents the administered current in mA, and the 

y-axis shows the voltage acquired on R2 of the circuit described in panel A. The graph 

shows a linear correlation and indicated an impedance electrode of 5.8kΩ. The second 

graph shows the current accuracy as a function of the stimulating signal. The x-axis 

represents the commanding signal in mA, and the y-axis represents the voltage acquired 

on R4 of the circuit described in panel A, which is a direct indication of the actual current 

that is being delivered with the stimulator. The linear correlation shows a 99.5% accuracy 

level of the stimulating current. ........................................................................................ 85 

Figure 24. Data obtained from the Opto version of the GUI. A green light pulse 

of 200ms (green) was shone on the sciatic nerve using a nerve cuff. An electric 
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stimulation was delivered at 100ms (red), and EMG was obtained after the administration 

of the e-stim (black). Inhibition was not expected given that the rat used was naïve. ..... 87 

Figure 25. H-Reflex data analysis generated from the Analyze H-Reflex function 

of the GUI. Data was amplified with a gain of 1000 through the AM 1700 amplifier prior 

to collection. Measurements were done using the GUI. The sampling frequency was set 

to 100kHz. A recruitment curve of 200µs bipolar waves, ranging from 0.3mA to 0.95mA, 

with a step size of 0.1mA and an interpulse of 3 seconds was delivered to an anesthetized 

rat. The autosave feature, as well as the minimize variable saving feature, were used. The 

“Analyze H-Reflex” feature was clicked automatically after data collection. M/H cutoff 

was set at 8ms. Panels A and B show the measured peak (in magenta) for both M and H 

waves 18ms after the e-stim was delivered. The M/H cutoff, specified by the user, is 

shown with a vertical red line. The x-axis in represents time in ms, and the y-axis 

represents the acquired voltage in V, after an amplification of a gain of 1000.  A. M and 

H peaks shown for a pulse of 0.35mA. No M-wave was obtained, and the software 

yielded a value of 0 for the M peak. H peak was at 0.08V. B. M and H peaks obtained 

after a pulse of 0.95mA was delivered. M was at 2.4V and H at 2.8V. C. Plot 

automatically generated by the Analyze H-Reflex function showing the values of the M 

peaks (red) and the H peaks (blue) for each pulse amplitude. The x-axis represents the 

different currents in mA, and the y-axis represents the acquired voltage in V, after 

amplification with a gain of 1000. D. Plot automatically generated by the Analyze H-

Reflex feature showing the H/M ratio of each delivered pulse. The x-axis shows the 

different currents in mA where both an M and an H wave were detected, and the y-axis 

shows the H/M ratio of each wave acquired at each stimulating current.The Hmax/Mmax 

value was determined to be 0.8. ........................................................................................ 88 
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Figure 26. Experimental design and timeline of the spinal cord injury study. 

Baseline BBB, ladder and kinematics were recorded for all rats following DRG 

injections, then at several stages following injury. After week 6, CNO was withdrawn for 

all behavioral assessments at week 7 then readministered at week 8. This allowed us to 

quantify plasticity and CNO dependence at the week 7 stage of the recovery on a 

behavioral note. ................................................................................................................. 94 
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Figure 28. Plot showing the trajectory of each marker within a trial. This 
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Evident is the difference in the y movement of the TD knee marker when compared to the 
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CHAPTER I. INTRODUCTION 

Spinal Cord Injury And Recovery In EES 

Spinal cord injury (SCI) is a serious neurological condition that leaves people 

impaired and living with disabilities for the remainder of their life, with loss of sensory 

and motor function distal to the point of injury. This results in a reduction of their quality 

of life, and to date still lacks effective treatment[1]–[4] . Depending on the location and 

the severity of the injury, long term outcomes can range from full recovery to permanent 

paraplegia, with complications including muscle atrophy, spasticity, bladder incontinence 

and infections. Thorough scientific research has been under way to find effective 

solutions for spinal cord injury recovery, including neural stem cell research, tissue 

engineering and scaffolding, powered robotic exoskeletons, gene therapy and electric 

stimulation. 

Epidural electric stimulation (EES) is a form of electrical stimulation (ES) applied 

to the dorsal epidural surface of the spinal cord. In a small number of patients, research 

has shown that EES is a promising technique that helps patients with motor abilities such 

as standing and stepping [4], and in some cases even further voluntary command of legs.  

It has been shown that EES of the spinal cord induced locomotor-like events in 

rats, cats and humans with complete SCI [5]. In rats having undergone a chronic spinal 

cord transection, EES in the range between 20 and 110 Hz induced step-like movements. 

In contrast, EES at less than 10 Hz produced tonic activity in hindlimb muscles but did 



 

2 
 

not evoke locomotor-like activity[5]. Moreover, EES at the lumbosacral level elicited 

some hindlimb rhythmic movements, with coordinated bilateral stepping being evoked 

more often when EES is applied at L2 [6][7] or S1 [8]. Recent work [8] has even resulted 

in immediate stepping in human patients with choreographed electrical stimulation. 

In injured cats, EES applied to the lumbar spinal cord 6 weeks postinjury also 

generated coordinated step-like movements in non-trained subjects. It is important to note 

however that the stepping movements were not weight supporting with very little ability 

for plantar placement of the paws [9], [10]. In decerebrated cats, an EES frequency in the 

range of 3-5Hz induced hindlimb stepping [6], [9], [11], [12]. In decerebrated cats 

spinalized 5 to 7 days before an acute experiment, intraspinal ES of frequency range of 2-

6Hz generated long-lasting locomotion. High frequency stimulations of 30-70Hz also 

triggered a few cycles of bilateral locomotion [10]. 

Moreover, continuous 40Hz EES administered to human patients with chronic 

complete SCI evoked motor pool activity during stepping on a treadmill with partial body 

weight support and induced rhythmic alternating EMG activity [11], [13]–[16].  

To further elaborate, in the case of animals and humans with a chronic but 

incomplete SCI, EES has been shown to activate descending and ascending dorsal 

column axons as well as projections from the dorsal root, particularly as they project 

vertically and enter the spinal cord at the dorsal surface [15]. 

It is largely thought that EES activates large and medium diameter afferent fibers 

[17]–[21]. In humans and laboratory animals with a complete SCI above the lumbosacral 

segments, there will be no descending axons activated by EES. However, the dorsal root 
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afferents are activated by EES and, it is hypothesized that larger axons will be 

preferentially activated, due to the nature of electrical stimulation. How activation of 

these afferents during task-relevant training leads to changes in neuronal circuitry that is 

responsible for improved recovery in patients with SCI remain ambiguous. For example, 

which specific interneuronal circuits that project to the motor pools are activated by EES, 

and how and where plasticity is induced [21]. 

Nevertheless, some progress has been made by examining the amplitudes and 

latencies of potentials evoked in muscles by single pulses of EES in both laboratory 

animals and human subjects [22],[23]. 

 

Sensory Afferents In The DRG 

The dorsal root ganglion (DRG), situated in a dorsal root of a spinal nerve, 

contains cell bodies of somatosensory neurons. Axons branching out of the DRG neurons 

are known as afferent nerve fibers or simply afferents. Sensory nerves carry the afferent 

fibers to enter into the spinal cord, and motor nerves that exit from the ventral horn carry 

the efferent fibers out of the spinal cord to act on skeletal muscles [24]. 

The diverse modalities of somatic sensation are mediated by peripheral nerve 

fibers that differ in diameter and conduction velocity. Mechanoreceptors for touch and 

proprioception are innervated by dorsal root ganglion neurons with large-diameter, 

myelinated axons that conduct action potentials rapidly. Thermal receptors, nociceptors, 

and other chemoreceptors have small-diameter axons that are either unmyelinated or 

thinly myelinated; these nerves conduct impulses more slowly. The difference in 
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conduction velocity allows signals of touch and proprioception to reach the spinal cord 

and higher brain centers sooner than noxious or thermal signals [24], [25]. 

Peripheral nerve fibers are classified into functional groups based on properties 

related to axon diameter and myelination, conduction velocity, and whether they are 

sensory or motor. Group I axons innervate muscle-spindle receptors and Golgi tendon 

organs (GTO), which signal muscle length and contractile force. Group II fibers innervate 

secondary spindle endings and receptors in joint capsules. These receptors also mediate 

proprioception. Group III fibers, the smallest myelinated muscle afferents, and the 

unmyelinated group IV afferents are activated by nociceptive stimuli that can be sensed 

as painful [24] (Fig 1A). 

Cutaneous nerves contain two sets of myelinated fibers: Group II fibers innervate 

cutaneous mechanoreceptors that respond to touch, and group III fibers mediate thermal 

and noxious stimuli. Unmyelinated group IV cutaneous afferents, like those in muscle, 

also mediate thermal and noxious stimuli [26]–[28].  

Further, two distinct types of mechanosensitive ion channels have been found in 

the posterior root ganglion neurons. The two channels are broadly classified as either 

high-threshold (HT) or low threshold (LT). High-threshold channels have a possible role 

in nociception. These channels are found predominantly in smaller sensory neurons in the 

dorsal root ganglion cells and are activated by higher intensity stimulations, two 

attributes that are characteristic of nociceptors [29]. 
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Importance Of Proprioceptive Feedback In Locomotion And Recovery From Injury 

Proprioception is defined as the sense of body position and self-movement. 

Mammalian locomotion has been extensively analyzed in multiple species [30], with an 

exceptionally long history of motor control research in cats. These studies include 

detailed kinematic and EMG evaluations of the walking step cycle, in healthy and SCI 

conditions. Proprioceptive feedback has been deemed essential for the generation of a 

normal locomotor pattern, and loss of proprioception has been shown to have dramatic 

and detrimental effects on locomotion [31]–[34], including via changes in intersegmental 

dynamics [34], in cats. 

Multiple detailed mechanisms for how proprioceptors regulate locomotion have 

been revealed or proposed [35].The effects of stimulating group I afferents in previous 

literature have suggested that one function of the extensor group Ib afferents in the cat is 

to regulate the duration of the stance phase: specifically, a necessary condition for swing 

initiation is an unloading of extensor muscles as signaled by decreased activity in the 

group Ib afferents from these muscles. It would be expected, therefore, that electrical 

stimulation of these afferents near the end of the stance phase should delay the onset of 

swing, as was shown in fictive locomotion experiments [36]. 

Recent investigations of proprioceptors in these animals have identified reflex 

pathways that regulate the transition timing from stance to swing, as well as the 

magnitude of ongoing activity of motoneurons. During locomotion in the walking cat, the 

influence of feedback from the GTOs in extensor muscles onto extensor motoneurons is 

reversed from inhibition to excitation [10], [35]. 

Another important function of proprioceptive feedback in locomotor systems is to 

reinforce ongoing motor activity during stance [36], [37], as well as to transition from the 
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stance phase to the swing phase [38].  This theory has also been supported by 

observations on the walking system of the crayfish [39]. 

In mice, the ablation of sensory feedback generated by the muscle spindles with 

the use of Egr3 mutant mice resulted in a significant degradation of kinematic behavior, 

which could be seen in altered offset timings in ankle flexors and abnormal toe stepping. 

Compared to wild type mice, mice lacking muscle spindle feedback showed a dramatic 

increase in foot drop in horizontal ladder walking and a significantly higher cycle in 

swimming [31].  

Additionally, the locomotor pattern is even more degraded when all 

proprioceptive feedback is eliminated, for example in Pkill mice [31], resulting in a more 

synchronous flexor activity compared to normal mice. This suggests that a normal 

locomotor pattern requires constant feedback from muscle spindles and Golgi Tendon 

Organs (GTO), and that spinal circuits alone are insufficient to direct normal locomotor 

pattern [31]. 

Additionally, increased evidence indicates that proprioceptive afferent signals 

regulate descending circuit connections that lead to motor recovery. With an incomplete 

spinal cord lesion, spared descending inputs remain connected to the spinal cord circuits 

caudal to injury. These connections are widely documented across different species [23] 

,[40]–[43]. Genetic manipulation as well as locomotor training that promotes 

proprioceptive and cutaneous afferent activities demonstrate that proprioceptive feedback 

activity steers connectivity rearrangements both above and below injury after spinal cord 

injury, emphasizing the influence of the activation of proprioceptors on recovery from 

spinal cord injury [42], [44]–[46]. These findings have led to the questions of which types 

of proprioceptors are most important to stimulate to aid in recovery from SCI, and 
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whether stimulation of mechanoreceptors in addition to proprioceptors is necessary or 

beneficial. 

Proprioceptive neuron subpopulations in the DRG can be marked with the 

modulation of Parvalbumin (PV) (Fig 1B). PV is a calcium binding protein that identifies 

a subpopulation of proprioceptive dorsal root ganglion (DRG) neurons. It has been shown 

that PV expression in L4 and L5 DRG in native rats constituted 25% of the neurons on 

average [47]. 

 
Figure 1 Sensory afferents in the spinal cord and the DRG. A. Illustration showing 
sensory afferents in the DRG. LDAFs (1a, 1b and II fibers) are thought to contribute to 
recovery when stimulated electrically. By targeting these fibers (bracket) with 
DREADDs (syringe), we can investigate their contribution to recovery of locomotion 
after injury. Credits to Kathleen Keefe for the illustration. B. Fluorescent microscopy 
highlighting proprioceptors of an L5 DRG of a rat. Fluorescence shows Parvalbumin 
expressing neuronal cell bodies and axons, which are widely used as markers for 
proprioceptive neuronal subpopulations in the DRG 

 

. 
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DREADDs And Optogenetics 

In addition to the ability to selectively target specific cells, we need a tool that can 

change their activity level, to probe their function. Genetically encoded tools such as 

chemogenetics and optogenetics have been emerging as methods to manipulate neurons 

and can be readily coupled with genetic selective targeting. Designer Receptors 

Exclusively Activated by Designer Drugs, or DREADDs, are chemogenetic tools that can 

modulate neuronal excitability. These G-protein coupled receptors are mutated to interact 

with selective downstream signaling pathways to either excite (hM3Dq) (Fig 2A) or 

inhibit (hM4Di) (Fig 2B) neurons [48]. Clozapine-N-Oxide (CNO), a putatively 

biologically inert ligand, binds exclusively to DREADDs and activates them by causing a 

lower threshold for depolarization in the case of excitatory DREADDs, or a 

hyperpolarization in the case of inhibitory DREADDs [49]. Like chemogenetics, 

optogenetics is a technique that involves genetically modifying specific neurons by 

introducing light sensitive protein channels, called opsins, to exclusively target and 

control these cells with the use of light. Those opsins can be excited only when light with 

a specific wavelength is present. Two popular opsins, Channelrhodopsins and 

Archaerhodopsins, are used to either excite or silence cells that express them with the 

presence of light. For instance, Channelrhospsin2 (ChR2) (Fig 2C) is an opsin that is 

activated exclusively when blue light with a wavelength of 470nm is present, which 

subsequently causes an excitatory depolarization by opening sodium ions [50]. Similarly, 

Archaerhodopsin T (ArchT) (Fig 2D) is an opsin that can be modulated with the use of 

green light with a wavelength of 520nm, thereby inhibiting the cell’s activity by causing 

a membrane hyperpolarization as a result of pumping hydrogen ions outside the cell [51]. 

Introducing either DREADDs or Optogenetics to specific subpopulations of sensory 
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neurons is increasingly used in broader scientific research, and in particular is 

increasingly being brought to bear on questions in spinal cord injury (SCI). Modulation 

of specific neurons can be achieved with the use of these genetic techniques, by 

administering either CNO systematically or light pulses with specific wavelength directly 

to the neurons expressing either the DREADDs or optogenetics constructs. 

 
Figure 2.  Genetic tools such as chemogenetics and optogenetics are widely used 

techniques to manipulate specific neuronal subpopulations. A. hM3Dq is a Gq-coupled 
human M3 muscarinic excitatory DREADD that, with the presence of CNO, decreases 
the threshold of excitability and in return causes increased neuronal excitability. B. 
hM4Di is a modified form of the human M4 muscarinic (hM4) receptor that acts as an 
inhibitory DREADD. With the presence of CNO, this DREADD is activated and in 
return causes an increase of the membrane potential and thus hyperpolarization and a 
decreased neuronal excitability. C. Channelrhodopsin-2 ChR2 is an opsin that, with the 
presence of a 473nm of blue light, causes an influx of Na+ into the membrane and in 
return neuronal excitation. D. Archaerhodopsin-T ArchT, is an opsin that with the 
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presence of green light of 523nm wavelength, causes an outflow of H+ from the 
membrane and in return hyperpolarization and neuronal silencing. 
 

Thesis Objectives And Hypotheses 

Spinal cord injury causes life-long neurological impairment, with loss of sensory 

and motor function distal to the point of injury. There are approximately 300,000 patients 

living with SCI in the United States, with currently no effective treatment, reducing their 

quality of life. EES, which is thought to excite large diameter afferents [9], [23], [52] has 

been found to improve recovery from spinal cord injury in conjunction with movement 

rehabilitation in rats and humans. However, the mechanisms behind recovery following 

EES remain unexplained. Our efforts will focus on whether specifically targeting LDAF 

as a whole, or proprioceptors on a more specific level, will lead to better recovery from 

SCI in rats. 

Targeting proprioceptive subpopulations of neurons in the DRG by using the 

transgenic Pvalb-iCre rat line is a new technique. As of yet, no scientific publications 

have shown Parvalbumin targeting of the periphery for this specific transgenic rat line. 

Given that proprioceptors can be marked with the modulation of Parvalbumin, which in 

this line express Cre recombinase, we will use the transgenic rats to transduce 

proprioceptors by delivering Cre dependent viral vectors that should express in the DRG. 

In addition, we will be studying the effect of exciting LDAF in contused rats with 

excitatory DREADDs to lay a baseline for comparison with future studies in which only 

large diameter proprioceptors are excited via restriction of the expression of DREADDs 

to Parvalbumin expressing neurons in the DRG. For this study we perform kinematic 

analyses using new deep neural network techniques; here DeepLabCut [53]. 
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Moreover, we present a technique to overcome the skin motion artifact in rodent 

kinematic studies. The artifact due to skin motion over bony landmarks in rodents can be 

quite large (39° for the hip angle, 31° for the knee angle) [54], and has been quantified 

using X-ray fluoroscopy [54]. We show that marking the knee joint under the skin with a 

permanent dark pigment tattoo and subsequent infrared imaging has the potential to 

provide kinematic data with accuracy approaching that of x-ray imaging of bones, 

without the cost ($1m+) and limitations of using biplanar X-Ray systems. 

And finally, we present a novel MATLAB application that can accurately and 

reliably perform automated H-Reflex measurements, test electrode impedance in situ, and 

carry out typical subsequent analyses. This application will include several useful 

features that will result in reducing the potential for human error, resulting in higher 

research quality. 

Specific Aims: 

Aim 1: To express excitatory DREADDs in specific cell types within the DRG.  

The objective of this aim is to determine whether by using viral vectors of specific 

serotypes and dependencies, we can restrict expression to large diameter afferents only, 

and thus avoid transducing pain (nociceptive) afferents. This will include both 

proprioceptors and cutaneous exteroceptors; thus creating a basis for comparison with 

more restricted expression that allows us to determine the effect of each class of afferent. 

Rationale: 

1. Modulation of sensory neurons has been successful with electric stimulation (ES). 

However, ES is a nonselective method that may activate all neighboring neurons, so we 

do not know which neurons are most important. 
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2. By using genetically encoded tools (here chemogenetics), we can precisely target 

specific neuronal subpopulations of interest.  

We hypothesize that with the use of viral vectors encoding for excitatory DREADDs, we 

can successfully target specific neuronal subpopulations and in return express excitatory 

DREADDs in these neurons. 

Subaim 1a. To express excitatory DREADDs in LDAF in the DRG in rats. 

It has been shown that the Adeno-associated virus serotype 2, AAV2, preferably 

transduces large afferent neurons. By packaging excitatory DREADDs hM3Dq in an 

AAV2 viral vector along with an mCherry fluorescent protein, we will study whether we 

can successfully express excitatory DREADDs specifically in LDAF [55]–[57]. 

Expected outcome: We expect expression to be preferably found in LDAF, with minimal 

labeling of pain fibers and small and medium diameter afferents.  

Subaim 1b. To express excitatory DREADDs in proprioceptive neuronal subpopulations 

in the DRG in rats. 

In the periphery, neurons that express Parvalbumin are proprioceptive neurons [47]. The 

mutant rat line LE-Tg (Pvalb-iCre) expresses Cre recombinase in Parvalbumin expressing 

cells. Hence, by injecting excitatory DREADDs packaged in a Cre-dependent AAV viral 

vector in the periphery of the LE-Tg (Pvalb-iCre) rat line, the virus will then only express 

in Parvalbumin positive neurons, and thus only proprioceptors will express the virus.  

Expected outcome: We expect a strong (>40% of proprioceptive neuronal subpopulations 

in the DRG) excitatory DREADDs expression that is limited to Parvalbumin positive 

cells in the DRGs of transgenic rat. 

Aim 2: To determine the effect of DREADDs activation of LDAF on recovery from 

contusion SCI in rats and the necessity of their activation at the week 7 stage of recovery.  



 

13 
 

The objective of this aim is to discover whether activating LDAF with locomotor training 

after 200 KDyn contusion injury can influence recovery. Afferents of nerves innervating 

the hindlimb proprioceptors will be excited via DREADDs activation.  

Rationale: 

1. Epidural Electric Stimulation (EES) has been found to improve recovery from 

spinal cord injury in conjunction with movement rehabilitation in rats and humans and 

induced step-like movement in humans and laboratory animals suffering from SCI [7], 

[9], [12], [13], [20], [21], [52]. 

2. Because it is widely believed that EES mainly targets LDAF, we will selectively 

activate and excite these large afferents by using DREADDs.  

3. To assess recovery, the Basso, Beattie and Bresnahan (BBB) locomotor score 

[58], horizontal ladder scoring [59], and 3D kinematics[53], [60], will be measured across 

several weeks following SCI with DREADDs activation of LDAF and compared to 

baseline scores prior to injury. On week 7 of recovery, CNO will be withdrawn to assess 

the importance of continuous DREADDs activation of LDAF for a steady recovery from 

SCI. 

We hypothesize that DREADDS activation of LDAF will improve locomotor and ladder 

behavior in injured moving rats. We further hypothesize that to ensure a steady recovery, 

DREADDs activation is necessary at all stages of recovery, including at week 7. 

Expected outcomes: We expect that DREADDs activation of LDAF for contused rats 

will bolster recovery from SCI. We also expect to observe poorer kinematic and ladder 

behavioral scores in injured animals expressing excitatory DREADDs during CNO 

withdrawal at week 7.  
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Aim 3: To improve on current protocols commonly used in neuroscience. 

The objective of this aim is to develop new methods which will overcome common 

limitations in neuroscience research. By doing so, we believe we can improve the quality 

of the research and the robustness of the collected data. 

 

Rationale: 

1. Skin motion artifact refers to errors in kinematic data caused by the movement of 

skin relative to underlying bony landmarks. Generally, the goal of kinematic analysis is 

to track bones, as these are the load carrying structures in vertebrates. Doing so non-

invasively is typically a requirement, and so tracking is done by placing markers on the 

skin or by marking the skin. Skin is not rigidly attached to bone, however; and in rodents 

especially, bones move significantly relative to skin. Errors can be significant and as high 

as 50-75% in the knee and the hip angle kinematics [54]. Although reconstruction and 

triangulation methods are widely adopted by labs and can correct the skin movement 

error somewhat, they can be based on rough bone length estimates which can vary across 

laboratory animals of the same species, further leading to an erroneous joint movement 

computation [54]. We hypothesize that by using our novel method to overcome skin 

motion artifact by using infrared videography to detect the accurate positioning of the 

knee marker, we will correctly extract the knee joint location in the moving rat. 

2. Conventional H-Reflex methods, although well established, can require tedious 

and detailed notetaking which can result in higher human-error. Users often have to later 

analyze the record which can sometimes require additional data analytics programming.  

We propose a MATLAB application to streamline H-Reflex measurements and to 

analyze the recorded data automatically and instantaneously. 
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Subaim 3a. To compensate for skin motion artifact in a moving rat by using infrared 

videography to transcutaneously track a tattooed mark on the underlying knee joint 

musculature. 

One of the major limitations that rat kinematic labs meet is the inaccuracy of joint 

movement tracking due to skin motion artifact. Triangulation and reconstruction are 

sometimes used in labs to correct joint positions but can increase the error of joint 

computation when compared to skin based joint markers [61], [62]. Fluoroscopy can 

successfully detect the correct location of the moving joints [54]. However, not only it is 

expensive, but it also exposes researchers to X-Ray radiation and requires large facilities 

that are well equipped for radiation blockage, regular radiation protection regimens and 

well-trained staff on how to operate X-Ray equipment. It further has a very small capture 

volume (tens of centimeters on a side), and recording for long bouts of movement is 

problematic due to exposure. These would expose rats to unsafe amounts of X-Rays. 

Thus, we will show a minimally invasive procedure where we tattoo the knee bone with 

dark ink pigment and use infrared videography to correctly detect the knee joint in 

moving rats through the skin. 

Expected outcome: When comparing to skin based joint markers and triangulated joint 

position estimates, we expect that the infrared detection of the dark ink pigment on the 

underlying knee joint will more closely match joint movements computed from X-Rays 

in the literature [54].  

Subaim 3b. To develop an application that can automatically perform H-Reflex 

measurements and analyses. 

Conventional H-Reflex measurement protocols typically consist of performing many 

small steps, which requires a high level of attentiveness, and thus can carry an elevated 

risk of human error, despite proper training. Equipment that is available to perform those 
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tests with different levels of automation are typically proprietary, inextensible by the 

user, and expensive. Thus, we will develop a novel MATLAB application that can 

accurately and reliably perform automated H-Reflex measurements, test electrode 

impedance in situ, and carry out typical subsequent analyses. 

Expected outcome: We expect that the MATLAB app will produce comparable results to 

conventional H-Reflex measurement methods in a timelier fashion and with reliable 

automatic notetaking. 
  



 

17 
 

CHAPTER II. IS AFFERENT ACTIVATION REQUIRED IN THE 

CHRONIC PHASE OF RECOVERY FROM CONTUSION SPINAL CORD 

INJURY TO MAINTAIN LOCOMOTOR PERFORMANCE? 

Targeting LDAF In The Wild Type Tat 

Specifically targeting LDAF allows for modulation of cutaneous and 

proprioceptive neurons, due to their predominantly large size, without activating small 

diameter afferents, which are in general responsible for nociception. In order to do so, we 

directly injected an Adeno-associated virus serotype 2 (AAV2) viral vector into the DRG, 

as this virus primarily targets large diameter afferents (Fig 3A) [55], [56]. 18 Long-Evans 

wild type rats were injected with a cocktail consisting of AAV2-DIO-hSyn-hM3Dq-

mCherry and Cre-recombinase at a 5:3 ratio. Right-side L3-L5 dorsal root ganglia (DRG) 

were injected with 1μL of the viral vector cocktail at a rate of 10 nL/s. The needle was 

left in the DRG for 5 minutes after injection to avoid any leakage from occurring (Fig 

3B).  

Rats were euthanized 4 weeks after DRG injection and perfused with 4% 

paraformaldehyde (PFA). L3- L5 spinal cord as well as right DRGs were dissected and 

extracted for histological validation. Harvested tissue was preserved in 4% PFA for 24 

hours then transferred to a 30% sucrose solution. DRGs were sectioned at 10μm.  

To verify that pain fibers were not being labeled, slides were double stained for 

Calcitonin Gene-related Protein (CGPR) and dsRed. This double staining shows minimal 

co-labeling of mCherry and CGRP (Fig 3C). 

To determine whether Proprioceptors were targeted, a double staining for 

Parvalbumin (PV) and dsRed was performed. This staining shows co-labeling of 
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mCherry with Parvalbumin (Fig 3D) in some neurons (on average, 54% ±10.4% of 

mCherry expressing neurons coexpress PV). Around 40% of the neurons in the DRG 

express Parvalbumin [47]. mCherry expressing large neurons that are not co-labeled with 

PV are thought to be cutaneous receptors.  

 

 
Figure 3. Direct microinjection of AAV2-hSyn-DREADDs constructs into DRGs 
preferentially transduces LDAF and minimal nociceptors. A and B. The DRGs of the rat 
are exposed in surgery and an AAV2 viral vector packaging hM3Dq and mCherry is 
injected directly into the DRG by inserting a microneedle, as illustrated in panel A. Panel 
B shows a photograph of the surgical procedure. A “fast-green” dye is mixed with the 
viral vector to successfully visualize that the virus is injected in the DRG without 
leakage. C. Double staining for mCherry and CGRP of the DRG show minimal co-
labeling of pain fibers when AAV2 is injected in the DRG. D. Double staining for 
mCherry and PV shows co-labeling of proprioceptors when AAV2 is injected in the 
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DRG. Large diameter cells expressing mCherry but not PV are thought to be cutaneous 
afferents. We have on average detected a 54%±10.4% o mCherry expressing neurons that 
are PV positive. 

To measure transduction rate, slides were stained with fluorescent Nissl and with 

mCherry. Cells that are bigger than 25μm were considered LDAF and cells that are 

smaller than that were filtered out via image processing. We found a 40% transduction 

rate amongst all DRG neurons with direct injection in the DRG. 

 

The Effect Of CNO With Animals Expressing Excitatory DREADDS In LDAF On 

Recovery From Contusion  

Given the crucial role that somatosensory feedback plays in animal locomotion, 

and the increased clinical relevance of the contusion injury model over hemi-section 

models, we sought to determine whether selectively exciting LDAF in the DRG would 

promote recovery from contusion spinal cord injury.  

Experimental Design 

WT Female Long-Evans adult rats were used in this study. The study was 

comprised  of two groups. Experimental animals received excitatory DREADDs in left 

and right L3-L5 DRGs by injecting a cocktail of AAV2-DIO-hsyn-hM3Dq-mCherry:Cre-

Recombinase 5:3 (n=11), whereas controls only received mCherry via AAV2-mCherry 

injections (n=2).  

Baseline BBB, horizontal ladder assay and kinematics (5 trials per speed of 5 

different speeds ranging from 16 to 32 cm/s in 4 cm/s increments) were recorded from all 

rats (Fig 4).  
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After waiting for expression (3-4 weeks after DRG injection), all rats underwent a 

200KDyn contusion injury at T10 spinal level. All rats received the same treatment 

throughout recovery, which consisted of a 20 min treadmill exercise 3 times a week for 8 

weeks following the contusion, 30 minutes after an intraperitoneal injection of CNO at a 

dose of 4mg/Kg, with the exception of week 7, which was used to assess the importance 

of CNO administration of late stages of recovery, as well as an indicator of whether 

neuroplasticity was occurring. BBB and horizontal ladder scores as well as kinematics 

were recorded after CNO administration, apart from week 7 as well. Rats were 

euthanized and perfused at the end of the study and DRG and spinal cord tissue were 

harvested for histological validation (Appendix A).  

DRG Injections 

The study was double blinded. Rats were anesthetized with a Ketamine:Xylazine 

cocktail. 13 WT female Long-Evans rats underwent bilateral injection of AAV2 viral 

vectors in L3-L5 DRGs. 1μL of viral vector was injected by using a microinjector at 

10nL/s and the needle was left in the DRG for 5 minutes to prevent any leakage from 

occurring. 

Dorsal root ganglia injections were carried out in aseptic conditions. An 

approximately 5cm incision was performed on the dorsal midline of the rat around the 

lumbar area, starting at approximately the position of L1 vertebrae. Dorsal muscles were 

cleared with rongeurs and a small laminectomy was done to distally expose the DRG. 

Once the muscles, bone and fascia covering the DRGs were removed and the DRGs were 

clearly visible, animals were attached to spinal holders for injections. Viral vectors were 

mixed with a Fast Green solution to allow for a visual confirmation of DRG filling. The 

virus was injected via a glass needle beveled in the lab (~20 µm diameter) that is attached 
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to a microinjector that itself can be maneuvered via a micromanipulator. The volumes 

and rate of injections were specified on the microinjector, and were typically 10 nL/min. 

Needles were left for a minimum of 3 minutes after the injections were completed to 

avoid any leakage.  

Spinal Cord Contusion 

Rats were anesthetized with a Ketamine:Xylazine cocktail. An incision was made 

between T3 and T13 vertebrae. Muscle was exposed with custom made retractors. The 

vertebrae around T8-T12 were exposed after clearing muscle with rongeurs. A 

laminectomy was then performed at the T9 through T11 spinal levels. Rats were then 

positioned on a spinal holder. Lidocaine was applied to the exposed spinal cord. A 

stereotaxic impactor (PSI Infinite Horizon Impactor) was connected to driver software, 

and after determining the coordinates corresponding to the T10 spinal level (x and y 

coordinates, and the depth z coordinate was determined when the piston left the slightest 

indentation on the spinal cord), a 200Kdyn contusion was performed. Output graphs 

generated by the software were used to verify the intensity of the injury that was 

performed. Rats were then sutured and given analgesic (Rimadyl) and a 5-day antibiotic 

treatment (Cefazolin) to prevent urinary tract infections that occur due to the loss of 

urinary function with the injury. Bladders were manually expressed twice a day until 

urinary function was restored. Appendix A shows the impact graphs obtained by the 

software we use to conduct the spinal cord injuries. 

BBB 

To assess locomotor function using the BBB scale, rats were placed on a round 

pool and their locomotive pattern was observed and validated by 2 well-trained different 
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users to reduce user-to-user variability. Performances of both hindlimbs in the presence 

of CNO (with the exception of week 7 which was used to gauge CNO withdrawal effect) 

were scored according to the BBB scale [58].  

Horizontal Ladder Assay 

An asymmetrical ladder was used to record rats’ performances. Rats were 

recorded on video after CNO administration (with the exception of week 7) while 

performing 4 horizontal traverses (Fig 4A). This tool is useful to quantify proprioception. 

3 variables were recorded: “Hit” represents the trials where the rat’s hindlimb hits and 

grasps the rung. This corresponds to a successful trial. “Miss” represents the trials where 

the rat’s hindlimb completely misses the rung and falls in between the rungs. “Slip” 

corresponds to the trials where the hindlimb touches the rung but unsuccessfully grasps it 

and subsequently falls down between the rungs [59]. Videos were then analyzed and 

statistics were displayed as average ± standard error. 

Motion Capture 

All animals were shaved and then marked with sharpie markers on the anterior-

superior iliac spine (ASIS), hip, knee, ankle, and toe joints, by arranging the rat in mid-

stance position and feeling the joints’ locations on the skin.  

2 high-speed cameras were used to take simultaneous videos of the moving rat to 

allow for 3D reconstruction of angular kinematics. To control for speed, a robotized 

treadmill operating via custom code written under the Robot Operating System (ROS; 

www.ros.org) and linked to a Linux computer was utilized in the study and rats were 

assessed at 5 different speeds (16, 20, 24, 28 and 32 cm/s) [60] (Fig 4B). All animals 

were recorded following CNO administration on all weeks except for week 7.  
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Automatic Feature Tracking And 3D Reconstruction 

Because each trial consists of 2000 frames, manual and semi manual tracking of 

the desired features would be extremely labor intensive. We used DeepLabCut, a deep 

neural network that operates on TensorFlow [53] that allowed us to automatically track 

the 5 features (ASIS, hip, knee, ankle and toe) of the moving rat (Fig 4C, Appendix A). A 

network was created by choosing 300 frames of 10 different videos of each camera (6000 

total frames) and clicking on the 5 markers of interest. After training the network, custom 

code was executed to automatically detect the markers in the videos to be analyzed. The 

network was adjusted and retrained as needed throughout the experiment. For 3D 

reconstruction, a calibration object was used to extract DLT coefficients [63]. Custom 

python code was executed [60] that allowed us to compute 3D angular kinematics of the 

hip, knee and ankle. Results were displayed on a chart as an average ± standard error as a 

function of the stride’s percentage. 3D coordinates of the ASIS, hip, knee, ankle, and toe 

were also used to compute other variables that were considered to be of interest, such as 

joints positioning and stride length.  

 



 

24 
 

 
Figure 4. Experimental setup of the horizontal ladder assay and MoCap. A. The 

asymmetrical horizontal ladder assay is a useful technique to measure proprioception in 
the intact and in the injured rat. We recorded three variables, hit and grasp, miss, and hit 
and slip, and measured the performance of the rat across several weeks after injury and 
compared them to baseline and in-between study groups. B. Apparatus for gathering 3D 
kinematic data during treadmill locomotion. Five joints of the rat’s hindlimb are marked 
with sharpie markers. Two simultaneous high-speed videos are recorded for locomotor 
event for 3D reconstruction. C. Snapshots of locomotion in an injured rat at the week six 
post injury timepoint of the recovery. The five joints were automatically tracked by using 
DeepLabCut, a deep neural network that allows automatic feature tracking. 

Histology 

Rats were sacrificed at the end of the study and perfused with 4% PFA. L3-L5 spinal 

cord and left and right DRGs were harvested for histological evaluation. Dissected tissue 

was placed in 4% PFA for 24 hours, then in 30% sucrose for at least 5 days. DRGs were 

sectioned at 10𝜇𝜇m and collected on positively charged ColorFrost slides. DRGs were 

stained with PV and dsRed to determine expression rate and labeling of proprioceptors. 

Spinal cord was labeled for CGRP to label nociceptors [64], [65], mCherry to label axons 

of cell bodies transduced with the administered viral vectors, and VGlut1 to label 

motoneurons [66]. Sections were imaged on a fluorescent microscope.  
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Results 

Given the two extensive recovery surgeries, animal loss was a significant factor in 

this study, and thus although significant numbers of experimental animals completed the 

study (n=11), only two control animals completed the study. Thus, full evaluation of how 

DREADDs excitation of LDAF affects recovery from SCI in a rat contusion model is not 

feasible until more controls are added to the data set. However, the relatively large 

number of experimental animals means that an examination of the effect of DREADDs 

activation on locomotor ability in the chronic phase of recovery is possible by examining 

the data from weeks six, seven, and eight, where DREADDs activation was withdrawn in 

week 7. Thus we are able to ask whether excitatory DREADDs activation is necessary at 

week 7 for the performances we recorded.  

While differences were noted during BBB assessment on week 7, they were not 

statistically significant. BBB is a useful tool to measure movement in injured animals 

across a wide range of abilities, but is not as high resolution as ladder scoring or 

kinematic analyses [58] (Fig 5A).  

Week 7 horizontal ladder data showed a significantly worse performance in 

experimental animal in the absence of CNO (linear mixed effects model-LME: percent 

hits versus time point for weeks six, seven, and eight on experimental animals; 

F(2,20)=5.94, p=0.0094. n=11 rats; Fig 6A). In comparison to other weeks, rats with 

excitatory DREADDs experience a decline in performance on week 7, where they hit less 

and miss more (LME: percent misses versus time point for weeks six, seven and eight on 

experimental animals; F(2,20)=8.47, p=0.0022; n=11 rats; Fig 6B). No significance was 

reported for slip (LME: percent slips versus time point for weeks six, seven and eight on 

experimental animals; F(2,20)=0.57, p=0.945; n=11 rats; Fig 6C). No significant change 

was reported on week 7 for the controls for any of the 3 recorded variables (LME: 
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percent hits versus time point for weeks six, seven and eight on control animals; 

F(2,2)=13.57, p=0.069; n=2 rats LME: percent misses versus time point for weeks six, 

seven and eight on control animals; F(2,2)=2.32, p=0.3; n=2 rats LME: percent slips 

versus time point for weeks six, seven and eight on control animals; F(2,2)=0.83, 

p=0.544; n=2 rats; Fig 5 B,C,D). 

 

 
Figure 5. BBB and Horizontal Ladder scores across weeks and groups. A. While 

differences were noted in injured rats at week 7 with CNO withdrawal, the BBB 
locomotor scale did not show any significance between rats. We observed significance 
between DREADD animals VS controls on the week 1 timepoint of recovery, and this 
suggests that DREADD activation may have an effect of joint movement shortly after 
injury. B, C, D. horizontal ladder score show a significance for the “hit” and “miss” 
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variables at week 7 with CNO withdrawal, where DREADD animals hit less, and miss 
more, without DREADD activation (details in Fig 6). No significance was reported for 
control animals (LME: percent hits versus time point for weeks six, seven and eight on 
control animals; F(2,2)=13.57, p=0.069; n=2 rats LME: percent misses versus time point 
for weeks six, seven and eight on control animals; F(2,2)=2.32, p=0.3; n=2 rats LME: 
percent slips versus time point for weeks six, seven and eight on control animals; 
F(2,2)=0.83, p=0.544; n=2 rats). 

  

 
Figure 6.  Data showing the difference in ladder performance in experimental 

animals with CNO withdrawal. In week seven, the middle bar, CNO was withdrawn and 
DREADDs were not exciting large diameter afferents, whereas it was administered in 
weeks six and eight; this forms an ABA experimental design to control for history 
effects. A. Experimental animals exhibit a significant dip in the number of “hits” with the 
absence of afferent activation (average hits for experimental animals: week six: 47.1%; 
week seven: 34.4%; week eight: 47.2%; LME: percent hits versus time point for weeks 
six, seven, and eight on experimental animals; F(2,20)=5.94, p=0.0094. n=11 rats). B. 
Experimental animals present an increase in the percentage of “misses” without afferent 
activation (average misses for experimental animals: week six: 21.5%; week seven: 
32.5%; week eight: 20.5%; LME: percent misses versus time point for weeks six, seven 
and eight on experimental animals; F(2,20)=8.47, p=0.0022; n=11 rat). C. No significant 
difference is observed with the percentage of “slip” without afferent activation of 
experimental animals (average slips for experimental animals: week six: 31.4%; week 
seven: 33.1%; week eight: 32.3%; LME: percent slips versus time point for weeks six, 
seven and eight on experimental animals; F(2,20)=0.57, p=0.945; n=11 rats). Hits are 
defined as the paw contacting the rung and gripping it. Misses are when the paw misses 
the rung entirely. Slips are when the paw contacts the rung but then slips off. Fewer hits 
with grips and increased misses suggest that proprioceptive information used to know 
where the limb is in space is compromised. Unchanging slips suggests that cutaneous 
information about contact may not be significantly altered. 
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Three-dimensional kinematics data showed that, at lower speeds (16cm/s), 

animals with excitatory DREADDs experienced a dip in kinematic performance at week 

seven compared to weeks six and eight with the withdrawal of CNO, with a significant 

difference in ankle angle (p=0.04 at 60th percentile of the stride; n=8). No significance 

was reported in controls (Fig 7A). It is noted however that large error bars in controls are 

due to the small number of animals in the experiment to date (n=2), which is expected to 

be increased with the addition of animals to the study.  
 

 
Figure 7. Knee and angle kinematics at low and high speed of excitatory 

DREADD and control animals. A. At lower speeds in week 7 (yellow curves), 
DREADDs animals show a worse kinematic performance with CNO withdrawal. The 
ankle angle becomes significantly more extended when compared to weeks six and eight, 
which is also further from the pre-injury baseline. The knee angle trends in the same 
direction, exhibiting a slightly more extended knee at week seven, though not significant. 
No differences were noted for controls. The high error bars are a result of low control 
animals who survived the study (n=2). B. At higher speeds, no significant differences 
were noted for week seven during CNO withdrawal for both groups.  

 

In higher speeds however (32cm/s), no significance was reported with CNO 

withdrawal in either group (Fig 7B). Because these are interpolated data as a function of 

percent stride that will be correlated, the t-statistic here is meant simply as an indicator. 
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Figure 8. Histological validation of DREADDs expression in a DREADDs 

animal in the DRG. mCherry expression (A) shows neurons expressing excitatory 
DREADDs. PV expression (B) shows proprioceptive neurons, and merged image (C) 
shows the colabeling of PV expressing neurons with excitatory DREADDs (Average 
mCherry expressing neurons that are positive for PV = 54%± 10.4%; n=10 DRGs). 

Histologically, all DREADDs animals showed a solid expression in the DRGs 

(Fig 8). Labeling of proprioceptors was well observed: on average,  54% ± 10.4% of 

mCherry expressing neurons coexpressed PV (n=10 DRGs). However, expression varied 

in the spinal cord. Out of 11 experimental animals, only four animals showed axons 

expressing mCherry around the motor pools in the spinal cord. However, seven 

experimental animals did not exhibit mCherry expression in the spinal cord. 

Discussion 

It has widely been suggested that excitation of large diameter sensory afferents 

evokes enhanced recovery from spinal cord injury [21], [23], [67], [68]. Here we used 

hM3Dq excitatory DREADDs by way of AAV2 viral vectors to specifically target these 

fibers. Because we are using excitatory DREADDs, it is important not to target any pain 

fibers, as we do not want to elicit any pain in the animals. Our histological data allowed 

us to verify the successful specific targeting of these neurons by dissecting the previously 
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injected DRGs and imaging them in fluorescent microscopy and observing very minimal 

labeling of CGRP expressing neurons. 

To date, we have two control animals who were able to successfully finish the 

study. Due to this small number of controls, overall assessment of recovery cannot be 

made. In order to get a better understanding of the recovery of control animals, their 

number needs to be increased, and then comparisons with excitatory treated animals can 

be made. 

Recovery from spinal cord injury in rats usually plateaus around six weeks after 

the injury timepoint [69]. After the week six timepoint of the recovery, we designed an 

additional ABA experiment, where CNO activation was withdrawn before all three 

behavioral assessments (BBB, ladder and kinematics) were scored on week seven, then 

readministered on week eight where the same behavioral tasks were assessed. This 

allowed us to determine whether CNO activation of large afferents is necessary at the 

week seven stage of the recovery and if any plasticity has occurred in the experimental 

group on a behavioral level. To date, we have 11 experimental animals and two controls. 

Thus the withdrawal part of the study has more statistical power at this stage, as it applies 

to the experimental group.  

Although changes in overall locomotion in experimental animals was observed on 

week seven, changes in BBB scores were not significant. BBB provides a strong 

assessment of hindlimb movement in injured animals, but it can lack some important 

details that can be measured with other assays like kinematics and ladder assessment. In 

addition, at later stages of recovery for instance, animals with 50% hindlimb coordination 

are grouped with the same animals that exhibit a 95% hindlimb coordination. Therefore, 

some animals with visibly different gait patterns may end up getting the same BBB score, 

which may be misrepresentative in some instances. Thus, for more detailed assessment of 
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the rats’ overall performance, we recorded scores from horizontal ladder and from 

kinematics. In the future, it would be interesting is to evaluate BBB subscores for more 

detailed locomotor assessment of the injured rat [58]. 
 

In the horizontal ladder assay, experimental animals exhibit a significant dip in 

performance with CNO withdrawal where they hit less (average hits for experimental 

animals: week six: 47.1%; week seven: 34.4%; week eight: 47.2%; LME: percent hits 

versus time point for weeks six, seven, and eight on experimental animals; F(2,20)=5.94, 

p=0.0094. n=11 rats; Fig 6A) and miss more rungs (average misses for experimental 

animals: week six: 21.5%; week seven: 32.5%; week eight: 20.5%; LME: percent misses 

versus time point for weeks six, seven and eight on experimental animals; F(2,20)=8.47, 

p=0.0022; n=11 rat; Fig 6B). No significant changes were reported in the percentage of 

slips (average slips for experimental animals: week six: 31.4%; week seven: 33.1%; week 

eight: 32.3%; LME: percent slips versus time point for weeks six, seven and eight on 

experimental animals; F(2,20)=0.57, p=0.945; n=11 rats; Fig 6C). No significant changes 

were reported in control animals for any of the 3 variables with CNO withdrawal (LME: 

percent hits versus time point for weeks six, seven and eight on control animals; 

F(2,2)=13.57, p=0.069; n=2 rats LME: percent misses versus time point for weeks six, 

seven and eight on control animals; F(2,2)=2.32, p=0.3; n=2 rats LME: percent slips 

versus time point for weeks six, seven and eight on control animals; F(2,2)=0.83, 

p=0.544; n=2 rats; Fig 5B, C, D).  

The ladder assay is a useful tool for an overall measurement of proprioceptive 

feedback. After spinal cord injury, amongst other important feedbacks, proprioception is 

lost, which can be manifested by a significant drop in performance when comparing 

baseline performance to post-injury ones. The “hit” and “miss” variables reflect on the 
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animal’s ability to properly use its proprioceptive feedback where its hindlimb effectively 

hits the run and grasps it. We hypothesize that the “slip” variable focuses in on the 

animals’ cutaneous feedback, because successful grasp after touching the rung is likely 

enhanced by sensing that touch with cutaneous mechanoreceptors. The animal may 

successfully locate the run with its hindlimb, but a lack of cutaneous feedback, which is 

also lost after injury, is highlighted by a failed trial where the hindlimb ends up falling 

out of the rung rather than grasping and holding it [59]. We found changes in hits and 

misses, but not slips, when afferent activation was withdrawn in week seven. This 

suggests that maintaining proprioceptive performance in DREADDs animals at week 

seven requires afferent activation, but that mechanoreceptors may be less affected. 

However, this is a preliminary use of the slips metric; it requires further validation. 

Because there are few methods yet to tease apart proprioceptors and mechanoreceptors, 

this is an ongoing research task. 

In addition, 3D kinematics provide a detailed assessment of the animals gait. 

Baseline kinematics establish a normal locomotor pattern for each rat. It is widely noticed 

that after injury, there is a dramatic increase in the ankle angles mid-stride, and a change 

in the overall shape of the knee angular kinematics. This indicates a bigger extension of 

the ankle joint, and in turn loss of flexibility. This also suggests that the knee joint is less 

variable and less flexible as well (Fig 7).  

A better recovery is manifested by graphs trending more towards the baseline 

graphs after injury. We observe a statistically significant change in kinematics of 

experimental animals with CNO withdrawal at lower speeds. Kinematic changes at 

higher speeds is insignificant. An interesting hypothesis in motor control theory is that in 

general, slow speeds use more sensory feedback, while high speeds, being more 

feedforward, rely more on the pattern set by the CPG and less on sensory feedback [70], 
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[71]. Because we target LDAF and not motoneurons, our kinematics data seem to be 

aligned with this. 

Changes in ladder and kinematics at week seven with the withdrawal of CNO in 

animals expressing excitatory DREADDs in LDAF suggest that DREADDs activation is 

necessary for maintained performance at this stage of recovery. 

At this point we cannot determine whether this is caused by DREADDs activation 

alone or whether there is an underlying neuronal plasticity that is occurring, which also 

relies on DREADDs activation. Future work could address this by using DREADDs to 

inactivate the potential sources of plasticity. Additionally, to be able to reliably comment 

on the role of LDAF excitation is on recovery, more controls need to be added to the 

study.  

To bring this study to a conclusion, several additional factors need to be 

considered. First, because of the low number of the controls present in the study, six 

additional controls need to be added. Adding more controls not only would reduce the 

error bars in the behavioral assays we recorded, but also increases the statistical power of 

the study and would help us with a clearer idea on whether CNO activation of LDAF 

promotes recovery in SCI. In addition, in our study, we only observed whether plasticity 

is occurring on a behavioral level – future work could seek to identify the neural circuit 

changes underlying that plasticity. 

All animals’ performances have been recorded with CNO administration at all 

stages. This means that LDAF were activated every time at all stages of the recovery 

when experimental animals had to perform BBB, ladder and treadmill tasks, with the 

exception of week seven.  

Experimental animals may have exhibited a dependence on external activation of 

their LDAF while performing these specific tasks, and the sudden withdrawal of these 
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activations at week seven may have compromised the animals’ acclimation to perform 

these tasks, which may have caused a dip in performance. To verify this, it would be 

interesting to perform the same kind of experiment on uninjured animals expressing 

excitatory DREADDs in the same LDAF. CNO would be administered at the same dose 

to the animals and ladder and kinematics will be recorded. CNO is to be withdrawn at 

week seven, assays to be recorded and then readministerd at week eight. This study 

would isolate whether the reliance on afferent activation for performance occurs only in 

injured animals, or is a more general feature of motor control. 

Additionally, histology from spinal cord would be crucial to help us assess 

whether experimental animals exhibit more functional plasticity when compared to 

controls. Because both groups’ LDAF express mCherry thanks to DRG injections of 

AAV vectors, axonal sprouting in the spinal cord can then be observed when looking at 

mCherry expression in the spinal cord. If experimental animals exhibit more axonal 

sprouting in the spinal cord when compared to controls, then this confirms that 

DREADDs activation of LDAF promotes plasticity in the spinal cord after injury. 

Hence, six additional experimental animals and six additional controls are to be 

added to the study. In addition to the same behavioral assays being recorded with the 

same timeline and the ABA addition to the experiment, L3-L5 spinal cord will be 

harvested and stained for mCherry and VGlut1 to assess the difference of axonal 

sprouting in the spinal cord, starting with the Clark’s column and ventral horn.  

Finally, it is worth noting that animals who had bilateral excitatory DREADDs 

exhibited some spasticity five to 10 minutes after CNO administration. Such behavior 

was not observed in any controls, nor in animals expressing unilateral excitatory 

DREADDs. The spasticity was at some point observed in some animals throughout the 

entirety of the study, and not only in early stages of recovery. We hypothesize that this is 
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due to external bilateral activation of large afferents, which would in turn cause the 

animals to have more sensory input, which would manifest in spastic behavior of the 

hindlimbs. Interestingly, we did not see such spasticity in a similar, recent study using 

hemi-section an unilateral DRG injections, suggesting that the strength of simultaneous 

bilateral injection may be responsible. 
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CHAPTER III. USING THE TRANSGENIC RAT LINE LE-TG (PVALB-

ICRE) TO SPECIFICALLY TARGET PROPRIOCEPTORS 

Introduction 

Proprioceptive neurons subpopulations in the DRG can be identified by their 

expression of PV. Thus, to specifically target proprioceptors, the rat line LE-Tg (Pvalb-

iCre) 2Ottc RRRC #00773, that expresses Cre recombinase in PV expressing neurons, 

can be used to target proprioceptors. By using Cre-dependent viral vectors, such as DIO 

(double-floxed inverse open reading frame) vectors, we can limit expression to where Cre 

recombinase is present. Hence, expression in the DRG will be limited to PV, which 

would indicate that only proprioceptive neurons will be transduced. The Cre-Lox 

recombination system used here is an established technology that has been used to 

perform deletions, insertions, and inversions at specific sites of DNA in cells. It consists 

of a single enzyme, Cre Recombinase, that recombines a pair of target “Lox” sequences. 

With the DIO system, the gene of interest and reporter gene are transduced into the cell 

inverted and silenced. They remain this way in the absence of Cre. In the presence of Cre, 

however, the transgene will be reoriented to the correct sense, and one of the two lox sites 

in each pair will be removed, causing the gene of interest to be transcribed (Fig 9A) [62], 

[72]–[74]. 

The transgenic rat colony was maintained by breeding hemizygous transgenic 

(TG) male rats with female WT rats. This would result in a production of a roughly 50% 

transgenic rate of the offspring (Fig 9B). TG rats could be determined by performing 

Polymerase Chain Reactions of DNA extracted from tail clips of weaned rats. TG rats 
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expressing Cre Recombinase in PV show a positive band at 253bp in electrophoresis gels 

(Fig 9C) (Appendix B). 

 
Figure 9. Using the LE Tg (Pvalb-iCre) rat line to specifically transduce 

proprioceptors in the DRG. A. Illustration depicting the concept of the experiment. 
Parvalbumin positive cells in the DRG express Cre recombinase. With the presence of a 
cre-dependent double floxed viral vector, only Cre expressing cells will be transduced 
(vector adapted from Li et. al., PLOS ONE, 2019 [75]). B. To maintain the transgenic 
colony, a male TG rat is cross bred with a WT female rat. The resulting offspring will 
consist of an estimate of 50% TG rate. C. PCR on tail clips of weaned rats is a successful 
method to determine which of the offspring express Cre recombinase in the PV. 
Transgenic rats express a positive band at 253bp. 

 

Sciatic Injection 

DRG injections require long, invasive surgeries, with often potentially lower 

survival rates and very specific skillsets when compared to other animal surgeries. Sciatic 

injections, on the other hand, have a significantly higher survival rates and take 

dramatically shorter times to achieve. With the rat line used, we tested whether retrograde 
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transport of viral vectors from the sciatic nerve up the dorsal root ganglia could be an 

efficient alternative to DRG injections. 

Given that we are only interested in expressing DREADDs in proprioceptive 

neurons, and that the LE-Tg (Pvalb-iCre) rat line expresses Cre recombinase in PV, we 

injected 4μL of excitatory DREADDs packaged in a Cre dependent retrograde AAV2-

retro tagged with mCherry (AAV2-retro-DIO-hSyn-hM3Dq-mCherry) in the right sciatic 

nerve of rats five days following a 1μL sciatic injection of lysolecithin in the same nerve. 

Lysolecithin allows demyelination [76], [77], and in return a more effective retrograde 

transport of the virus [78], [79]. This study helped us determine whether the virus can be 

effectively transported retrogradely up the sciatic nerve, and whether mCherry expression 

was exclusively limited to PV in the DRG at a comparable rate to direct DRG injections. 

The sciatic nerve is mostly innervated by L4 and L5 DRGs [80], so we expected 

expression to be in these DRGs (Fig 10A). 

AAV2-retro-DIO-hsyn-hM3Dq-mCherry were injected intrasciatically in five WT 

and 12 TG rats. We expected to see no expression in WT rats, and expression that is only 

limited to PV in TG rats. 
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Figure 10. Sciatic injections of AAV2-Retro-DIO-hSyn-hM3Dq-mCherry.A. 

Illustration explaining the concept behind sciatic injections. The sciatic nerve is branched 
out of L3-L6 DRGs and innervates the hindlimb muscles. After demyelination of the sciatic 
nerve then viral injection, we expect the virus to be retrogradely transported into the L3-
L6 DRGs. B. Fluorescent microscopy showing L5 DRG 3 weeks after sciatic injection of 
an AAV2-retro-DIO- hM3Dq -mCherry vector. No neurons expressing mCherry were 
detected, which suggests that the transduction of the retrogradely transported virus into the 
DRG of this rat line was unsuccessful.  

Rats were euthanized four weeks after viral injection and perfused with 4% PFA 

and the right sciatic nerve as well as the L4 and L5 spinal cord and right-side DRGs were 

harvested. The DRGs were sectioned at 10μm, and sciatic nerve and spinal cord were 

sectioned at 40μm. DRGs were stained for mCherry and PV. No expression was seen in 

either group in the DRGs (Fig 10B). To investigate further, we then tested for expression 

in these rats after direct DRG injection.  
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Direct DRG Injection Of Cre-Dependent Viral Vectors 

We sought to perform direct DRG injections of Cre-dependent viruses on TG rats 

in the L3-L5 DRGs in order to determine the expression rate we could get from direct 

DRG injections. We designed a study with varied viral vector serotypes and volume to 

determine the optimal combination of serotype and volume to use. We used the serotypes 

AAV2, for its preference to target LDAG, and the serotype AAV5, which has a more 

universal transduction efficacy [81].The study was as follows: 

 
- Two TG rats had a 2μL injection of AAV2-DIO-hSyn- hM3Dq -mCherry; 
- Two TG rats had a 3μL injection of AAV2-DIO-hSyn- hM3Dq -mCherry; 
- Two TG rats had a 2μL injection of AAV5-DIO-hSyn- hM3Dq -mCherry; 
- Two TG rats had a 3μL injection of AAV5-DIO-hSyn- hM3Dq -mCherry. 

All injections were done at a rate of 3nL/s. Rats were sacrificed and perfused with 

4% PFA three weeks after the DRG injections and right-side L3, L4 and L5 DRGs were 

harvested. DRGs were sectioned at 10μm and double stained for PV and mCherry. 
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Figure 11. Direct injection of AAV-DIO viral vectors of different serotypes and 

at different volumes into the DRG of Pvalb-iCre rats induced little to no expression of the 
construct in PV+ neurons in the DRG. Double staining for PV and mCherry show the 
level of unreliability of viral transduction in the DRG of different LE Tg (Pvalb-iCre) 
rats. A. DRG of a TG rat having undergone a direct 3uL injection of AAV2-DIO- hM3Dq 
-mCherry in the DRG. B. DRG of a TG rat having undergone a direct 2uL injection of 
AAV5-DIO- hM3Dq -mCherry in the DRG. C. DRG of a TG rat having undergone a 
direct 3uL injection of AAV5-DIO- hM3Dq -mCherry in the DRG. The Cre-dependent 
construct is rarely transduced in PV+ neurons. Of 24 DRGs analyzed across eight rats, 
only 5 DRGs showed any mCherry expression suggestive of Cre-induced transduction of 
the construct, and the number of neurons transduced was very low, ranging from 1-5. 
Staining for PV in the same DRGs showed many PV+ neurons (average of 38 PV+ cells 
taken across 6 random DRGs). Thus, even accounting for a lower estimate of 40% rate of 
viral transduction of PV+ neurons, we should see several neurons labelled at the very 
minimum (40% of 38 is 15 transduced cells on average). These neurons tend to be large, 
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and our viral serotype (AAV2) targets large diameter afferents, so this rate of 40% should 
be an underestimate; we typically transduce 30-40% of all DRG neurons, including small 
diameter neurons, and around 60-70% of large diameter neurons with AAV2. We also 
used AAV5, which has a significantly higher transduction rate than AAV2, to control for 
the serotype, and the number of transduced PV+ neurons were very small, if any. Future 
work should seek to inject a construct that simultaneously labels all transduced neurons 
and the Cre-dependent construct, so that the number of neurons transduced by the virus is 
measured directly. 

Fluorescent microscopy showed low levels of expression, with very few cells 

expressing mCherry (Fig 11), leading us to investigate further and test for the presence of 

Cre-Recombinase in the DRGs by performing Western Blots and a fluorescent staining of 

Cre-Recombinase.  

Western Blot And Immunohistochemistry With Cre-Recombinase Antibodies 

Western Blots allowed us to further evaluate the expression of Cre Recombinase 

in the transgenic rat’s DRGs. Six DRGs were harvested from each rat of six freshly 

euthanized rats, three WT and three TG rats. Human Embryonic Kidney 293 (HEK 293) 

cells expressing Cre recombinase and WT HEK 293 cells were used as positive and 

negative controls, respectively. Lysates and controls were then incubated in a blocking 

buffer, then a mouse anti Cre Recombinase primary antibody (1:1000) for 24 hours in 

4°C, then for a goat anti mouse secondary antibody (1:5000) for 2 hours at room 

temperature. No positive bands were detected for either group. The only band that was 

detected at 50bp was a positive control of HEK293 cells expressing Cre Recombinase 

(fig 12A). 

 

To test immunohistochemistry in the DRGs, we double stained TG rats’ DRGs for PV 

and for Cre Recombinase. Two primary Cre Recombinase antibodies were used, with 

dilutions ranging from 1:100 to 1:500, to determine the optimal primary 
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antibody/dilution. Sections were incubated in a 10% blocking buffer for 1 hour at room 

temperature, then in primary antibodies for 24 hours at 4°C and for two hours at room 

temperature in secondary antibodies. No Cre Recombinase expression was reported in 

either section at any given dilution of either Cre Recombinase primary antibodies that 

were used (Fig 12B). We decided to further investigate and directly inject Cre dependent 

viruses in DRGs that were subsequently cultured in-vitro.  

 

 
Figure 12. Western-blot and immunohistochemistry analyses failed to detect Cre 

recombinase in the LE Tg (Pvalb-iCre) rat. A. Western Blots failed to show a positive 
band for Cre in Pvalb-iCre rats (PV-Cre column), although HEK293 cells expressing Cre 
recombinase effectively showed a positive band and around 50bp (+ column). B. 
Immunohistochemistry of a DRG of a Pvalb-iCre rat failed to show expression when 
stained for anti-Cre recombinase antibodies. This image shows a stained DRG with a 
1:100 dilution of a rabbit anti-Cre recombinase antibody, with no expression detected. 
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In-vitro Viral Transduction Of Cultured DRGs 

To determine how well the LE Tg (Pvalb:iCre) rat line works in the periphery, we 

sought to extract DRGs and culture them on a well plate then directly transduce cultured 

neurons in-vitro (Appendix B). Six DRGs from each rat were harvested from two WT 

and two TG freshly euthanized young rats (three weeks old). DRGs were broken into 

small clumps, then neurons were cultured in a six well plate. The table below represents 

the six well-plate and the viruses that were used to transduce the neurons. We sought to 

reproduce the study performed in direct DRG injections, with viruses delivered in-vitro. 

The aim of this experiment is to determine whether some in-vivo regulatory mechanisms 

in the peripheral nervous system may be affecting Cre-expression. Wells are represented 

in Table 1. 

 

 

 
Table 1. Representation of the 6 well plate for the in-vitro transduction 

experiment. 

Rat line: Pvalb:iCre 

Virus: AAV2-DIO-mCherry 

Rat line: Pvalb:iCre 

Virus: AAV5-DIO-mCherry 

Rat line: Pvalb:iCre 

Virus: AAV2-mCherry 

Rate line: WT 

Virus: AAV2-DIO-mCherry 

Rat line: WT 

Virus: AAV5-DIO-mCherry 

Rat line: WT 

Virus: AAV2-mCherry 

 

Each well received a cocktail containing 1:500 of neurotrophin-3 (NT3) and 2uL 

of viral vector, and the well plate was incubated overnight at 37°C. Neurons were 

maintained with media containing 1:500 NT3. Neurons were then fixed seven days after 
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the viral injection with 4% PFA. For fluorescence, neurons were blocked in a 10% 

blocking buffer for one hour at room temperature, then incubated in PV and mCherry 

primary antibodies for 24 hours at 4°C, then in secondary antibodies for two hours at 

room temperature.  

For DIO viruses, we expected expression to be limited to PV in the DRGs of TG 

rats and to be absent in the DRGs of WT rats. For AAV2-mCherry viruses, we expected 

universal expression in both WT and TG rats. Fluorescence microscopy only shows 

expression for the AAV2-mCherry virus. Cre-dependent viruses did not express neither 

in the WT rat, nor in the TG rats (Fig 13), in these cultured DRG neurons. Given that we 

have seen a very small number of publications on this rat line, with studies only focusing 

on the brain, and after the series of exhaustive experiments performed on this rat line 

described above, our current working hypothesis is that either our colony, or this rat line, 

does not express Cre recombinase well in the periphery.  
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Figure 13. In-vitro viral transduction of the DRG of the WT and the Pvalb-iCre 

rat. These panels represent the wells described in Table 1. The top two rows (A-F) show 
all IHC labelled PV+ neurons, and the bottom two rows (G-L) show the mCherry (DIO 
or non-restricted, virally transduced) cultured DRG neurons.. The top six panels confirm 
that these DRGs contain PV+ neurons; neurons expressing Parvalbumin. In the 
transgenic animal, this PV+ expression should trigger the expression of Cre. In the very 
bottom row of panels (J,K) , as expected, the WT rat did not express mCherry when Cre 
dependent viruses were used, showing that the DIO dependency appears to be working. 
When an unrestricted AAV2 virus is injected into either WT or TG animals, mCherry 
positive cells are shown (panels I,L), demonstrating that the DRG injection is working. 
However, in the TG rat, where Cre recombinase should be expressed in PV+ neurons 
(panels G,H), we failed to detect any expression when we used Cre-dependent viruses. 
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Again, expression was detected in both groups of rats when an unrestricted AAV2-
mCherry vector was utilized. 

Stereotaxic Motor Cortex Injections 

Based on our previous findings discussed below, we believe that the LE-Tg 

(Pvalb-iCre) rat line (or our established colony of this line) does not express Cre 

recombinase strongly in DRG. Previous literature has shown Parvalbumin-specific 

targeting in the Central Nervous System (CNS) [82], [83].  

Thus, as a final positive control on our methods, given that PV is abundant in the 

brain [84], [85], and to demonstrate that our current methods yield results that are similar 

to the literature in the brain, we conducted a study on the same rat line used in the 

previously described experiments. The experiment was designed as follows: 

- two WT rats were injected with AAV2-mCherry in the left motor cortex: 

universal expression expected 

- two TG rats were injected with AAV2-mCherry in the left motor cortex: 

universal expression expected 

- two WT rats were injected with AAV2-DIO-hsyn- hM3Dq -mCherry in the left 

motor cortex: no expression expected 

- two TG rats were injected with AAV2-DIO-hsyn- hM3Dq -mCherry in the left 

motor cortex: expression limited to PV is expected. 

 

Rats were positioned on a stereotaxic holder. After bregma coordinates were 

determined, rats underwent four injections of 2μL of virus at a rate of 300nL/min 1.5mm 

deep in the left motor cortex following the coordinates in Table 2 relative to bregma in 

mm (AP: anterior-posterior; ML: medio-lateral) (Fig 14) [86]: 
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Table 2. Coordinates of the 4 points of injection in the rat’s left motor cortex. 

 AP ML 

Coordinates 1 +2.0 -1.4 

Coordinates 2 +2.0 -2.6 

Coordinates 3 +1.0 -1.4 

Coordinates 4 +1.0 -2.2 

 

 
Figure 14. Stereotaxic brain injections in the Pvalb-iCre rat to determine whether 

this rat line makes Cre in PV+ neurons in brain, and control for our Cre-dependent 
labeling methods. The coordinates of the left motor cortex are determined, then the skull 
is drilled around the coordinates. The virus is then injected in the calculated coordinates 
via a needle held on a stereotaxic holder. 
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The injection needle remained in the brain for a duration of 10 minutes to ensure that no 

leakage of the virus occurred. After completing the procedure, the incision was closed 

with a wound stapler.  

Rats were euthanized three weeks following brain injections and perfused with 

4% PFA. For histological studies, rat brains were dissected, then placed in 4% PFA for 

24 hours then in 30% sucrose for a minimum of five days. Motor cortex was then 

sectioned at 30μm thickness on a cryostat and sections were stored in cryoprotectant 

solution until they were stained.  

Brain sections were stained with anti dsRed and anti-PV antibodies and mounted 

on microscope slides and imaged on a fluorescent microscope (Zeiss Axio Imager 2). As 

expected, we found no expression in the cortex of WT rats that underwent a Cre-

dependent viral vector (AAV2-DIO-mCherry) injection (Fig 15C, Fig 16C). In the case 

of rats administered non-Cre dependent viral vectors (AAV2-mCherry), universal 

expression in the left cortex was observed for both groups of rats, WT (Fig 15B) and Tg 

(Fig 15D, Fig 16B). Additionally, Tg rats having undergone Cre-dependent viral injection 

exhibited mCherry expression in the left motor cortex that was specific to PV expressing 

cells (Fig 15A, Fig 16A).  
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Figure 15. Overall images of the rat’s motor cortex after viral injetion of the left 

cortex (magnification 2.5x; Green: PV; Red: mCherry). A. TG-AAV2-DIO-mCherry: 
Injecting PV:iCre rats with Cre dependent viral vectors shows expression that is limited 
to PV in the left cortex. B. WT-AAV2-mCherry shows general expression. C. WT-
AAV2-DIO-mCherry: Injection of Cre dependent vectors in a WT rat shows no 
expression in the cortex. D. TG-AAV2-mCherry: Injection of AAV2-mCherry viral 
vectors in transgenic animals shows universal expression in the left cortex, as expected. 
In sum, this labeling shows that the Pvalb-iCre rat line is working as expected in the 
brain, where PV+ neurons are driving expression of Cre. 
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Figure 16. Magnification of the left motor cortex in injected rats. (Magnification 

10x. Green: PV; Red: mCherry). A. PV:Cre rats injected with Cre dependent viruses 
show expression that is only exclusive to PV expressing cells. B. Injection of AAV2 
vectors in the cortex shows universal expression in the motor cortex. C. Injection of a Cre 
dependent virus in WT rats show no expression in the left motor cortex. 

Based on these findings, we were able to control for our surgical methods and 

viral tools. Our brain injection results were closely aligned with similar data in literature.  

This suggests that as speculated, our Pvalb-iCre transgenic rat line strongly expresses Cre 

recombinase in the CNS, but not in the DRG. Future experiments with newly purchased 

founders can determine whether it is a general problem with this strain, or with our 

colony specifically. 
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Discussion 

Here we presented work towards targeted modulation of proprioceptive 

subpopulations of neurons in the rat DRG. Changes in ladder score with CNO withdrawal 

in injured animals expressing excitatory DREADDs in LDAF exhibited by a significant 

dip in the percentage of “hits” and a significant increase in the percentage of “misses” 

highlights a change in proprioceptive feedback in the absence of CNO. Hence, we sought 

to specifically target proprioceptors in the DRG by administering Cre dependent viral 

vectors in transgenic rats expressing Cre recombinase in the Parvalbumin, which would 

allow us to specifically modulate proprioceptors and assess their role in SCI recovery. If 

similar results are found, then we have evidence that proprioceptors are sufficient to 

reproduce the functional outcome; if not, then we have evidence that other large diameter 

fibers, likely larger diameter exteroceptive mechanoreceptors like cutaneous afferents, 

are playing a critical role. This is important as EES is currently thought to mainly rely on 

proprioceptive afferents. 

DRG injections are long, invasive surgeries that require a very fine skillset. 

Outcomes may vary depending on the surgeon’s expertise and prior training. We wanted 

to control for our surgical methods by having multiple people performing these surgeries. 

When we injected Cre-dependent AAV vectors tagged with mCherry, independently 

from the individual who performed the surgery, we found expression in the DRG to be 

highly variant and erratic. To assess whether the presence of Cre recombinase varies from 

the peripheral nervous system to the central nervous system, we had the same individuals 

perform stereotaxic brain injections, where the mCherry expression that was found in the 

brain was consistent for all groups that were tested; animals receiving non Cre dependent 

viral injections exhibited universal expression in the left motor cortex, whereas animals 
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who received Cre dependent viral injections showed expression in the left motor cortex 

that was limited to Parvalbumin expressing neurons. Data from our cortex injections 

validated data showing expression in the CNS in the literature [82], [83]. 

Whether this is due to a problem in our current rat colony or in the strain in 

general remains an open question. Other labs (data not shown) report success with this rat 

line in the periphery but only with purchasing new animals for each experiment and not 

using a colony and its progeny. Because we controlled for several variables, from the 

individual performing the surgery, to the serotype of the virus used, the total volume of 

the injected virus, and the injection rate, we concluded that our current Pvalb:iCre 

transgenic rat colony does not express Cre Recombinase in the periphery as well as it 

does in the central nervous system. Data from sciatic nerve injections, Western Blot on 

DRG tissue, in-vitro viral transduction of cultured DRG sensory neurons and 

immunohistochemistry helped validate our findings, where Cre recombinase was absent 

or expression of mCherry was absent. 

Because Cre recombinase expression in the cortex was validated in viral 

injections of the left motor cortex, it would be useful to perform Western Blot on the 

motor cortex to verify Cre recombinase expression.  

To further test our current methods, we intend on purchasing new founders for our 

colony, breeding them with WT female rats, and identifying which of the offspring are 

transgenic rats, so that our colony is maintained. Then, we plan on directly injecting 

AAV-DIO vectors in the DRG of the founders to validate whether the newly purchased 

transgenics would yield a better Cre recombinase expression in the DRG than the current 

one we have. If successful, we plan on performing direct AAV-DIO DRG injections on 

the offspring as well and comparing transduction rates to the ones we get from the 

founders. 



 

54 
 

We remain highly interested in specifically targeting proprioceptors in order to 

assess the critical role they play in SCI recovery. Other interesting alternatives to 

specifically target proprioceptive neuronal subpopulations include: 

1. Using a Parvalbumin specific promoter with Cre dependent viruses. In current 

studies, we have been widely using the human synapse hSyn promoter in the majority of 

our AAV viral injections. By switching to a PV specific promoter, coupled with Cre 

recmbinase dependence (DIO), we can ensure whether this vector delivery would 

promote a higher transduction rate in Parvalbumin expressing neurons.  

2. The Vesicular Glutamate Transporter (VGlut1) is expressed by a large number 

of medium and large sized neurons in the DRG that have been identified as 

proprioceptive [87]–[89]. By using a new transgenic rat line that expresses Cre 

recombinase in VGlut1, when we specifically injected DIO vectors in the DRG, we can 

limit expression to proprioceptive neurons.  

Finally, it is worth noting that once we establish a solid expression (>30% of total 

neurons) in proprioceptive neurons, we could conduct a spinal cord contusion with a 

similar experimental design to the contusion study described in Chapter II, so that we can 

compare recovery from SCI when all LDAF are excited to when only proprioceptors are 

activated.  

 
  



 

55 
 

CHAPTER IV. USING INFRARED VIDEOGRAPHY TO OVERCOME 

SKIN MOTION ARTIFACT IN THE MOVING RAT 

This is adapted from the publication “Infrared videography of a subcutaneous 

knee tattoo as a simple and inexpensive method to overcome skin motion artifact in 

rodent kinematics”. Moukarzel, Rauscher, Patil, Spence. (Under review) 

Introduction: 

Kinematic analyses are used to study the motion of the body and limbs of 

animals. These analyses can be especially important in both basic biomechanical studies 

and in animal models of human disease or injury, including spinal cord injury (SCI). 

They consist of applying physical or reflective markers to the skin that covers the bones 

of the joints to be tracked. Rats have been widely employed as spinal cord injury models 

in research labs. However, one of the major limitations that rat kinematic labs meet is the 

inaccuracy of joint movement tracking due to skin motion artifact. Skin motion artifact is 

a well observed phenomenon where the skin markers of the tracked feature in a moving 

subject or animal depict an inaccurate representation of the actual joints’ positioning 

underneath [90], [91]. X-ray fluoroscopy has revealed that hip and knee angles can be 

overestimated by as much as 31 to 39 degrees, creating an error as high as 50-75% [54]. 

Soft tissue movement around the knee joint has been considered the main source of error 

when estimating hindlimb joint kinematics in rodents [92].  

One method to attempt to correct for these errors is triangulation. Here, 

triangulation refers to utilizing the known positions of other markers and the known, 

fixed lengths of bone segments to deduce where a joint must be, and thus correct a 

marker position. For example, if hip and ankle joint positions are known, and the length 
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of the bones stemming from those joints are known, then the true location of the knee 

joint between them must lie at the intersection of two circles of radius equal to the bone 

lengths centered on each joint. In the 2D case, there can be two solutions for two 

intersecting circles, so the algorithm must have a way of choosing the correct 

intersection. In 3D, each bone defines a sphere, and thus the intersection is a circle; a 

method must be used to decide where to put the marker on that circle [60]. 

Although reconstruction and triangulation methods are utilized in many labs and 

can go some way to correcting the skin movement error, they can be based on rough bone 

length estimates that are not individualized for each animal, which can vary significantly 

depending on the individual animal’s size, leading to erroneous joint positions [54] and 

can even increase the error of joint computation when compared to simple skin based 

joint markers[61], [91]. Fluoroscopy, or direct videography of the bones in vivo in 

running animals using x-rays at relatively high frame rates, is currently the gold standard 

for measuring actual bone locations during movement[93] [54]. However, not only it is 

expensive, on the order of $1M+ for a biplanar, 3D, turn key system, but these systems 

typically have very small capture volumes (cubes of ~20 cm on a side), and it also carries 

this risk of X-Ray exposure, requiring large facilities that are well equipped for radiation 

blockage, regular radiation protection regimens and well-trained staff on how to operate 

the equipment. The length of recording of locomotor bouts may also be limited in order 

not to expose animals to unacceptable amounts of radiation.  

Here we present a simple, inexpensive technique to overcome the skin motion 

artifact by directly imaging the knee joint transcutaneously using infra-red imaging and 

subcutaneous tattooing. We use a minimally invasive recovery surgery to tattoo the 

musculature of the right knee joint of rats with black tattoo ink. The side of the knee is 

exposed by bringing it up through a small, two cm incision made on the medioventral 
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surface of leg. The black tattoo ink is chosen to maximize contrast in the recorded video, 

allowing us to determine the real position of the knee joint. 

Methods: 

Experimental Design: 

All animal procedures were approved by the Temple University Institutional 

Animal Care and Use Committee (IACUC) under Animal Care and Usage Protocol 

(ACUP) #4992. Adult females were used due to the uniformity in their size throughout 

the study and their higher motivation for treadmill exercise. We define two types of 

markers that we use in this study: skin-derived (SD) markers correspond to physical 

markers that were placed on the skin of the animal, and tattoo-derived (TD) markers 

correspond to the subcutaneous tattoo of the knee joint.  

Baseline motion capture (MoCap) videos were recorded for all rats before they 

underwent the tattooing procedure to assess whether subcutaneously tattooing the knee 

joint would affect normal gait, and to validate that the black dot seen in infrared imaging 

was due to the tattooed ink and not shadow or other imaging artifact. SD kinematics were 

analyzed and compared before the procedure and two weeks following the procedure to 

assess whether any large change in the rats’ gait occurred. To ensure that the tattooed 

marker is durable and remains in place, rats were also run 10 weeks following the 

procedure. And finally, to assess whether our method detects the correct positioning of 

the knee joint, MoCap of running rats were taken and then SD and TD kinematics of the 

same trials were analyzed and compared with gold standard results from x-ray systems as 

well as prior studies of rat kinematics in the literature [1], [54], [94]. 
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Motion Capture: 

All animals were shaved and then marked with sharpie markers on the anterior-

superior iliac spine (ASIS), hip, knee, ankle, and toe joints, by arranging the rat in mid-

stance position and feeling the joints’ locations on the kin. This represented the skin-

derived (SD) markers.  

Three infrared (IR) light-emitting diode (LED) panels of 850nm were used as a 

source light inside a dark chamber (CMVision; CM-IR130-198). Two high-speed IR 

cameras (Ximea XiQ MQ022RG-CM) were used to take simultaneous videos of the 

moving rat to allow for 3D reconstruction of kinematics. To control the treadmill speed, 

synchronize the cameras, and capture end-triggered video data, a roboticized treadmill 

system operating on Robot Operating System (ROS; www.ros.org) and linked to Linux 

computer was utilized in the study [95], [96].  

Feature Tracking And Kinematic Computation:  

Automatic feature tracking was carried out with DeepLabCut, an automated 

feature tracking algorithm based on the Resnet neural network and heavily utilizing the 

TensorFlow library on GPU accelerated PCs [53]. Six features were tracked: the 

subcutaneous tattoo on the knee and five Sharpie SD markers (Fig 17G). Coordinates 

were extracted and reconstructed in 3D, and the hip, knee and ankle angles were 

computed for both SD and TD markers. SD angles were computed by using the 

coordinates of the sharpie on the knee, whereas TD angles were computed by using the 

coordinates of the knee tattoo with the ASIS, hip, ankle, and toe skin markers. A LEGO 

calibration object was used for 3D reconstruction of the joints’ coordinates [63]. 3D 

angular kinematics were then computed with custom python kinematics software [60]. 

http://www.ros.org/
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Results were displayed as a mean angle per stride ± standard error as a variable of the 

stride’s percentile. 

Tattooing Procedure: 

The tattoo system that was used was the AIMS™ ATS-3 General Rodent Tattoo 

System.  All animals were anesthetized during the procedure (isoflurane: 5% induction 

and 3% maintenance; 100% O2). Rats had a medioventral incision on the right leg (Fig 

17A), then the right knee was gently exposed through the incision (Fig 17B). Small 

amounts of fascia and connective tissue were gently cut to expose the surface of the 

musculature directly attached to the knee. This ventral incision ensured that scar tissue 

would not form and obstruct the knee relative in the camera view. Black pigment ink 

(black pigment #242, AIMS Corp) was used to tattoo a circular region on the knee area 

that covers the joint and connective tissue (Fig 17C). The wound was stapled together. 

Rats were allowed two weeks for recovery.  

Longevity Testing: 

To ensure the longevity of this method, animals were run on treadmill at the same 

speeds 10 weeks following the tattoo procedure. We used the likelihood feature of 

Deeplabcut to determine the success rate and the confidence of the machine learning 

model to detect the knee tattoo in the moving rat, with p<0.95 confidence level as a 

threshold for excluding points. 
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Figure 17. Subcutaneous tattooing of the knee joint and subsequent 

transcutaneous infrared videography shows the extent of skin motion artifact and shows 
the true position of the knee. A. A medioventral incision is made for the tattooing 
procedure. This incision location ensures that no scar tissue would form in the camera’s 
view. B. The knee is gently exposed through the incision. C. Final tattooed knee joint. D. 
An infrared video of a rat prior to the tattooing procedure shows no marker on the knee 
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joint, demonstrating that what we see in later stages is not due to shadow or other 
imaging artifact. E. The subcutaneous tattoo is revealed in infrared. As the skin marker is 
also visible, infrared videography reveals the extent of skin motion artifact in this frame. 
The SD and TD knee markers do not coincide, and the knee joint has higher variability 
compared to the SD knee marker. E. 10 weeks after the tattooing procedure was 
performed, the TD marker was still detected under the same settings of the experiment, 
demonstrating that the tattoo endures for the length of a typical SCI study. G. Illustration 
of the hip, knee and ankle angles derived from the tracked joint positions (H, K and A 
respectively). Markers were automatically tracked using DeepLabCut on the raw 2D 
videos, 3D marker positions were reconstructed, and then joint angles were computed.  

Results: 

Tattooing The Knee Joint Under The Skin Is A Long-lasting Method That Does Not 
Affect The Gait Of The Rat. 

To determine whether tattooing the knee joint would cause any alterations to the 

normal gait of the rats, MoCap of eight naïve female Long-Evans rats were taken at three 

different speeds (16, 24 and 32 cm/s). After 3D reconstruction of the marker locations, 

hip, knee and ankle angles were then computed from SD markers. This established a 

baseline gait for the animals. All rats underwent the knee joint tattooing procedure and 

were then allowed two weeks for recovery. MoCap of the same rats were then taken 

following the procedure at the same speeds, and SD 3D angular kinematics of the same 

joints were computed (Fig 17E). Differences between the kinematics were negligible for 

all speeds and all joints (Fig 18. A-C). This suggests that our surgical procedure does not 

affect the gait of the rat.  

Additionally, after analyzing baseline videos, we were not able to detect a black 

pigment under the skin on the knee joint. This shows that the dark spot that is seen on the 

knee after the tattoo is indeed the black ink tattoo application and not shadow nor other 

imaging artifact (Fig 17D).  
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All animals were recorded running at the same speeds 10 weeks following the 

initial tattoo to assess whether this method is durable or whether the subcutaneous tattoo 

dissipates or disappears due to formation of fat or new tissue. We subsequently analyzed 

the videos in the DLC algorithm and assessed the likelihood of the algorithm to detect the 

TD knee joint. We found that the TD knee joint was detected 89% ±6% of the time on 

average without any refining of the neural network. The TD knee marker can also be 

clearly seen in the infrared videos corresponding to that week (Fig 17F). 

TD Kinematics Correct The Overestimation Of The Hip And Knee Angles When 
Compared To SD Kinematics. 

To establish the difference between SD and TD 3D kinematics, six Female Long-

Evans rats underwent the knee joint tattoo procedure. Rats were allowed two weeks for 

full recovery. Skin markers were applied on the ASIS, hip, knee, ankle, and toe by feeling 

the location of these joints on the skin and drawing a black dot with a sharpie marker. 

MoCap was taken from these rats at three different speeds (32, 40 and 48 cm/s).  We 

compared SD and TD 3D angular kinematics of each of the hip, knee, and ankle joints. 

We found that TD kinematics of the hip presented a 22.3 ±1.64-degree correction of the 

overestimation of this joint on paw touchdown when compared to SD kinematics. We 

also found an increased variability of the hip’s movement by 28.3±0.2 degrees: on 

average, the hip’s movement range is 16.1 degrees when analyzing SD kinematics, 

compared to 44.5 degrees in TD kinematics. We also found a 21.1± 3.2-degree correction 

of the overestimation of knee joint on paw contact. Additionally, similar to literature, TD 

ankle kinematics closely resembled those of SD kinematics of the ankle, where we 

observed a 10.5 ±4.3-degree change between TD and SD ankle kinematics on paw 

contact (Fig 18 D-F).  
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Further, striking was the significant difference of the knee position at paw-contact 

(Fig 18D). Infrared videos show the difference of the location of the TD knee joint when 

compared to the SD knee marker: the TD marker is much more dorsal at paw touch 

down. Kinematics graphs highlight this difference when observing the angles of the hip 

and the knee TD kinematics at the 0% stage of the stride.  
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Figure 18. Tattooing the knee joint under the skin does not affect the normal gait 

of the rat, endures for at least the duration of an SCI study, and corrects skin motion 
artifact. A, B, C. When comparing SD angular kinematics before and after the tattooing 
procedure, we found no significant changes between the rats’ gaits for the hip (A), knee 
(B) and the ankle (C) angles. This shows that subcutaneously tattooing the knee joint 
does not affect the normal gait of the walking rat after a two-week recovery period. D, E, 
F. When comparing SD and TD angular kinematics, we find significant differences 
between the hip (D) and the knee (F) angles. On touchdown, we notice a 22.3 ±1.64-
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degree correction of the hip angle and a 21.1± 3.2-degree correction of the knee angle, 
indicating that TD markers help correct the overestimation of these angles that occurs due 
to skin motion artifact. Hip angles also show a higher variability (28.3±0.2 -degree 
change in variability) when compared to SD kinematics. We also notice a consistent 
slight difference in motion with tattoo-derived ankle angles (F). G, H, I. When 
comparing our TD data with gold standard x-ray imaging bone-derived 2D kinematics 
from literature [54], we find that the tattoo-derived markers are very close to the bone-
derived angles of the hip (G) knee (H) and ankle angles (I), in dramatically better 
agreement than the SD data. The TD joint’s correction of the angles and joint variability 
is aligned with bone-derived data from the literature. 

 

Discussion: 

Here we described a novel and pioneering method to successfully detect the knee 

joint in the moving rat without the need for X-Ray or computational estimations of the 

knee’s coordinates. We established that this method is durable and does not alter the 

normal kinematics of the moving animals after allowing them a short time for recovery.  

Most spinal cord injury studies have a timeline spanning 6 to 8 weeks, given that 

recovery plateaus around six weeks following injury [69]. We chose 10 weeks as a 

durability test timepoint to ensure ample time to prove the longevity of our method. 

Additionally, when we sacrificed the animals following the end of the study, an incision 

around the tattooed knee joint was made, and we observed that all the tattoos were intact, 

which further validates the durability of this method. The tattoo was also detected in 

infrared 24 weeks following the initial tattooing, further validating its durability. 

In addition, this method relies on contrast imaging to detect the subcutaneous 

tattoo. The infrared LED panels act as an excitation source, and the tattoo as the object. 

The IR light has to penetrate the skin of the rat and the surrounding muscles and tissue, 

then project back to the IR cameras. This causes the tattoo to look slightly blurry in the 

videos. Worth mentioning is also that the tattoo’s size was slightly variable amongst rats. 
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Hence, due to this, when the tracking of the videos was being done, it was determined 

that the centroid of the tattoo reflected the knee joint, which was adopted for all the 

subjects. 

X-Ray bone-derived (BD) kinematics were considered a gold standard for 

accurate tracking of the joint locations and subsequently joint angles [54]. This study 

utilized a single X-Ray view and thus gave 2D kinematics. Thus, we reprojected our 3D 

kinematics to 2D for fair comparison. Comparison with other studies in the literature [1], 

[94] further highlights the error that is projected onto angular kinematics when using SD 

markers. Especially with the knee joint, the skin can be marked on the skin depending on 

the position that the rat is being held. If the animal is held at a paw-contact position, the 

knee’s position is more dorsal, and if the rat’s leg is more stretched when applying skin 

markers, then the knee’s position is more ventral. This would cause a DC-shift of the 

kinematics, which can be seen in subpanels G, H, and I in Figure 18. Two-dimensional 

SD kinematics of the hip and the knee show different DC shifts with 3 different studies 

[1], [54], [94].  

Additionally, it has been established that higher speeds kinematics result in higher 

variabilities in the moving joints, especially with the hip joint [97]. After observing the 

high variability of the hip joint with Bauman et.al (2010) [54], we decided to choose the 

48 cm/s speed for kinematic comparison.  

Similar to Bauman et.al, (2010) [54] we found increased variability of the TD hip 

kinematics in 2D when compared to SD. When overlaying our 2D kinematics to those 

established in literature, we find that our TD kinematics closely match BD kinematics of 

the moving rat (Fig 18 G-I).  

For future directions, allowing higher contrast in infrared imaging and more 

uniform tattoos across rats would be beneficial in reducing variability for the tracking of 
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moving animals. This could be achieved by using infrared dyes to tattoo the rats or by 

surgically placing infrared emitting biomaterials to act as markers. It is worth noting that 

by using infrared dyes or infrared emitting biomaterials, the knee joint would then be 

represented as a sharp white dot. While the hip SD markers and the actual hip joint may 

also vary, the discrepancy between SD markers and the actual joint movement is mostly 

manifested in the knee [54], [92], hence why we only tattooed the knee joint in this study. 

In future directions, it would be useful to tattoo the hip joint as well as the knee joint and 

quantify the differences that are observed from TD markers of both the hip and the knee. 

 

Conclusion: 

By tattooing the knee joint under the skin and using infrared videography to 

image the knee, we were successfully able to detect the correct knee position and 

overcome skin motion artifact. The overestimation of the hip and knee angles that happen 

due to skin motion artifact were corrected and the angular kinematics matched the ones 

from a gold standard x-ray study in the literature. This minimally invasive method was 

shown to be durable given that we were still able to detect the subcutaneous tattoo 16 

weeks after the tattooing procedure was done. 
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CHAPTER V. DESIGINING AN APPLICATION THAT ALLOWS FOR 

AUTOMATED  H-REFLEX MEASUREMENTS AND ANALYSES  

This chapter is adapted from the publication “A MATLAB Application For 

Automated H-Reflex Measurements and Analyses”. Moukarzel, Lemay, Spence. 

Biomedical Signal Processing and Control, 2021 

. 

Introduction 

The Hoffman Reflex, or H-Reflex, named after Johann Hoffman who first 

developed the technique in 1910, is an electrophysiological assay of reflex pathway 

function. The H-reflex test relies on recording electromyogram (EMG) activity of a reflex 

response following an electrical stimulation (e-stim) [32], [98]–[101]. Stimulation of a 

mixed motor and sensory nerve results in both alpha motor neuron activation and afferent 

neuron excitation. Volleys of spikes will propagate in both directions (orthodromic and 

antidromic) as a result of this stimulation. The EMG waveform that results from the 

orthodromic volley in the alpha motor neurons is defined as the M-wave.  Orthodromic 

spikes arising in the Ia afferents will propagate to the spinal cord, where they (amongst 

other things) activate alpha motor neurons via monosynaptic connections. This induces a 

later EMG signal in the muscle that is termed the H wave, or sometimes the H-reflex 

directly [98], [102]. However, the ratio of the maximal H-wave amplitude to the maximal 

M-wave amplitude (Hmax/Mmax; where max is taken across stimulation amplitudes, and 

stimulus amplitude is typically varied by changing current) is often computed and 

analyzed instead of the raw H-wave in order to create quantity that is not susceptible to 

changes in electrochemical variations in stimulus or recording sites. Furthermore, this 
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ratio more closely represents an index of the proportion of available motor neurons that 

can be recruited via the monosynaptic reflex relative to the accessible motor neuron pool 

[103]. This ratio is typically thought of as an estimate of spinal excitability [104], but is 

influenced by the state of all elements of this reflex, including afferents, spinal circuits, 

and motoneurons [105]. 

H-Reflex analyses are useful in many scientific and medical contexts. H-Reflex 

tests can also help understand injuries and neural diseases, such as multiple sclerosis 

[106] paralysis [107] and spinal cord injury [3], [108], [109]. For example, the 

Hmax/Mmax ratio is increased by 70% after transection in rats [33]. Additionally, 

locomotor experiments show that H-Reflex amplitudes in the human soleus muscle are 

higher during the stance phase of the gait, and 2.4 times higher in running than in walking 

[110]. Recently, genetic tools such as chemogenetics are increasingly used to manipulate 

peripheral neuronal circuitry[49], [111], [112] and the H-Reflex test is a useful method to 

assay their function. 

H-Reflex tests usually consist of administering a series of electric pulses with 

increasing amplitude and subsequently measuring the M and H peaks obtained with each 

amplitude. By using conventional methods, users usually have to manually adjust the e-

stim’s amplitude, which necessitates vigilance and meticulous note-taking. This can be 

time consuming and could ultimately increase user error, which i raises the need for tools 

that are able to perform automated H-Reflex measurements and analyses. Automatic H-

Reflex testing equipment tends to be expensive and is not always customizable, therefore, 

we sought to develop a user-friendly, open source application that can perform reliable 

automated H-Reflex measurements and analyses using inexpensive portable equipment. 
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Materials And Methods 

While many labs develop their own programs for running H-Reflex 

measurements, we sought to create an open source platform that can be widely used and 

enhanced by the community. This app would allow researchers to perform automated H-

Reflex measurements and analyses and simplify meta-data collection. The app can be 

found at https://github.com/georgemoux/h-reflex-app. 

Setup: 

Animal Electrodes Setup: 

Animal procedures were approved by the Temple University Institutional Animal 

Care and Use Committee (IACUC). A naïve female Long Evans rat and a naïve female 

Sprague Dawley rat were used for this study. Animals were fully anesthetized with an 

intraperitoneal injection of a Ketamine/Xylazine mixture (dosage 92 mg/kg Ketamine; 

100 mg/mL solution, Zetamine, Vet One, Boise, ID) and xylazine (dosage 9 mg/kg; 100 

mg/mL solution, AnaSed, Lloyd Laboratories, Shenandoah, IA), diluted in sterile saline. 

The plane of anesthesia was monitored at 10 minute intervals and maintained at this level 

with supplemental doses [113], [114]. The stimulating and recording electrodes that were 

utilized were made of AS631 and AS631 Cooner Wire (Cooner Wire, CA, USA) 

respectively. 

Stimulating electrodes were fabricated by deinsulating short lengths of wire (~0.5 

mm), threading this wire onto a curved needle, and then inserting the needle through the 

thin skin area between the Achilles tendon and tibial bone of the animal. This resulted in 

the nearby and parallel tibial nerve being targeted upon stimulated. A knot was tied 

https://github.com/georgemoux/h-reflex-app
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through the stimulating electrodes to prevent them from slipping out of the heel when 

inserted. The electrodes were set ~8mm apart (Fig 19A). Recording electrodes were 

threaded through 23G needles and inserted in the paw of the same side of the animal (Fig 

19B). Electrodes were inserted at a shallow, close to 45° angle, with the needles pointing 

towards the heel. Stimulating and EMG electrodes were then connected to the simulator 

output and EMG amplified input, respectively. Stimulator input and amplified EMG 

signal output were connected to the appropriate analog output and input, respectively, of 

the DAQ box. The animal was grounded by placing an 18G needle through the skin, with 

an alligator clip on the needle tying it to ground[115]. 
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Figure 19 General configurations used in the setup. A. Stimulating electrodes 

were made from Cooner Wire AS631. The electrodes were injected via a curved suture 
needle near the rat’s Achilles tendon, by pulling wires with a short (~1mm) deinsulated 
section followed by a stop-knot through the skinbetween the tendon and the distal end of 
the fibula. These were about 0.8 cm apart from each other, such that in this location with 
this spacing the tibial nerve is reasonably well targeted for electrical stimulation. EMG 
electrodes, or recording electrodes, were made from Cooner AS632 and deinsulated at 
about 2 mm on both ends of the wire. The electrodes were injected in the rat’s paw in the 
way described in panel B. B. Placement of EMG recording electrodes in the rat paw, for 
recording from interosseous muscle.  The electrodes were separated by about 0.9cm. 
Electrodes were threaded through a 23G needle , the needle was inserted into the paw at 
an approximately 45° angle to a depth of ~2 or 3 mm, and then the needle was withdrawn 
carefully. A very gentle pull was performed to ensure that the recording wires were 
embedded in the paw, so any noisy or floating EMG signal can be avoided. C. Schematic 
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of the experimental setup. The GUI was used on a Windows 10 operating system. The 
data acquisition box NI-USB-6361 was connected to the computer through a USB port. 
The fully charged stimulator AM2200 was connected to the Analog Output of the DAQ, 
and set to 1mA/V. The differential amplifier AM1700 was connected to the Analog Input 
of the DAQ. Stimulating electrodes were connected to the stimulator, and recording 
electrodes were connected to the amplifier. 

 

Data Acquisition Setup: 

The data acquisition box that was used in this study was the NI-USB-

6361(National Instruments, TX, USA). The DAQ was connected to the computer 

(Windows 10) through its USB port. Stimuli were provided by an AM2200 Analog 

Stimulus Isolator (A-M Systems, WA, USA), and the extracellular amplifier utilized to 

gather EMG signals was an AM1700 Differential AC Amplifier (A-M Systems, WA, 

USA). The SIGNAL IN port of the stimulator was connected to the Analog Output of the 

DAQ. The polarity of the stimulator was set to bipolar, and the range set to 1mA/V for all 

measurements. Stimulating electrodes were connected to the Output ports of the 

AM2200 stimulator. EMG electrodes were connected to the AM1700 amplifier (Fig 

19C). The recording gain was typically set to 1000. The notch filter provided was turned 

on, and the animal ground was supplied by the amplifier.  

Electrode Impedance Testing Principle Of Operation 

For nerve stimulation, the impedance of the stimulating electrode should typically 

be less than 12 kΩ. This is because high impedances would require the stimulator to 

provide very large voltages (>200V) to achieve the desired current, and most inexpensive 

stimulators are not able to provide voltages higher than 50V in bipolar mode.  
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Testing the electrode’s impedance consists of a measurement of two voltages, one 

across a 10kΩ and a second across a 1kΩ resistor, while delivering a current ramp 

ranging from 0 to 1 mA and lasting for 1.5 seconds. The voltage across the 1kΩ resistor 

mirrors the value of the current that is being delivered in mA, whereas the voltage across 

the 10kΩ resistor represents 1/100th of the voltage that is being delivered through the 

stimulator. Although electrode impedances can be non-linear [116], [117], this test is 

enough to provide a good indication about whether the electrode has a usable impedance.  

App Narrative:  

In this section, we describe the various features that were designed to use with 

this application, which is a Graphical User Interface (GUI) that is designed on 

MATLAB’s App Designer (Fig 20, Fig 21C). Each sub-section of the following text 

describes an area of the user interface as seen in Fig. 20 and Fig 21C. 

Device selection: 

First, a data acquisition device should be detected by the software before any 

feature can be used. If the option “Select Default” is turned on, the app would connect to 

the first data acquisition device that is available. If no devices are found, the app would 

automatically go to Sim mode, where the desired stimulus pulses are generated and 

displayed, but a wave consisting of random numbers is generated in the “Response” data. 

If multiple devices are connected, the proper DAQ can be chosen from the drop-down 

list. Sample rate is set to 100KHz by default, to avoid aliasing, especially since M and H 

waves can be as short as 2-3ms, but can be modified by the user. The lowest 

recommended sampling frequency is 10kHz. The default input and output are 

respectively AI0 and AO0, although they can be selected by the user. After the starting 
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parameters are assigned, Start Session should be clicked before proceeding with any 

testing or stimulation. Once the devices are recognized by MATLAB, the trial number at 

the bottom of the page is set to 1. 

 

 
Figure 20. Screenshot showing a recruitment curve taken using the app. Each 

area of the interface is described in detail in the main text in section II.3. This image 
shows the preset parameters, the single pulse form, the full pulse train and the obtained 
response. The app was used in Sim mode, and the generated response was a random 
signal. Sampling frequency used was 100kHz. The recruitment curve consisted of a series 
of bipolar 200µs pulses ranging from 0.1mA to 2mA with a step size of 0.1mA. 
Interpulse was set to 3 seconds. The shape of the single pulse, the entire stimulating 
signal and the entire record were shown on the 3 interactive graphs shown on the GUI. 
Autosave was enabled and the directory of the saved mat file was shown at the bottom of 
the interface. 

Impedance Testing: 

This feature allows the user to test the electrode’s impedance as described in 

section II.2. Two additional analog inputs need to be specified for the current and voltage 
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measurements. The value of the impedance is calculated as the slope of the linear fit of 

voltage against current. The value will be displayed in green if it’s below 15kΩ, and in 

red if it’s above 15kΩ. 

Quick Trig:  

This is a feature that allows the user to search for the intensity where the M wave 

firsts appears, so that this value can be used as a minimum value later in the automated 

measurements. When this feature is used, a single 200µs bipolar pulse is delivered. The 

amplitude of the pulse can be set by adjusting the knob to the preferred value. The 

response is shown on the “Recorded Data” plot. The acquired data cannot be saved when 

this feature is used. 

Recruitment Curve: 

This feature of the GUI allows the user to deliver automated stimulus pulse 

ranging from a minimum to a maximum amplitude. The app generates several bipolar 

pulses of increasing intensities that are separated by a specified interval. The width of the 

pulses is specified in Parameters. The default is a bipolar 200µs pulse (100µs positive 

and 100µs negative, separated by a 3 second inter-pulse interval).  

Ideally, the minimum current value should be below the intensity where the first 

wave appears, and the maximum value should be above where the H wave saturates. The 

user also has control over the increment value (Step Size) between two consecutive 

stimulations and over how long is the inter-pulse between two different stimulations. It is 

recommended that an inter-pulse interval of 3 seconds is used in order to avoid frequency 

adaptation. If the option Triplicate is chosen, three different stimulations of the same 

intensity are delivered before generating to the next intensity. The triplicate option is 
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turned off by default. The Single Pulse, Pulse Train and Recorded Data plots will show 

the waveform of the first pulse that is delivered, the total recruitment curve and the entire 

record, respectively. If autosave is enabled, data will be saved automatically, and the 

directory of the saved file will be shown on the bottom right of the app’s canvas. 

Frequency Adaptation 

In order to measure whether frequency adaptation occurs during a series of 

stimuli, several pulses of the same intensity that are separated by a specific interval can 

be delivered with this app. The recommended intensity is the one that is found to have the 

highest H-wave amplitude. The user can choose between a bipolar, a positive monopolar 

or a negative monopolar pulse. The default option is a bipolar 200µs pulse. The pulse 

width (default 200µs), the number of pulses (default of 17), the delay time (default of 1 

second) and the inter-pulse interval, which determines the frequency that is being 

analyzed, can be all manually set by the user. Often, 3 frequency adaptation 

measurements are taken: 10 Hz (0.1s inter-pulse), 5 Hz (0.2s inter-pulse) and 0.3Hz (3.3s 

inter-pulse)[33]. Data is generated and collected after clicking the Start button. The 

plotting and autosave features function as described above. 

Saving 

A base filename can be specified in the filename field. For repeated measures 

involving a treatment over time, the treatment state for the current measurement can be 

chosen from the drop-down list, and will be stored in the filename. The trial number will 

also be automatically included in the saved file. In the case where a recruitment curve is 

being taken, the file name will also include the term “Recruitment_Curve”. After each 

successful save, the directory of the file will be shown on the bottom left of the app’s 
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canvas. If the autosave feature is turned on, the data will be automatically saved each 

time the Start or Recruitment Curve buttons are clicked. Data will not be saved if the 

user performs a Quick Trig or an Impedance Test. 

Long protocols that involve multiple stimulations can result in unnecessarily large 

data files. As such the software has a Minimize Variable Saving feature that will only 

save data for a specific period around each stimulation. This feature saves each 

stimulation as elements of a MATLAB struct array. For instance, if the automated 

measurement consists of 15 pulses, the struct array will contain 15 different elements, 

with each element containing the data from 0 to 20ms for each stimulation. 20ms of 

saved data is typically adequate to store both M and H waves for measurements done on 

most animals, however this is easily extensible with code modifications. The app saves 3 

different structs, Data, which contains the response acquired from the EMG, 

Pulse_Train, which contains the data generated and sent to the stimulator, and Time, 

which contains the data reflecting the measurements’ duration. Another important 

variable that is saved is the variable “app”. The user can use this variable to retrieve 

metadata that is chosen during the measurements, such as the parameters that are 

specified by the user prior to performing the measurements (Appendix D). By default, 

both autosave and Minimize Variable Saving features are turned on.  

Generate Plot 

The app allows the user to generate plots in MATLAB figures that are not 

attached to the built-in plots. Although the built-in plots are interactive, this feature can 

be useful in case the user wants to save the figure right after a specific stimulation, or 

perform more customization of an isolated MATLAB figure. 
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Analyze H-Reflex 

The Analyze H Reflex feature allows the user to generate figures showing the M 

and H peaks for each stimulus. The peaks are identified based on latencies. The M/H 

cutoff in time is specified by the user and will depend on the preparation that is being 

used for the measurement. For example, in the rat tibial nerve stimulation and intrinsic 

paw muscle recording preparation presented here, a cutoff of 8ms is recommended. The 

M/H cutoff specified by the user is also shown on the plots. Figures showing the variation 

of M and H peaks as a function of the pulse’s amplitude, and the variation of H to M ratio 

with amplitude are also generated. This feature aids in diagnosing whether the data 

acquired are reasonable, or whether the measurement may need to be repeated. The code 

looks for 2 different peaks, the first representing the M peak and the second the H peak. 

The M peak is the maximum of the absolute value of the acquired data ranging from 2ms 

after the beginning of the measurement (to avoid the stimulation artifact) to the cutoff.  

The retrieval of the H peak depends on the M peak. If the value of the M peak 

corresponds to the positive peak, then the H peak is the maximum of the acquired data 

from the cutoff point to the last data point. Likewise, if the detected M peak corresponds 

to the negative peak, then the H peak is the absolute value of the minimum of the 

acquired data from the cutoff to the last data point, so that the negative peak is the one 

selected. This feature can only be used if “minimize variable saving” is enabled.  

Load Data 

Users can load previously acquired data, and then run the Analyze H Reflex 

procedure to compute and export H/M ratios and other data. After clicking on the Load 

Data button, a window appears, then the data to be analyzed must be selected. A 

successful load is verified by the display of the loaded data’s directory next to the button.  
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Opto Version 

The “Opto” version of this app allows the user to output two different pulse trains 

simultaneously, an optical and an electrical. This capability is useful for optogenetic 

experiments where optical activation or optical inhibition of nerves, with or without 

electrical stimulation, are needed. In the case of optical/electrical stimulations done on 

animals expressing optogenetic channels, the sciatic nerve of the animal was exposed by 

performing a blunt dissection. A combination optical/electrical cuff, made with medical 

adhesive, was then placed around the nerve (Fig 21B). The Light-emitting diode (LED) 

(LXML-PB0-0040, Lumileds, Netherlands) [118] of the nerve cuff was connected to an 

LED driver (Buckpuck 3021-D-E-1000, LEDdynamics, VT, USA) following the schematic 

of (Fig 21A). The BuckPuck LED driver is a fast current source (10µs). It is described as 

a “high efficiency dc to dc converter which delivers a fixed output current by varying the 

output voltage as required to maintain the specified current” (LEDdynamics). The LED 

driver and the platinum electrodes were connected to the analog outputs of the DAQ (Fig 

19C). 

The features of this version of this app are similar to the standard version 

described above. The electrical stimulation parameters are the same. The difference is 

that the opto allows the user to choose optical stimulation parameters, such as the light 

intensity, ranging from 0 (no light) to 5 (maximal light intensity), and an optical light 

pulse width. The user can choose between two different stimulation types. If the 

“Excitatory” option is chosen, only a light pulse is delivered. If the “Inhibitory” option 

is chosen, the app simultaneously outputs 2 different pulse trains, an electrical and an 

optical. The optical pulse width is longer than the electrical and starts before the 

electrical, so that the electrical stimulation takes place as the light is inhibiting the 

neurons’ activity. The user can specify the delay time for the electrical stimulation.  
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Figure 21. Setup and application’s outlook for optical/electrical stimulations. A. 

Schematics of the LED driver used with the nerve cuff to optically stimulate the nerve 
(schematic created with Digikey Scheme-It). The power source is a 9V DC battery. The 
CTRL pin of the driver was connected to the Analog Input assigned to the optical 
stimulation on the GUI. The LED was connected to the LED+ and LED- pins of the 
driver, and LED- and Ref were connected to the ground through a 0.1µF capacitor. B. 
Optical and electrical stimulations were done with the use of a nerve cuff placed around 
the sciatic nerve. The stimulating electrodes were made of platinum foil, and an LED was 
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used for the optical stimulation, which thereby was connected to the LED driver. EMG 
recording electrodes were placed in the paw. C. Screenshot showing 5 optical pulses 
delivered via the Opto version of the app. Sampling frequency was set to 100KHz. 
Stimulation type was excitatory, meaning that only a light pulse would be delivered. The 
app was running on Sim mode. The screenshot shows the preset parameters, the single 
light pulse, the full pulse train and the acquired data. Autosave was on and the directory 
of the saved file was shown at the bottom of the interface. 

For instance, if the user wants to optically stimulate for 200ms, then send an electrical 

stimulation at the 150thms, the optical pulse should be set to 200ms and the delay time for 

e-stim should be set to 150ms. The saving features are similar for this version. The 

difference is that the optical stimulation type (whether it’s excitatory or inhibitory) is 

included in the filename instead of the treatment state, which is absent in this version. 

The optical pulse is also saved under the variable Opto_Pulse. 

The recruitment curve feature can only be used if the Inhibitory optical stim type 

is chosen. If the selected option is excitatory, a red message appears requesting the user 

to switch the Optical Stim Type to Inhibitory. If the inhibitory optical stimulation is 

chosen, then the app outputs both electrical and optical waves. The optical stimulation’s 

intensity would be a fixed value throughout the entire measurement. The electrical pulse 

train would consist of a wave of different intensity pulses, similar to the behavior of the 

recruitment curve feature in the electrical stim with the standard version.  
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Results: 

Here we present the validation of the features that were described in the App 

narrative section 

Reliability Of The Software 

To test the reliability of the software, H-reflex measurements were taken using a 

conventional manual stimulator (2100 Isolated Pulse Stimulator; A-M Systems, WA, 

USA) as well as via the GUI, then compared. A naïve Sprague Dawley adult female was 

used in this study. The animal was anesthetized, and the plane of anesthesia monitored 

throughout the experiment via toe pinch. All animal welfare guidelines were followed 

throughout, under Temple Animal Care and Usage Protocol (ACUP) #4675 to AJS.  

A pulse train of 200µs biphasic pulses ranging from 1.2 to 3.8 mA was delivered 

using the Recruitment Curve feature of the software. Results are shown in Fig 22A. 

Pulses of the same duration and amplitudes were then delivered using the 2100 Isolated 

Pulse Stimulator (A-M Systems, WA, USA). Data were then analyzed, and the 

waveforms corresponding to the stimulations of the same amplitude from each method 

were laid on top of each other and compared. As expected the software and different 

stimulators accurately recreated the waveforms, and after comparing the values of the M 

and H peaks of the acquired EMG, it was shown that the app was yielding reliable results 

compared to a conventional setup with negligible differences (mean=0.0038; 

std=0.0121)[33]; (Fig 22B). 
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Figure 22. Comparison of h-reflex data gathered with the GUI and an 

inexpensive electrical follower/stimulator, versus that generated by a combination pulse 
generator/stimulator. A. Plot showing the acquired EMG responses after delivering a 
recruitment curve on the GUI with the use of an inexpensive stimulator. The recruitment 
curve ranged from 0.3mA to 0.95mA with a step size of 0.05mA. Interpulse was set at 3 
seconds. No EMG was obtained on the first pulse. At 0.35mA, only an H-wave was 
obtained without an M-response. The plot shows the variation of the M and H wave 
throughout the recruitment curve. Data was amplified using a gain of 1000 on the AM 
1700 amplifier prior to data collection. The x-axis represents time in ms, whereas the y-
axis represents the acquired data in V. Each graph shown in this image represents the 
acquired EMG signal at different stimulating amplitues, starting with the lowest on the 
top (0.3mA) and the highest on the bottom (0.95 mA).B. Plot overlaying EMG data 
acquired through conventional method (red curve), and with the use of our GUI coupled 
with inexpensive equipment (blue curve). In this example, an electric stimulation of 
2.8mA was delivered to an anesthetized rat using both methods. Recorded data using 
both methods yielded very similar EMG responses on the same rat. The differences 
between both acquired curves were negligible (mean=0.0038; std=0.0121). 

  

Impedance Testing Validation 

The circuit shown in Fig 23A was used to validate this feature. The voltage across 

R2 and R4 represents the values of the voltage and current sent by the stimulator, 

respectively. Rx represents the electrode’s impedance. Resistors of known value were 

used as gold standards for Rx. The chosen resistors ranged from 4.6KΩ to 46.6KΩ, 

simulating realistic electrode impedances.  The software showed a high accuracy (94%) 
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detecting the resistors values (Fig 22B), with higher impedances yielding slightly less 

accurate numbers. We think that this occurs because the error related to the equipment in 

use is significantly increased with larger impedances. Similarly, the software showed that 

the AM-2200 delivers current with a high accuracy (99.8%), with higher impedances also 

yielding slightly less accurate current intensities (95.7% current accuracy for a 46.7kΩ 

impedance, which would be considered a very high electrode impedance in practice) (Fig 

22C). 

This feature was then tested in a live animal. The animal was a naïve adult female 

Long Evans rat. The animal was fully anesthetized throughout the entire study, and 

anesthesia monitored. The app yielded a 5.8 kΩ electrode impedance value and showed a 

99.5% stimulation amplitude accuracy (Fig 22 C,D). We note that this feature will not 

apply high levels of current. 

 

 
Figure 23. Validation of the impedance testing feature of the GUI. A. Schematic 

of circuit used for the impedance testing feature of the app (Multisim). A 1:100 voltage 
divider was used to measure the voltage delivered by the stimulator (R1 and R2). Rx 
corresponds to the measured load. Having a value of 1kΩ, the value of the voltage across 
R4 corresponds to the current delivered by the AM2200 stimulator. The voltage across 
Rx over the calculated current would then correspond to the measured impedance. The 
outputs of the circuit could be easily connected to the DAQ through BNC plug 
connectors. B. Graph showing the difference of known resistor values against measured 
ones using the GUI. The correlation was linear and gave a high accuracy of impedance 
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measurement detection (94%), with higher resistor values yielding a lower accuracy. The 
x-axis represents known resistor values in Ohms, and the y-axis shows the valued 
measured with the GUI in Ohms. C. Graph showing the variation of current accuracy as a 
function of impedance value. The graph shows that current was still delivered accurately, 
even when a higher impedance was used, which requires a higher voltage administration 
by the stimulator (average current accuracy of 99.9%, with a value of 95.8% for a 47kΩ 
load). The limit of the impedance that can be used will be determined by the stimulator 
chosen. The x-axis represents the known resistor value in Ohms, and the y-axis shows the 
current accuracy as a percentage. An impedance value higher than 15kΩ is not 
recommended, as it would require the stimulator to go to very high voltages to achieve 
certain stimulating amplitudes, and it would increase the error and decrease the accuracy 
of the detected current. D. Screenshot showing the GUI’s impedance test feature in use. 
That feature was tested in an anesthetized rat..  The first graph shows data acquired after 
delivering a slow ramp ranging from 0 to 1mA, which can provide a usable estimate of 
the electrode impedance. The x-axis represents the administered current in mA, and the 
y-axis shows the voltage acquired on R2 of the circuit described in panel A. The graph 
shows a linear correlation and indicated an impedance electrode of 5.8kΩ. The second 
graph shows the current accuracy as a function of the stimulating signal. The x-axis 
represents the commanding signal in mA, and the y-axis represents the voltage acquired 
on R4 of the circuit described in panel A, which is a direct indication of the actual current 
that is being delivered with the stimulator. The linear correlation shows a 99.5% accuracy 
level of the stimulating current. 

Optical Stimulation 

The optical version of the app was also used on a naïve animal, which did not 

express any optogenetic channels. Hence, changes (inhibition or excitation) of the neural 

activity following light stimulation were not expected. Optical and electrical stimulations 

were provided by the LED, and the platinum electrodes of the nerve cuff were placed 

around the sciatic nerve. The LED, serving as an optical stimulator, was driven by the 

BuckPuck LED driver (part number; or not if already given above in methods), which in 

turn was commanded by the AO0 analog output of the data acquisition box. The 

stimulating electrodes were connected to the AO1 analog output of the DAQ. EMG 

recording wires from the right paw were connected to the AI0 analog input of the DAQ. 

A 200ms light pulse was delivered through the software. A 200µs biphasic 1mA electric 
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pulse was delivered 100ms after the light pulse’s delivery. Data were automatically saved 

via the autosave feature of the app. The data analysis showed successful identification of 

the 3 different waveforms (electric stimulation, optical stimulation and EMG) (Fig 24). 

 
Figure 24. Data obtained from the Opto version of the GUI. A green light pulse 

of 200ms (green) was shone on the sciatic nerve using a nerve cuff. An electric 
stimulation was delivered at 100ms (red), and EMG was obtained after the administration 
of the e-stim (black). Inhibition was not expected given that the rat used was naïve. 

H-Reflex Data Analysis 

H-Reflex measurements were conducted on the same animal in III.3. Using 

Quick Trig, we found that 0.3 mA was the amplitude where the first M and H waves 

appeared. A recruitment curve of biphasic pulses of 200µs was delivered, ranging from 

0.3mA to 0.95 mA and separated by a 3s interval. A noise level is estimated as 75% 

above the maximum of the absolute value of the signal collected before the stimulus 

artifact. M and H values below the noise level are attributed the value of 0. The M/H ratio 

returns a Nan (not a number) value when no M peaks are detected. 
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The Analyze H-Reflex feature was then used, and here the software accurately 

detected the M and H peaks, as confirmed in Figure 25.  Figure 25 (A, B) shows an 

example of the computed H and M values. The variation of the H to M ratio with the 

stimulating current, as well as the variation of the individual M and H peak values, are 

also displayed on separate plots (Fig 25 C,D).  

 

 
Figure 25. H-Reflex data analysis generated from the Analyze H-Reflex function 

of the GUI. Data was amplified with a gain of 1000 through the AM 1700 amplifier prior 
to collection. Measurements were done using the GUI. The sampling frequency was set 
to 100kHz. A recruitment curve of 200µs bipolar waves, ranging from 0.3mA to 0.95mA, 
with a step size of 0.1mA and an interpulse of 3 seconds was delivered to an anesthetized 
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rat. The autosave feature, as well as the minimize variable saving feature, were used. The 
“Analyze H-Reflex” feature was clicked automatically after data collection. M/H cutoff 
was set at 8ms. Panels A and B show the measured peak (in magenta) for both M and H 
waves 18ms after the e-stim was delivered. The M/H cutoff, specified by the user, is 
shown with a vertical red line. The x-axis in represents time in ms, and the y-axis 
represents the acquired voltage in V, after an amplification of a gain of 1000.  A. M and 
H peaks shown for a pulse of 0.35mA. No M-wave was obtained, and the software 
yielded a value of 0 for the M peak. H peak was at 0.08V. B. M and H peaks obtained 
after a pulse of 0.95mA was delivered. M was at 2.4V and H at 2.8V. C. Plot 
automatically generated by the Analyze H-Reflex function showing the values of the M 
peaks (red) and the H peaks (blue) for each pulse amplitude. The x-axis represents the 
different currents in mA, and the y-axis represents the acquired voltage in V, after 
amplification with a gain of 1000. D. Plot automatically generated by the Analyze H-
Reflex feature showing the H/M ratio of each delivered pulse. The x-axis shows the 
different currents in mA where both an M and an H wave were detected, and the y-axis 
shows the H/M ratio of each wave acquired at each stimulating current.The Hmax/Mmax 
value was determined to be 0.8. 

To determine whether frequency adaptation is taking place, 17 automated 200µs 

biphasic pulses of an amplitude of 1.5mA were delivered through the stimulator at 3 

different frequencies (10Hz, 5Hz and 0.3Hz; these are set in the inter-pulse interval field) 

through the frequency adaptation feature of the software. By using the Analyze H-Reflex 

feature, it was determined that frequency adaptation occurred at the 10Hz and 5Hz 

frequencies, but not at the 0.3Hz frequency, as is expected. 

  

Discussion 

The tests carried out above show that the MATLAB app is reliable in performing 

automated H-Reflex measurements and analyses and offers several advantages. First, it 

automates setting and recording of experimental parameters as well as H-reflex data, 

even when using inexpensive follower-type stimulators and a standard DAQ. Although 

turning physical knobs for manual stimulus pulse delivery alongside note-taking by hand 

will always be an important method for conducting H-reflex experiments, and potentially 
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a more satisfying approach for many investigators, our MATLAB application offers a 

companion approach, especially for long experiments with many recruitment curves. We 

found that having meta-data saved directly alongside the stimulus and EMG waveforms 

(Appendix D) accelerated the analyses as notes did not need to be transcribed to the PC. 

Furthermore, by running lengthy recruitment curves and frequency adaptation trials in an 

automated fashion, we had more attention to spare for the animals’ plane of anesthesia, a 

critical factor for H-reflex recordings.  

The app may further improve the reliability of recruitment curves because the 

wait time between each two consecutive pulses is tightly controlled by the software, and 

not delivered manually, where too rapid stimulation could cause errors due to frequency 

adaptation [98].  

The Analyze H-Reflex feature of this app allows the user to immediately interpret 

their results immediately  after a series of stimulations is done, which can save them the 

trouble of analyzing the data at later timepoints and realizing that measurements have to 

be repeated. This is especially important in the case of terminal experiments. This feature 

was tested on various collected data, whether measurements were done on live animals or 

on previously recorded datapoints by using the Load Data feature. The detection of the 

M and H peaks was largely accurate. In one instance, the software had trouble detecting 

the H peak when an experiment was conducted with a rat that had a slow M-phase 

recovery, and the H-peak was much smaller compared to the M-peak. Fortunately, this 

was detectable thanks to the series of plots that appear after clicking on the Analyze H-

Reflex button. This error was fixed by changing the M/H cutoff from 8 to 10ms. 

The M/H cutoff allows the user to analyze H-Reflex measurements that are done 

on either larger or smaller animals, since the app analyzes the M an H peaks based on 

latencies. After working through any legal approval steps required, this app could 
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potentially be used for clinical work on humans as long as the equipment that are used are 

also approved for human use. 

Given the importance of saving acquired data for future analyses, many labs 

develop their own GUIs for data acquisition, and while this can offer the user a more 

personalized interface and overall experience, it can be time consuming and often 

requires specific computer science skills. This app is available online and offers a single 

user-friendly interface that is capable of delivering stimulations, recording the acquired 

data and analyzing them at once and at a high accuracy. The open source nature of the 

app also enables researchers to use it as a starting point for custom extensions. 

 

 

Conclusion: 

In conclusion, we developed a reliable, user-friendly MATLAB app that has the 

ability to perform automated H-Reflex measurements when accompanied by standard 

laboratory equipment, save the acquired data and analyze them with simple commands, at 

a low cost. Stimulation, recording and analyses can be all done with the use of one 

interface and in one-click events. The app can automate lengthy stimulation protocols and 

reduces human error by providing standardized stimulations and autosaved metadata 

alongside raw electrophysiological data. 
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APPENDIX A: SUPPLEMENTAL INFORMATION FOR CHAPTER II 

Using DeepLabCut For Automated Feature Tracking Of Rat Kinematics In A 

Contusion Study.  

Kinematics is used to study the motion of the body and limbs of the animals, 

which can help understanding the overall movement of an animal in a given environment. 

These studies can especially be important in studying animal locomotion, and in 

particular, animal models of injury, including spinal cord injury. However, because 

tracking of moving animals has been mostly done in an either manual or semi-automatic 

fashion (1), it can be very time consuming and increases user error, especially when 

thousands of videos that each consist of thousands of frames are being analyzed. 

DeepLabCut (DLC) (2,3) is a new deep learning framework that uses transfer learning to 

pretrain the first layer of the neural network with a large, existing, general dataset, 

allowing simple object recognition and segmentation before training a specific pose 

estimation task. DLC tracks features in high-speed videos of rats to produce results with 

human-level accuracy. Here we show that DLC performs well in tracking features on the 

hind-limbs of moving rats used in studies of spinal cord injury, and that the coordinates 

automatically generated can be used in 3D reconstruction for kinematic analyses to assess 

recovery from contusion. 

We tested DLC’s performance on color high speed videos (250 Hz, 1.4MP, 8 bit; 

Ximea XIQ Series USB3 cameras) of rat locomotion. Videos of rats were taken from 2 

different angles (for 3D reconstruction), 4 weeks before injury (baseline) then 1, 2, 4, 6, 7 

and 8 weeks post injury. To process a video, we labeled the desired features (hindlimb 

joints) of a rat for 300 manually extracted frames of 8 locomotion events with different 



 

93 
 

camera angles and light settings to create a training dataset. Unlabeled videos can then be 

analyzed using the trained model to track the same features, creating new videos and 

plots of the tracked data. Data generated through the DLC algorithm was subsequently 

analyzed using custom Python software (4) that computed the variation of the hip, knee 

and ankle angles with each stride for each animal in 3D. : To estimate the level of error in 

our 3D reconstruction, we computed the reprojection error after 3D reconstruction based 

on DLC tracked 2D features. The mean reprojection error for ten coordinates (U and V 

image coordinates for five leg markers) averaged over a typical 1000 frame movie, was 

7.22 pixels; and the mean interquartile range was 4.29 pixels. We found on average that 

videos can be analyzed in 50 seconds in DLC after the training set is created, compared 

to an average of 50 minutes with the semi-automatic method. We also found that training 

DLC dataset over videos from different camera angles and light settings helped 

generalize over the videos to create a robust network that works on all trials for both 

cameras. We also found that data generated by DLC can be processed with our custom 

software (4), which allowed us to gather and compute data for angles across rats and 

weeks and assess SCI recovery over time.  

By using DLC, we were able to create a training dataset that allowed us to 

automatically and successfully track rat locomotion and thereby analyze the data for a 

kinematics study for spinal cord injury. DLC achieved human level accuracy for 

detecting user defined features, and given that the amount of time and effort to track the 

desired videos was dramatically decreased, we believe that the performance gained by 

using DLC is significant.  
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Spinal Cord Injury Study And Timeline 

 
Figure 26. Experimental design and timeline of the spinal cord injury study. 

Baseline BBB, ladder and kinematics were recorded for all rats following DRG 
injections, then at several stages following injury. After week 6, CNO was withdrawn for 
all behavioral assessments at week 7 then readministered at week 8. This allowed us to 
quantify plasticity and CNO dependence at the week 7 stage of the recovery on a 
behavioral note.  
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Contusion Impact Graphs 
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APPENDIX B: SUPPLEMETAL INFORMATION FOR CHAPTER III 

Protol For Genotyping Transgenic Rats After Weaning 

Tail Clipping: 

Adult Rats 

 -Tail clipping for adult rats should be performed under anesthesia: 

- Fill the tank with isoflurane. 

- Transfer the rat from the cage into the isoflurane tank. 

- Once the rat is anesthetized, transfer onto a table and put the rat cone around the 

nose to ensure that it remains anesthetized while you operate on it. 

- Inject about 0.1 mL of Lidocaine into the tail adjacent to the tip. 

- Measure about 2-3 mm from the tip of the rat's tail. Cut this portion off using a 

scalpel. The cut has to be quick and sharp. Bleeding will occur. 

- To minimize bleeding, press and apply pressure on the tail with a piece of cloth 

or a paper towel, for about 2 minutes. Then use the Electrocautery Unit to 

cauterize the wounded tail. 

- Return the rat to the cage.  

- In the meantime, eppendorf tubes (about 1.5 mL total volume) should be 

prepared and labeled clearly for each of the rats. Transfer the clipped tails to their 

specific tubes. Remember to shut down the isoflurane tank after you finish. 
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Pups 

Rats should be weaned upon 3 weeks of their birth dates. There is usually a card 

on the mom's cage indicating the expected weaning date. Rats should be placed in 

separate cages based on their sex. You can perform tail clipping on pups without 

anesthesia. 

- Pick the rats by the tail, determine their sex 

- Put an ear tag on the rat and mark down their number with their sex 

- Snip a small piece of the tail, about 3mm long, and put it in a sterile eppendorf 

tube with the appropriate rat number. 

- Press on the bleeding tail with a gauze, for about 5 minutes until the bleeding 

stops, and return the pup to the appropriate cage. You can also dip the tail with 

"Clotizol" to stop the bleeding. 

DNA Extraction 

Once you have the tail snips from the animals, you want to extract the genomic 

DNA. To do so, place 200uL of lysis buffer (tail) a with 1 mg/mL of ProteinaseK. 

Incubate the tubes in 50-55°C for 2 hours; vortex the tubes every 30 min. 

Incubate for 10 minutes in 90-95°C to stop the Prot K's activity. 

PCR Preparation 

For every DNA sample, mix the following recipe (Note: these volumes are 

assuming use of the HotStart genotyping kit): 

- 25μL Xtreme Buffer 

- 10μL dNTPs 

- 1.5μL of iCre12 primer at 10μM (diluted in autoclaved water) 
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- 1.5μL of Pvalb primer at 10μM (diluted in autoclaved water) 

- 1 μL of DNA 

- 10 μL Autoclaved Water 

- 1μL pf Polymerase (This step should be added last. Polymerase goes bad very 

quickly once it's sitting outside of -20°C). 

Your total volume should be 50μL per PCR tube, which means that you have to 

solve for x and y accordingly, using the autoclaved water to bring you up to the total 

volume. 

- Make sure to prepare a positive control and a negative control to ensure that 

your PCR is working. For controls, use previous DNA samples that you know are 

either positive or negative. 

- Transfer your tubes to the PCR machine, which looks like this: 

- Make sure to remove the gloves when you use the machine. 

For our protocol, use the pre-programmed cycle on the PCR under Kod HotStart. 

This cycle is made of the following: 

- 94°C for 2 minutes 

- 98°C for 10 seconds, 66°C for 30 seconds then 68°C for 1 minute, repeated for 

25-30 cycles 

- 72°C for 10 minutes 

- 4°C until you open the machine. 

Once you open the machine, transfer your tubes to a 4°C fridge until you want to 

run the gel electrophoresis.  
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Gel Electrophoresis 

Recipe For The Agarose Gel: 

- 1g of Agarose 

- 100 mL of TAE Buffer Mix the ingredients in a big Erlenmayer flask (500mL). 

Microwave it for 1.5 min. Shake the erlenmayer flask to mix the mixture. Microwave 

again until you notice that the crystals dissolve. Be careful of foaming and overflowing of 

the solution. 

- Once the solution cools down, add 4μL of GelRed. 

Manipulating The Gel Electrophoresis 

- Pour the gel solution into the mold (as shown in the picture) 

- Once the solution is added to the mold, insert the comb into it. 

- Wait for about 15 minutes for the gel to harden. 

- Move the gel into the electrophoresis chamber. Be careful while moving it as 

this is a very delicate procedure. You don't want to break your gel. To do so, 

remove the comb first very slowly, open the mold and then transfer the gel into 

the chamber. 

- The slots that were created in the gel should be facing the negative pole of the 

chamber, as DNA will migrate from negative to positive. 

- Cover your gel with TAE buffer to the point where the entirety of the gel is 

covered. 

- Your mixture is 1μL of loading dye and 9μL of PCR product. 
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- Pipette 4μL of DNA ladder in the first well. Leave an empty space and start 

pipetting the PCR product/Loading dye mixtures into the other wells. Be careful while 

pipetting as this is a delicate process. You will have to make sure not to perforate your 

gel. You will also have to be careful to pipette the mixture in the wells. To do so, insert 

your pipette tip in the well then slowly raise your arm so you don't pipette in the bottom 

of the well. The small wells we usually use will hold about 10μL of solution. 

Make sure to write down on a paper what every well should have, to avoid losing track of 

what's in each well. 

This is what above should look like this: 

 
Figure 27. Image describing the gel electrophoresis experiment. 

- Turn your electrophoresis machine on, to about 90-100V DC, and wait for about 

30-45 minutes until the DNA migrates to about 3/4 of the width of the gel. 

- Once your DNA migrated, you will have to take the gel out of the 

electrophoresis machine, and transfer it to the UltraViolet plate reader where you 

will be able to read your gel. This is a good example of how the gel is read: 

- Check whether you see the bases you're looking for. The last band on the bottom 

is 100 bp, and the first one is 10000bp. The DNA we're looking at is at 253bp, so 

it should be situated between the second and third band from the bottom. 
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- The samples that had positive bands determine that the rat of that sample has the 

transgene we're looking for. The other samples mean that the rat is not transgenic. 
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Protocol For In-vitro DRG Neuron Culture 

- Sacrifice the animal with a fatal+ injection, then as soon as the animal is dead, 

decapitate, drain blood and wash the body with ethanol. 

- In a sterile hood, remove skin, cut the spine and discard the spinal cord 

- Extract the DRG with a pair of nice tweezers, then place them in a tube that 

contains collagenase that is on ice. Note: You have roughly 10 minutes to extract DRG 

once the animal is dead. 

- Once extracted, put DRG on a petri dish that has media and clean up the pieces 

of nerve that got extracted with them, then put clean DRGs in a new tube of collagenase 

that is placed on ice. 

- Incubate the tubes in 37°C 5% CO2 for 30 min. 

- Pipet 10mL of media in 15ml falcon tubes. The media used is DMEM with 10% 

FBS 1xP/S 

- Add the collagenase with the extracted DRG in the falcon tube. Make sure to 

take all the DRGs since some get stuck on the sides of the tube or in the lid 

- Let sit for a few minutes so the DRGs settle down, then gently pipet the media 

and discard it. 

- Add autoclaved water between the wells of a 6 well plate that's been coated with 

PLL and laminin. This will keep the environment moist and help prevent evaporation. 

- Add media again (5ml) to the falcon tubes, and pipet it in up-and-down fashion 

which will break the tissues into chunks. 15 or 20 times should be sufficient. (Small 

clumps of cells have a better chance of survival), then let it rest on ice for 5 minutes. 

- Centrifuge at 500rpm for 4 min. 

- Discard media and myelinated nerves (small strings that you see). 
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- Add 0.5 ml of media. 

- Pipet up and down to break the tissue again, then pipet 150uL right in the center 

of the well plate. If it goes along the edge of the well, it would be very hard to see the 

cells. 

- Add 1:200 of NT3. NT3 promotes the growth of proprioceptive neurons. 

- Let rest for 2 hours in incubator 

- Add 1.5 mL of media mixed with 1:500 of NT3 in each well. Pipet on the edges 

so you don't disturb the cells. Media should be warmed up to 37°C. 

- Return to incubator 

- Check the next day on your cells to make sure they’re alive 

- Mix 1:500 of NT3 with warmed media to feed your cells every 2 days. Each 

well should roughly contain about 1.5mL of media. 

Adding Virus: 

- When you want to add virus, warm the media then add the desired virus in the 

media and 1:500 of NT3, and pipet the master mix in the desired wells 

- It usually takes about 5 days to a week from the time you add the virus to your 

cells to see expression. 

- If you usually keep your cells for more than 10 days you'd start seeing some of 

them die, so it's best to finish your experiment within this timeframe. 

Fixing: 

Once you're finished with your cells, you need to fix them, so pipet about 1.5 mL 

of 4% PFA in each well and leave it for 10 minutes, then rinse it twice with PBS. 
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Staining: 

When you want to stain your neurons, you can follow the same protocol we 

usually do for immunohistochemistry, but instead of pipetting on the slides, you pipet 

1mL of buffer in your wells. Follow the same recommended dilutions, incubation times 

and washes. 
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APPENDIX C: SUPPLEMENTAL INFORMATION FOR CHAPTER IV 

 
Figure 28. Plot showing the trajectory of each marker within a trial. This 

represents the movement of the tracked joints. Striking is the difference between the TD 
knee marker and the SD knee marker, where the TD marker has a higher variability and 
thus showing the detection of a bigger range of when compared to the SD knee marker. 
Image automatically generated by DeepLabCut. 
 



 

112 
 

 
Figure 29. Plot showing the different movements of the tracked joints per frame. 

Evident is the difference in the y movement of the TD knee marker when compared to the 
SK knee marker (solid lines, bottom part of the graph). Image automatically generated by 
DeepLabCut. 
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APPENDIX D: SUPPLEMENTAL INFORMATION FOR CHAPTER V 

Explanation Of The App’s Functions 

 

 

1 Chooses the device name of the DAQ or Sim mode 

2 Enables to GUI to automatically detect the device. Automatically goes to Sim 

mode if device unavailable 

3 Displays the value of the tested impedance 

4 Specifies the sample rate (100kHz default) 

5 Chooses the pulse type: Bipolar mode outputs a positive then negative pulse, 

monopolar outputs one pulse, either positive or negative (chosen from drop-down list) 
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6 Pulse amplitude: outputs the value displayed in volts, then gets sent to the 

stimulator. We recommend choosing 1mA/V setting on the stimulator to match the 

desired stimulating amplitude in mA 

7 Specifies the number of pulses in the train pulse 

8 Pulse width in μs. If bipolar pulse is chosen in 5, the total duration of the pulse 

is doubled (for example 100μs positive and 100μs negative in the example shown in the 

screenshot) 

9 Specifies the time between pulses 

10 Waiting time before sending the pulse train 

11 Knob specifying the amplitude of the voltage outputted to the stimulator, 

similar to 6 

12 Minimum voltage sent to stimulator in recruitment curve 

13 Maximum voltage sent to stimulator in recruitment curve 

14 Step size for recruitment curve 

15 Time between pulses in recruitment curve in seconds 

16 Outputs 3 consecutive pulses of the sample amplitude for each amplitude in 

the recruitment curve 

17 Introductory filename 

18 Treatment state: Pre, Active or Post. 

19 Autosaves the data after collection 

20 Saves data in a struct array to minimize the file size 

21 Notes for the user 

22 Shows the directory of the loaded file 

23 M/H cutoff in ms for M and H peak detections 

24 Trial number, increases automatically 
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25 Directory of saved file 

26 Plot showing the first pulse of the pulse train 

27 Plot showing the entire pulse train 

28 Plot showing the entire pulse train and record 

 

Quick Guide To The Application 

 
Figure 30. Image providing a quick guide to the application. 
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Commands For Metadata 

app.nidev.Value Device used in the experiment 

app.npulses.Value Number of pulses used 

app.pulsetype.Value Type of the pulse (Bipolar, monopolar positive, monopolar 

negative) 

app.pulsewidth.Value Pulse width in microseconds 

app.delay.Value Delay time before starting the e-stim in seconds 

app.Interpulse.Value Interpulse value in seconds 

app.Fs.Value Sample rate in Hz 

app.pulseamp.Value Amplitude of your e-stim pulse in mA 

app.minrec.Value Minimum intensity in the recruitment curve in mA 

app.maxrec.Value Maximum intensity in the recruitment curve in mA 

app.steprec.Value Step size in the recruitment curve in mA 

app.Period.Value Time in between pulses in the recruitment curve in seconds 

app.Notes.Value Notes written by the user 

app.MHcutoff.Value M/H cutoff value in ms 

app.Stimstate.Value (Opto version only) Stimulation type (Excitatory or 

inhibitory) 

app.Delaytimeforestimms.Value (Opto version only) Delay time for e-stim’s 

value in ms 

app.LightIntensity.Value (Opto version only) Light pulse intensity 

app.OpticalPulsewidthms.Value (Opto version only) Light pulse width in ms 

Data EMG record 

Time Collected time during the stimulation 
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Pulse_Train The pulse train 

length(Data) Total number of pulses in the record 

Data{n} where n is the stim number Recorded data at the n'th stimulation 

Time{n} Variable at the n'th stimuation 

Pulse_Train{n} Pulse at the n'th stimulation 

max(Pulse_Train{n}) Intensity of the n'th pulse 
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