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Abstract  25 

Following a program of resistance training, there are neural and muscular contributions to the 26 

gain in strength. Here, we measured changes in important central motor pathways during 27 

strength training in two female macaque monkeys. Animals were trained to pull a handle with 28 

one arm; weights could be added to increase load. On each day, motor evoked potentials in upper 29 

limb muscles were first measured after stimulation of the primary motor cortex (M1), 30 

corticospinal tract (CST) and reticulospinal tract (RST). Monkeys then completed 50 trials with 31 

weights progressively increased over 8-9 weeks (final weight ~6kg, close to the animal’s body 32 

weight). Muscle responses to M1 and RST stimulation increased during strength training; there 33 

were no increases in CST responses. Changes persisted during a two-week washout period 34 

without weights. After a further three months of strength training, an experiment under 35 

anesthesia mapped potential responses to CST and RST stimulation in the cervical enlargement 36 

of the spinal cord. We distinguished the early axonal volley and later spinal synaptic field 37 

potentials, and used the slope of the relationship between these at different stimulus intensities as 38 

a measure of spinal input-output gain. Spinal gain was increased on the trained compared to the 39 

untrained side of the cord within the intermediate zone and motor nuclei for RST, but not CST, 40 

stimulation. We conclude that neural adaptations to strength training involve adaptations in the 41 

RST, as well as intracortical circuits within M1. By contrast, there appears to be little 42 

contribution from the CST. 43 

 44 
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Significance Statement  45 

We provide the first report of a strength training intervention in non-human primates. Our results 46 

indicate that strength training is associated with neural adaptations in intracortical and 47 

reticulospinal circuits, whilst corticospinal and motoneuronal adaptations are not dominant 48 

factors.   49 
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Introduction 50 

When subjects undertake a program of resistance exercise, they gradually grow stronger, 51 

becoming capable of increased levels of maximum voluntary contraction. The initial stages of 52 

strength training are dominated by neural adaptations rather than intramuscular mechanisms 53 

(Moritani and deVries, 1979; Sale, 1988; Folland and Williams, 2007). There is much evidence 54 

supporting this, including the absence of hypertrophy in the first few weeks of a strength training 55 

program (Komi, 1986; Jones and Rutherford, 1987; Akima et al., 1999), and the effect of cross-56 

education in which unilateral training elicits bilateral gains (Enoka, 1988; Zhou, 2000; Lee and 57 

Carroll, 2007).  Over the last few decades, attempts have been made to characterize these neural 58 

adaptations by examining elements of the corticospinal tract (CST), the dominant descending 59 

pathway in primates (Lemon, 2008). A recent meta-analysis proposed that strength training is 60 

characterized by changes in intracortical and corticospinal inhibitory networks, rather than 61 

corticospinal excitability (Kidgell et al., 2017). Adaptations may also occur at the level of the 62 

motoneuron, although there are technical limitations associated with these studies (Carroll et al., 63 

2011).  64 

Increasing evidence suggests that the reticulospinal tract (RST) plays an important role in 65 

primate upper limb function (Baker, 2011). In addition to its established role in postural control 66 

(Prentice and Drew, 2001; Schepens and Drew, 2004, 2006), the RST has been shown to project 67 

to motoneurons innervating both distal and proximal muscles (Davidson and Buford, 2004; 68 

Davidson and Buford, 2006; Riddle et al., 2009) and contributes to motor control throughout the 69 

upper limb (Carlsen et al., 2012; Honeycutt et al., 2013; Dean and Baker, 2017). The bilateral 70 

nature of the RST (Jankowska et al., 2003; Schepens and Drew, 2006; Davidson et al., 2007), in 71 
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combination with the synergies that result from its high degree of convergence (Peterson et al., 72 

1975; Matsuyama et al., 1997; Zaaimi et al., 2018a), positions this pathway as a strong contender 73 

for the neural substrate of strength training. However, the RST has been largely overlooked in 74 

the strength training literature. 75 

In support of this hypothesis, Lawrence and Kuypers (1968) reported an increase in strength 4-6 76 

weeks after bilateral pyramidal tract (PT) lesions in monkeys, suggesting that strength gains can 77 

be achieved in the absence of the corticospinal tract. Similarly, it has been suggested that an 78 

extrapyramidal pathway mediates recovery of strength after stroke (Xu et al., 2017). Given the 79 

adaptive changes that occur in the RST after corticospinal lesions (Zaaimi et al., 2012; Zaaimi et 80 

al., 2018b), reticulospinal pathways are a likely candidate in mediating such strength adaptations.    81 

The aim of this study was to compare the relative contributions of intracortical, corticospinal and 82 

reticulospinal networks to the neural adaptations associated with strength training. We undertook 83 

two sets of experiments in rhesus macaques that were trained to perform a weight lifting task. 84 

Firstly, we measured motor-evoked potentials (MEPs) in response to M1, PT and medial 85 

longitudinal fasciculus (MLF) stimulation to assess adaptations in the cortex, corticospinal tract 86 

and reticulospinal tract, respectively. Secondly, after completion of the strength training protocol, 87 

we measured spinal field potentials elicited with PT and reticular formation (RF) stimulation to 88 

assess spinal adaptations. To our knowledge, this is the first attempt to perform a strength 89 

training study in non-human primates and to investigate specifically strength-induced changes in 90 

reticulospinal function. Our results suggest that both intracortical and reticulospinal mechanisms 91 

contribute to the neural adaptations associated with strength training.  92 
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Materials & Methods 93 

All animal procedures were performed under UK Home Office regulations in accordance with 94 

the Animals (Scientific Procedures) Act (1986) and were approved by the Animal Welfare and 95 

Research Ethics Board of Newcastle University. Recordings were made from two chronically 96 

implanted rhesus macaques (monkeys N and L; 5.9-6.9kg; both female). Both animals were 97 

intact prior to the study, with the exception of monkey N who had lost parts of two fingers on the 98 

right hand in an unrelated incident.  99 

Behavioral Task 100 

Both monkeys were trained to pull a loaded handle towards the body using their right hand. After 101 

each trial the handle returned to its original position by the action of the load. Using a pulley 102 

system, weights could be attached to the handle so that the force required to pull it ranged from 103 

<5N in the unloaded control condition to 65N in the maximally loaded condition (Figure 1). The 104 

task was self-paced, with the only time constraint being a minimum inter-trial interval of 1s. 105 

Trials were identified as successful if the handle was moved at least 4cm; these were rewarded 106 

with food, and in the case of monkey L, stimulation of the nucleus accumbens as described 107 

below. Both monkeys were trained on the task in the unloaded condition prior to surgery.  108 

Surgical Preparation 109 

Following successful training on the behavioral task, each animal underwent two surgeries, the 110 

first to implant a headpiece and electromyogram (EMG) electrodes; and the second to implant 111 

cortical epidural electrodes and chronic stimulating electrodes in the pyramidal tract (PT) and 112 
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medial longitudinal fasciculus (MLF). Both surgeries were performed under general anesthesia 113 

with full aseptic techniques.  114 

The animals were initially sedated with an intramuscular injection of ketamine (10mg kg-1). 115 

Anesthesia was induced with intravenous propofol (4mg kg-1) and following intubation and 116 

insertion of a venous line, maintained through inhalation of sevoflurane (2-3%) and continuous 117 

intravenous infusion of alfentanil (12μg kg-1 h-1). During surgery, hydration levels were 118 

maintained with a Hartmann’s solution infusion, a thermostatically controlled heating blanket 119 

maintained body temperature, and a positive pressure ventilator ensured adequate ventilation. 120 

Pulse oximetry, heart rate, blood pressure, core and peripheral temperature, and end-tidal CO2 121 

were monitored throughout surgery. Anesthetic doses were adjusted as necessary during surgery 122 

and a full program of post-operative analgesia and antibiotic care followed surgery.  123 

In the first surgery, a headpiece was implanted to enable atraumatic head fixation during the 124 

behavioral task and to provide a mount for the electrode connectors. The headpieces were 125 

designed to fit the bone surface using a structural MRI scan, 3D printed with titanium powder, 126 

coated with hydroxyapatite and surgically attached to the skull using the expanding bolt 127 

assemblies described by Lemon (1984). During the same surgery, electrodes for EMG recording 128 

were bilaterally implanted into the first dorsal interosseous (1DI), flexor digitorum superficialis 129 

(FDS), flexor carpi radialis (FCR), extensor digitorum communis (EDC), biceps brachii, triceps 130 

brachii, pectoralis major and posterior deltoid muscles. Electrodes were placed bilaterally with 131 

the exception of the FCR, which was implanted on the left side of monkey L and right side of 132 

monkey N. Each EMG electrode was custom made and consisted of a pair of insulated steel 133 

wires (AS632, Cooner Wire Company, Chatsworth, CA, USA), bared for 1-2mm at their tips, 134 
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which were sewn into the muscles using silk sutures. The wires were tunneled subcutaneously to 135 

the headpiece upon which their connectors were mounted.  136 

In a second surgery, performed three weeks later, two custom made electrodes (75μm stainless 137 

steel wire insulated with Teflon, bared for ~1mm at the tip; FE6321, Advent Research Materials, 138 

Oxford, UK) were implanted onto the dural surface above each M1 to allow stimulation of the 139 

motor cortex. One electrode was placed medial, and one lateral, over the upper limb 140 

representation as judged by medio-lateral stereotaxic coordinate (approximately 12 mm lateral to 141 

the midline); connectors were cemented onto the headpiece using dental acrylic. Four parylene-142 

insulated tungsten electrodes (LF501G, Microprobe Inc, Gaithersburg, MD, USA) were 143 

chronically implanted bilaterally into the medullary PT and MLF, rostral to the pyramid 144 

decussation, to allow stimulation of the corticospinal and reticulospinal tract, respectively. The 145 

double angle stereotaxic technique, described by Soteropoulos and Baker (2006), was used to 146 

aim each electrode at the desired target, from a craniotomy placed at an arbitrary convenient 147 

location on the headpiece. The optimal position for the PT electrodes was defined as the site with 148 

the lowest threshold for generating an antidromic cortical volley in ipsilateral M1, without 149 

eliciting a contralateral M1 volley at 300μA. The optimal MLF electrode position was defined as 150 

the site approximately 6mm above the PT electrode, which had the lowest threshold for 151 

generating a spinal volley without an antidromic cortical volley. All electrodes targeted an 152 

antero-posterior coordinate at the inter-aural line (AP0). The dorso-ventral location of the 153 

electrodes was estimated as 6.5-9.3mm below the inter-aural line for PT, and 0.4 above to 5.5mm 154 

below for MLF. The threshold for evoking a spinal volley was 10-20μA for PT, and 20-100μA 155 

for MLF. Cortical volleys were obtained by recording from the cortical electrodes implanted at 156 
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the start of the surgery. Spinal volleys were recorded using a wire temporarily positioned in the 157 

paraspinal muscle near the cord with a needle; this was removed at the end of surgery.  158 

Monkey L underwent an additional surgery prior to the start of the strength training protocol to 159 

implant an electrode into the nucleus accumbens, stimulation of which has been shown to be an 160 

effective behavioral reward (Bichot et al., 2011). Following sedation with ketamine (10mg kg-1), 161 

a burr hole was drilled above the target penetration site and sealed with a thin layer of acrylic. 162 

The following day, in the awake head-fixed animal, the acrylic was removed and an insulated 163 

tungsten electrode was driven towards the nucleus accumbens target location. To optimize 164 

position, stimulus trains were given through the electrode as it was advanced in 0.5-1mm steps 165 

(1.0mA biphasic pulses, 0.2ms per phase, 200Hz frequency, 200ms train duration) and the facial 166 

expressions and vocalizations of the animal monitored until an optimal response was observed. 167 

Typically, we found a sequence as the electrode was advanced: the animal first showed a mild 168 

orienting reaction following the stimulus, with characteristic retraction of the ears. Further 169 

electrode advancement produced vocalization (typically grunting), which became stronger at 170 

deeper sites. At the optimal site, vocalization could be produced at a threshold of 100μA. The 171 

electrode was then fixed in place with dental acrylic, sealing the burr hole, and a connector 172 

cemented onto the headpiece with dental acrylic. During subsequent training sessions, monkey L 173 

received nucleus accumbens stimulation every 1-3 successful trials at random, with the 174 

stimulation intensity increased as necessary to maintain motivation (1.0-2.5mA biphasic pulses, 175 

0.2ms per phase, 200Hz frequency, 200ms train duration).  176 
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Experiment 1: EMG recordings 177 

Following recovery from surgery and refamiliarization with the task, the animals underwent 12- 178 

(monkey L) and 13-week (monkey N) strength training protocols. The following was performed 179 

5 days per week. Each day began with an initial stimulation session in which the animals 180 

performed 50 unloaded trials of the task whilst receiving stimulation of the four brainstem 181 

electrodes (bilateral PT and MLF: 500μA biphasic pulses, 0.2ms per phase, 2Hz repetition rate) 182 

and four cortical electrodes (bilateral medial and lateral M1: 3mA biphasic pulses, 0.2ms per 183 

phase, 2Hz repetition rate) in pseudo-random order. The unloaded task served to generate low-184 

level background EMG activity upon which MEPs could be recorded. The animals then 185 

performed the strength training session consisting of 50 loaded trials (1.5-6.5kg); no stimulation 186 

was delivered during this session. Finally, to assess short-term adaptations, a second stimulation 187 

session was performed with the same format as the first. These three daily sessions will 188 

subsequently be referred to as the ‘pre-training’, ‘strength training’ and ‘post-training’ sessions 189 

(Figure 1C). 190 

During all of these sessions the task was performed with the right arm whilst the left arm was 191 

held in a restraint, a collar placed around the neck, and the head atraumatically fixed by the 192 

headpiece to allow connection to the EMG and stimulating electrodes (Figure 1A). EMG (5kHz 193 

sampling rate, 200-1000 gain, 0.1Hz to 10kHz band-pass) and task parameters, such as lever 194 

position and stimulus times, were stored to disc. The total training each day took approximately 195 

20 minutes. 196 

The first two weeks (baseline period) and last two weeks (washout period) of the training 197 

protocol were performed without weights during the strength training session in order to 198 
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establish an unloaded baseline measure and to assess post-training washout effects. During the 199 

remaining 8-9 weeks, the weights were gradually increased day by day, as tolerated by the 200 

animals (Figure 1B).  201 

All analyses of EMG data were performed off-line using custom software written in MATLAB. 202 

EMG recordings were high pass filtered at 30Hz and then full-wave rectified. Background EMG 203 

activity was measured over a 40ms window (from 50ms to 10ms before each stimulus) for each 204 

stimulus trial. Single stimulus trials were only included in the analysis if they generated a 205 

measurable response, defined as exceeding background EMG activity for a continuous period of 206 

at least 3ms, measured 5-25ms after stimulus delivery. Only stimulus-muscle combinations 207 

which generated reliable MEPs were included in the subsequent analyses. These were defined as 208 

follows. Firstly, to test if there was a measurable response, mean sweeps were calculated for the 209 

10-day baseline period and for the 10-day washout period. The stimulus-muscle pair were only 210 

included if both of these values exceeded a mean background EMG for a continuous period of at 211 

least 5ms. Secondly, to test the stability of the MEP, correlation coefficients were calculated 212 

between the mean stimulus-response sweeps of the first 5 days and second 5 days of the baseline 213 

period. Stimulus-muscle pairs were only included if R2>0.75 and P<0.05. If the stimulus-muscle 214 

pair met both these criteria, it was concluded that a MEP was reliably present throughout the 215 

experimental period (from baseline to washout), and that without intervention (during the 216 

baseline period), it was consistent. MEP amplitude was then quantified as area under the curve 217 

above background EMG between cursors. These cursors were set to the onset and offset of 218 

response above background EMG determined from the averages in the baseline period.  219 
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Due to the variation in background EMG activity, and the known effect of this on MEP 220 

amplitude (Hess et al., 1987), MEPs were normalized by dividing by their corresponding 221 

background EMG measure. The human TMS and TES literature suggests that a linear 222 

relationship does not exist between background EMG level and MEP size (Kischka et al., 1993; 223 

Taylor et al., 1997), but can instead plateau above a certain background EMG, depending upon 224 

the muscle. Nonetheless, we have persisted with this normalization method because although it 225 

may attenuate our effects by over-compensating for background EMG activity, it reduces the 226 

likelihood that any trends observed are simply due to changes in background.  227 

To assess short-term effects of individual strength training sessions, the daily recording sessions 228 

were grouped into four weight ranges for each monkey: no weight (0kg, unloaded task), light 229 

(0.5-3.5kg), moderate (4.0-5.0kg) and heavy (5.5-6.5kg). Effects were expressed as a percentage 230 

change in MEP size from the pre-training session to the post-training session. Similar 231 

percentages were obtained for the different muscles and so the results were grouped simply by 232 

averaging the percentage change values across all of the included muscles for each stimulus and 233 

day. Statistically significant (p<0.05) changes in MEP size were identified with a one-sample t-234 

test and multiple comparisons were corrected within each monkey using a Benjamini-Hochberg 235 

correction with a false discovery rate of 5%. This analysis was repeated for normalized MEPs 236 

and background EMG measures. 237 

To assess long-term adaptations to strength training, the pre-training daily sessions were grouped 238 

into four stages for each monkey: baseline, strength training 1, strength training 2 and a washout 239 

period (Figure 1B). Note that these sessions are time-based in contrast to the sessions used for 240 

assessment of short-term training adaptation, which are weight-based. For single muscles, mean 241 



 

13 
 

MEP size for each stage was expressed as a percentage of the mean baseline period MEP. To 242 

combine the responses across muscles in order to provide a single measure for each stimulus, the 243 

variance of the baseline period MEPs was determined for each muscle and used to calculate an 244 

inverse-variance weighted daily average (Hartung et al., 2008), so that the most emphasis was 245 

placed on the stimulus-muscle pairs which had the most reliable baseline MEPs. These values 246 

were then averaged across days to produce a single value per stimulus and training stage. 247 

Independent t-tests were performed relative to the baseline period and multiple comparisons 248 

were corrected within each monkey using a Benjamini-Hochberg correction with a false 249 

discovery rate of 5%. Homogeneity of variance was assessed with Levene’s test; Satterthwaite’s 250 

approximation for the effective degrees of freedom was used when equal variance could not be 251 

assumed. This analysis was performed for both the original MEP values and background EMG-252 

normalized values (see above). Similarly to the single muscle MEPs, background EMG activity 253 

for each muscle was expressed as a percentage of the mean baseline period value.  254 

Experiment 2: Spinal recordings  255 

Following completion of the 12-13 week strength training protocol, each animal continued with a 256 

daily strength training regimen as part of a separate study in which single unit recordings were 257 

made from M1 and RF. Over a 3 month period, 20-50 trials were performed approximately 5 258 

days per week with each of the following weights: 0.5kg, 1kg, 1.5kg, 2kg, 3kg, 4kg and 6kg; 259 

hence the animals received as least as much strength training as in the main intervention. An 260 

experiment under terminal anesthesia was then performed in which recordings were made from 261 

the spinal cord to assess changes in synaptic efficacy.  262 
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Initial sedation was achieved with an intramuscular injection of ketamine (10mg kg-1). 263 

Anesthesia was then induced with intravenous propofol (4mg kg-1) and maintained through 264 

intravenous alfentanil (24-27μg kg-1 h-1) and inhalation of sevoflurane (3%). Pulse oximetry, 265 

heart rate, blood pressure (measured continually by a central arterial cannula), core and 266 

peripheral temperature, and end-tidal CO2 were monitored throughout surgery, and anesthetic 267 

doses adjusted as necessary to ensure deep general anesthesia was maintained.  268 

A craniotomy and laminectomy were performed to expose the right motor cortex and cervical 269 

spinal cord, respectively. The vertebral column was clamped at the high thoracic and mid-lumbar 270 

levels and the head fixed in a stereotaxic frame, with the neck flexed by approximately 60°. The 271 

anesthetic regimen was then switched to an intravenous infusion of alfentanil (24-67μg kg-1 h-1), 272 

ketamine (6-10mg kg-1 h-1), and midazolam (0.3mg kg-1 h-1), which we have found provides 273 

stable anesthesia whilst preserving good levels of excitability across the motor system. 274 

Although stimulating electrodes were already implanted into the PT and MLF, new electrodes 275 

were inserted for use during the spinal recordings, as we were concerned that gliosis around the 276 

tips since implant was likely to reduce the efficacy of the chronic electrodes by variable and 277 

unknown amounts. As the MLF is a small structure, we targeted the stimulating electrodes for 278 

the terminal experiment to the nucleus gigantocellularis of the RF instead. Electrode implant 279 

used an approach through a craniotomy adjacent to the foramen magnum. This minimized the 280 

distance travelled and associated risk of deviation from the intended trajectory. Electrode 281 

placement was optimized with reference to cortical and spinal volleys recorded from epidural 282 

ball electrodes. Penetrations were made at an angle of 30° relative to the spinal cord. Each 283 

electrode was first zeroed to the obex landmark on the brainstem. To target the PT, penetrations 284 
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were made 1mm lateral and 2mm caudal to obex; electrodes were fixed 7.7-9.4mm below the 285 

depth of obex. To target the RF, penetrations were made 2mm lateral and 2mm rostral to obex; 286 

electrodes were fixed 4.3-5.5mm below the depth measured at obex. 287 

To record spinal field potentials, the dura was opened at a rostral (C5-C6) and caudal (C6-C7) 288 

site on the cord. Recordings were made using a single 16-channel electrode (LMA, 50μm 289 

contacts spaced 240μm apart, Microprobe Inc, Gaithersburg, MD, USA) per site. A series of 10 290 

penetrations was made, progressing from lateral to medial in 500μm increments. Successive 291 

recordings alternated from the left to the right side of the cord, and vice versa, minimizing the 292 

likelihood of differences being observed between the two sides due to changes in excitability 293 

with time, as may occur with progressive changes in anesthetic dose. The 500μm spacing of 294 

penetrations and 240μm spacing between electrode contacts produced a grid of recording sites 295 

across a cross-section of the cord (Figure 2A). For each penetration, an intensity series was 296 

delivered through each of the newly implanted PT and RF electrodes for both single stimuli (50-297 

500μA biphasic pulses in 50μA increments, 0.2ms per phase, 4Hz repetition rate) and trains of 298 

three stimuli (50-500μA biphasic pulses in 50μA increments, 0.2ms per phase, 4Hz repetition 299 

rate, 333Hz train frequency). In monkey N, spinal field potential recordings were made under 300 

neuromuscular blockade (atracurium; 0.75mg kg-1 h-1 i.v.); no neuromuscular block was used in 301 

monkey L. The spinal recordings (25kHz sampling rate) and stimulation parameters were stored 302 

to disc. 303 

The aim of these recordings was to assess whether there were changes in the spinal responses to 304 

stimulation on one side of the cord relative to the other as a result of strength training the right 305 

arm. We could identify two components in our recordings (Figure 2B). The earliest component 306 
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was a volley, generated by axons in the stimulated descending tract; this represents the input to 307 

the cord. This followed multiple stimuli faithfully, and was present even for weak stimuli. A later 308 

component represented the response of spinal circuits to the descending input. The field 309 

potentials were small even with the highest intensity stimuli following single shocks, but grew 310 

with trains of three stimuli (Figure 2B). In intracellular recordings, we would normally consider 311 

such temporal facilitation as indicative of a disynaptic linkage (Witham et al., 2016), but the 312 

short latency of the field after the corresponding volley (<1ms) is only compatible with a 313 

monosynaptic connection. We consider that the field represents mainly a spiking response in 314 

local neurons, which became more probable with successive stimuli in a train due to temporal 315 

summation. The location of the fields, which were concentrated within the ventral horn and 316 

intermediate zone, was compatible with the regions known to receive strong input from 317 

descending pathways. 318 

The amplitude of the volley was measured as the difference between maximum and minimum 319 

voltage between cursors placed manually (Figure 2C), using the response to a single shock of the 320 

train. To prevent contamination of the field potentials with the decay of the volley, the response 321 

evoked by a single stimulus, in which no field was present, was subtracted from the response 322 

after the third stimulus in a train to produce an isolated field (Figure 2D). The amplitude of the 323 

field was then measured as the difference between maximum and minimum voltage in a window 324 

placed later after the stimulus than that used for the volley (Figure 2E). Cursor positions were 325 

determined individually to be optimal for each monkey, recording site and stimulus.  326 

Volley amplitude measurements for each penetration and electrode contact were used to generate 327 

surface plots representing cross-sections of the spinal cord (Figure 2F). These contained clear 328 
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spatial peaks, corresponding to the dorsolateral funiculus (DLF, blue boxes in Figure 2F) 329 

activated by the PT stimuli, and the ventrolateral funiculus (VLF; red boxes) and ventromedial 330 

funiculus (VMF; green boxes) activated by the RF stimuli. The locations corresponding to these 331 

regions were manually selected for each monkey and each electrode (Figure 2F) and the volley 332 

amplitudes across them summed to give a measure of the total input to the cord by that stimulus 333 

for each stimulus intensity. For a given stimulus, the amplitude of these volleys could be plotted 334 

versus intensity (Figure 2G).  335 

For a given spinal location and stimulus, the field amplitude could also be plotted versus 336 

intensity yielding a recruitment curve (Figure 2H). It would be possible to use this as a measure 337 

of the spinal response, but slight asymmetries between the placement of stimulating electrodes 338 

on the two sides could lead to inaccuracies. Instead, we chose to plot the field amplitude versus 339 

volley amplitude (Figure 2I), as they both varied with stimulus intensity. This represents a true 340 

input-output curve for each location in the cord, where the input values were the summed volley 341 

amplitudes for each region of the white matter (DLF, VLF and VMF) and the output values were 342 

field amplitudes at each spinal location. This relation was very close to linear; the slope of the 343 

regression line (Figure 2I) represents the gain of the spinal circuits. We used this as our measure 344 

of synaptic efficacy. Comparing the slopes of the lines for corresponding locations mirrored 345 

across the midline thus gives a measure of changes in synaptic efficacy on one side of the cord 346 

compared to the other. The difference between the two gradients was calculated and an 347 

ANCOVA performed to test the significance of this. Positions with a negative gradient or an 348 

insignificant regression (p>0.05) were excluded from subsequent analysis.  349 
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We had available recordings from a caudal and rostral level of the cervical spinal cord, in two 350 

monkeys. To summarize the results across these four recordings in a single image, the gradient 351 

differences between the two sides for each stimulus were normalized to scale between 0 and 1, 352 

and an average of the normalized gradient differences was calculated. The significance of group 353 

changes was assessed by assigning each of the original gradient differences 0 for an insignificant 354 

change, +1 for a significantly steeper gradient on the right cord compared to the left, and -1 for a 355 

significantly shallower gradient on the right cord compared to the left. Summing these values 356 

across the four available recordings gave a score from -4 (all recordings showed a significantly 357 

shallower gradient on the right side of the cord) to +4 (all recordings showed a significantly 358 

steeper gradient on the right side of the cord). By simulating all possible combinations of scores 359 

across the 5 (penetrations) x 16 (electrode contacts) recording grid and assuming the null 360 

hypothesis that any differences arise by chance, we found that a score of +2 or higher, or -2 or 361 

lower, could be considered significant at p<0.005. This analysis was only performed for DLF 362 

and VLF recordings since we observed a highly significant correlation between VLF and VMF 363 

volley amplitude (Figure 2J), presumably due to similar activation of these two reticular 364 

pathways by our RF stimulus.   365 

Histology 366 

After completion of the study, electrolytic lesions were made by passing current through the PT, 367 

MLF and RF electrodes (100μA for 20s). Anesthesia was then increased to a lethal level and 368 

animals were perfused through the heart with phosphate buffered saline followed by formal 369 

saline.  370 
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The brainstem and spinal cord were removed and immersed first in formalin and then in 371 

ascending concentrations of sucrose solution (10, 20, 30%) for cryoprotection. A freezing 372 

microtome was used to cut 80μm sections, which were mounted and stained with cresyl violet to 373 

enable anatomical reconstruction of the brainstem stimulating electrode positions.   374 

Results 375 

Task performance  376 

Both animals complied well with the task, completing the required 150 trials on all but a few 377 

days. The progression of weight added to the task during the strength training session differed 378 

between the two animals and it is likely that the first few weeks of this (‘Training 1’) constituted 379 

familiarization with lifting weight rather than intensive strength training. It was not possible to 380 

perform measures of maximum voluntary contraction (MVC) and so unlike in human strength 381 

training experiments, we were unable to fix the load to generate a certain percentage of MVC. 382 

Instead, subjective assessments were made of each animal’s capability, in terms of both strength 383 

and motivation, and the weights increased accordingly. By the end of the intervention each 384 

monkey was performing 50 consecutive trials with at least 6kg, which was approximately 385 

equivalent to their body weight. This would be sufficient to constitute a strength training 386 

program, based on the human literature (Schoenfeld et al., 2016).  387 

The task was found to activate all recorded muscles on the right (trained) arm (Figure 3), with 388 

increasing muscle activation with load. Although designed to be unilateral, the task generated 389 

some bilateral activation, particularly in proximal muscles and with heavier loads (Figure 3). 390 

Since the left (untrained) arm was held in a restraint, this activation does not represent bimanual 391 
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task performance but instead may result from mirror activation (Armatas et al., 1994; Mayston et 392 

al., 1999; Ejaz et al., 2018) or postural bracing.  393 

MEP recordings 394 

MEPs were recorded in response to PT, MLF and M1 stimulation. The position of the PT and 395 

MLF electrodes was verified histologically after completion of the study (Figure 4). Although 396 

implanted bilaterally, the left MLF electrode was incorrectly positioned in both monkeys (Figure 397 

4) and did not reliably elicit MEPs; this has therefore been excluded from the analysis. In 398 

contrast, the right MLF electrode elicited clear MEPs bilaterally in both monkeys and so for the 399 

purposes of this analysis has been used to assess reticulospinal output in a non-lateralized 400 

manner. It is likely that the bilateral effect of this electrode relates both to current spread across 401 

the midline and the established bilateral effects of the RST (Davidson and Buford, 2006).  402 

MMEPs were consistently observed in most muscles in response to contralateral PT and cortical stimulation ( 403 
 404 
Figure 5). Similar results were observed with both the medial and lateral cortical electrodes, so 405 

only responses to the lateral cortical electrodes have been presented. Stimulus-muscle pairs that 406 

reliably generated MEPs were identified (see Methods). This analysis resulted in the omission of 407 

the EMG recordings from the left (untrained) arm since only 10 of a possible 36 muscle-stimulus 408 

pairs met the MEP inclusion criteria (data not shown).  409 

Epidural electrical stimulation over the motor cortex generates D- and I-waves (Rosenthal et al., 410 

1967; Di Lazzaro et al., 2004) implying that it can activate corticospinal cells directly and also 411 

via intracortical circuits. This is therefore a similar stimulus to TMS in humans. In contrast, the 412 

PT electrodes were positioned to stimulate the descending corticospinal fibers distant to the 413 
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cortex, so that the volley evoked should be independent of cortical excitability. This stimulus can 414 

be considered comparable to cervicomedullary (or transmastoid) stimulation in humans, and to a 415 

lesser extent transcranial electrical stimulation (TES), both of which are thought to stimulate 416 

corticospinal axons directly (Rothwell et al., 1994; Taylor and Gandevia, 2004). Importantly, 417 

comparisons between M1 and PT MEPs can give an indication of whether adaptations are 418 

occurring within the cortex or subcortical levels, similarly to the comparison between TMS and 419 

TES or transmastoid stimulation in the human literature (Rothwell et al., 1994; Taylor and 420 

Gandevia, 2004). Although the MLF contains reticulospinal (Jankowska et al., 2003; Edgley et 421 

al., 2004), vestibulospinal (Nyberg-Hansen, 1964a; Wilson et al., 1968) and tectospinal fibers 422 

(Nyberg-Hansen, 1964b), we propose that the most important output from MLF stimulation is 423 

likely to be RST activation, for reasons discussed elsewhere (Riddle et al., 2009; Riddle and 424 

Baker, 2010). 425 

Short-term training adaptations  426 

Figure 6 shows how both the original and normalized MEPs changed from the pre-training to the 427 

post-training recordings made on the same day. The only statistically significant effect observed 428 

between pre-training and post-training sessions was a reduction in M1 MEP size in monkey N 429 

(Figure 6A); however, this was lost with normalization by background EMG (Figure 6B), and 430 

was not seen in monkey L.  431 

Increasing load in the strength training sessions was associated with a reduction in background 432 

EMG activity in monkey N but had no such effects in monkey L, in the post-training session 433 

compared to the pre-training session (Figure 6C). This variation in background EMG activity 434 

provides justification for the MEP normalization method previously described.  435 
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Long-term training adaptations  436 

In order to measure long-term changes in outputs induced by the strength training program, we 437 

measured the MEPs in the pre-training sessions on each day. Figure 7A presents the results for 438 

the raw MEP sizes, uncorrected for background EMG changes. As these could have been 439 

affected by the background EMG changes shown in Figure 7D, Figure 7B provides an alternative 440 

presentation of MEP values normalized to background. Similar trends were observed in both 441 

datasets. Both monkeys showed a significant facilitation of M1 MEPs. The MLF MEPs also 442 

increased in amplitude in both animals. There was no consistent trend for PT MEPs, which 443 

showed a significant suppression in monkey N and no change in monkey L (Figure 7B). Results 444 

for individual muscles are shown in Figure 7C (MEPs) and Figure 7D (background EMG). 445 

Spinal adaptations 446 

Figure 8 presents maps of spinal response gain, calculated as described in Methods. Each row 447 

illustrates data from a different stimulus location (PT or RF) and side (ipsilateral or contralateral 448 

to the spinal recording site). The left column shows a normalized map of gain, averaged across 449 

the four available recordings (two per monkey, in two animals). The middle column illustrates a 450 

difference map between the two sides. Finally, the right column shows a count, across the four 451 

available recordings, of the excess of sites with a significant different between the two sides in 452 

either direction; this has been thresholded, so that white boxes indicate sites with no significant 453 

effect above chance levels. 454 

Within the grey matter, there were few significant differences between the gain on each side in 455 

response to contralateral PT stimulation (Figure 8A). There was however a cluster of significant 456 

points in the white matter, in the region of the VLF, with a smaller field in this region on the 457 
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trained side than on the untrained side. A similar result was seen following ipsilateral PT 458 

stimulation (Figure 8B), although now a diffuse significant effect was seen over much of the 459 

cord, with the trained side showing a smaller response than the untrained side.  460 

In contrast, the spinal gain in response to contralateral RF stimulation was significantly greater in 461 

the ventral horn and intermediate zone on the right (trained) side; this was often consistent in all 462 

four recordings (dark red, Figure 8C right panel). The gain following ipsilateral RF stimulation 463 

showed less consistent changes, although there was still a significant increase of trained versus 464 

untrained side over much of the ventral and intermediate grey matter (Figure 8D). 465 

  466 
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Discussion467 

The human strength training literature has utilized non-invasive techniques to investigate the 468 

neural changes associated with strength gains. Studies have predominantly focused on TMS to 469 

assess cortical changes and reflex measures to examine spinal adaptations. Non-invasive 470 

techniques to measure reticulospinal output directly in humans are not currently available. In this 471 

study, we used invasive measures in awake behaving monkeys to assess reticulospinal function 472 

as well as intracortical and corticospinal circuitry. Figure 9 presents a schematic illustration of 473 

the relevant neural connections, and potential sites for adaptations to occur, which will be 474 

referred to throughout the Discussion. 475 

Cortical and corticospinal contributions  476 

The observed facilitation of M1 MEPs in the absence of a similar trend in PT MEPs suggests that 477 

neural adaptations occur at the cortical level (Figure 9a) with strength training. This is consistent 478 

with much of the human literature. A recent meta-analysis reported a large effect of strength 479 

training interventions for decreasing short-interval intracortical inhibition and a medium effect 480 

on reducing silent period duration (Kidgell et al., 2017), suggesting an overall effect of reducing 481 

cortical inhibition.  482 

The facilitation of M1 MEPs without a corresponding trend in PT MEPs also excludes the 483 

possibility that adaptations occurred at the cortico-motoneuronal synapse (Figure 9f). In addition 484 

to our inconsistent MEP findings, we did not observe any clear side-to-side differences in PT-485 

elicited responses in parts of the spinal cord corresponding to the intermediate zone or motor 486 

nuclei. This suggests that either a bilateral adaptation has occurred, or that strength training does 487 
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not have a significant effect on corticospinal synapses. We cannot draw conclusions about the 488 

disynaptic action of the CST on motoneurons (Figure 9e) since this pathways is rarely activated 489 

by PT stimulation without attenuation of feedforward glycinergic inhibition (Maier et al., 1997; 490 

Maier et al., 1998; Alstermark et al., 1999; Isa et al., 2006).  491 

Reticulospinal contributions  492 

We are not aware of any previous reports of reticulospinal adaptations with strength training. 493 

Our finding of a facilitation of MLF MEPs is therefore novel but perhaps not surprising. 494 

Following bilateral PT lesions in monkey, Lawrence and Kuypers (1968) commented that “The 495 

most striking change after the first four to six post-operative weeks was a progressive increase in 496 

their general strength”. Given the absence of corticospinal projections in these animals, this 497 

increase in strength must have had an extrapyramidal substrate. Subsequent work has directly 498 

implicated the RST in this recovery process by showing that reticulospinal projections can 499 

strengthen following corticospinal lesions (Zaaimi et al., 2012), and that cells within the RF 500 

increase their firing rate (Zaaimi et al., 2018b). Furthermore, a recent study proposed that the 501 

RST and CST may constitute two separable systems for recovery following stroke, with the RST 502 

mostly contributing to strength (Xu et al., 2017).  503 

The extensive collateralization of the RST (Peterson et al., 1975; Matsuyama et al., 1997) 504 

enables activation of muscle synergies. This is compatible with a role in strength training, which 505 

typically involves gross movements requiring co-activation of several muscles. Our simple lever 506 

pulling task generated substantial EMG activity in all recorded muscles on the active arm (Figure 507 

3), thus showing more similarity to the gross movements of the RST (Davidson and Buford, 508 
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2004; Davidson and Buford, 2006) than the sophisticated individuation associated with 509 

corticospinal function (Zaaimi et al., 2018a).  510 

We assessed reticulospinal function through MLF stimulation in awake behaving monkeys. The 511 

observed facilitation of MLF MEPs suggests an increase in the synaptic efficacy of reticulospinal 512 

inputs to the spinal cord. In support of this, after a further three months of strength training, 513 

spinal circuits demonstrated a greater output for a given RST input on the trained compared to 514 

the untrained side. Our method cannot provide quantification of absolute changes in synaptic 515 

efficacy, instead simply providing a comparison between the two sides of the cord. It is thus 516 

possible that the response to RST inputs were enhanced bilaterally, but that this effect was 517 

greater on the trained side. Such an interpretation would be consistent with the cross-education 518 

literature: the untrained side does become stronger after unilateral training, but to a lesser extent 519 

than the trained side. Individual RST axons project bilaterally to the cord; our results showing 520 

greater increases in RST input to the trained side suggest that terminals from the same axon may 521 

have been affected differently based on their post-synaptic contacts. 522 

The RST forms both mono- and disynaptic connections with upper limb motoneurons (Riddle et 523 

al., 2009). The increased synaptic efficacy in the right (trained) cord appeared in both the 524 

intermediate zone and the motor nuclei (Figure 8C). This suggests that changes in reticulospinal 525 

output following strength training occur both at reticulo-interneuron (Figure 9d) and reticulo-526 

motoneuron synapses (Figure 9g).  527 

We observed side-to-side differences in output gain not only in the grey matter, but also 528 

extending to the VLF. There was a decrease in gain in this region following PT stimulation, and 529 

an increase following RF stimulation, independent of which side was stimulated (Figure 8). 530 
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Stimulus trains delivered to the PT or RF produce a later, supernumerary volley thought to 531 

represent indirect (transsynaptic) activation of reticulospinal cells by collaterals of the stimulated 532 

corticospinal or reticulospinal axons (Jankowska et al., 2003; Edgley et al., 2004; Fisher et al., 533 

2015). This is in some ways analogous to the indirect waves of corticospinal output produced 534 

following cortical stimulation (Rosenthal et al., 1967; Di Lazzaro et al., 2004). The potentials 535 

measured as ‘field’ within the VLF are most likely this supernumerary volley. The differences 536 

seen between sides in the gain of this potential therefore probably reflect changes in synaptic 537 

efficacy caused by the strength training within the RF, and not at a spinal level. This suggests 538 

that strength training produces a decrease in cortico-reticular connections (Figure 9b), but an 539 

increase in reticular-reticular connectivity (Figure 9c). 540 

We reject the hypothesis that the observed adaptations are entirely due to post-synaptic changes 541 

in either motoneurons or interneurons, since many of these receive convergent reticulospinal and 542 

corticospinal inputs (Riddle et al., 2009; Riddle and Baker, 2010). If post-synaptic adaptations 543 

were a dominant effect we would expect to see similar trends for reticular and corticospinal 544 

stimuli, which was not the case. Although changes in motoneuron properties were observed in 545 

rodents with strength training (Krutki et al., 2017), the differences between the MEPs observed 546 

with PT, MLF and M1 stimulation in our experiments suggest that motoneuron changes are not 547 

the dominant factor. In theory increased motoneuron excitability combined with decreased PT 548 

efficacy, in the absence of any MLF and M1 changes, could explain some of our findings, but 549 

this is unlikely especially in the context of the results from the spinal recordings.   550 
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Summary 551 

Strength training likely generates neural adaptations throughout the motor system, both 552 

unilaterally and bilaterally. We propose that for gross upper body movements, these adaptations 553 

primarily occur in intracortical and reticulospinal networks. The latter likely consists of changes 554 

in synaptic efficacy between descending reticulospinal projections and either motoneurons or 555 

interneurons, as well as possible changes within the reticular formation itself. Our results suggest 556 

that neither motoneuronal nor corticospinal adaptations play a major role. These findings 557 

highlight reticulospinal pathways as deserving new attention in the strength training field.  558 
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FFigure 1. Strength training task  700 
A. Schematic of the experimental set-up. The animal was atraumatically head-fixed, and wore a neck collar and a 701 
restraint on the left (untrained) arm. The right (trained) arm was free to reach through a hole in the front of the 702 
cage to pull a handle. The load was adjusted by adding weights to the other end of the handle. EMG activity was 703 
recorded and stimulation delivered via connectors on the headpiece. B. Daily weight progression for each animal. 704 
The intervention consisted of four stages: a baseline period with no added load (B), strength training with low loads 705 
(T1), strength training with high loads (T2), and a washout period with no added load (W). Note that training was 706 
performed 5 days per week. C. Training was performed 5 times per week. Each day began with a pre-training 707 
stimulation session in which the animals performed 50 unloaded trials whilst receiving PT, MLF and M1 stimulation. 708 
This was followed by 50 loaded trials without stimulation for the strength training session. Finally, a second 709 
stimulation session was performed.   710 

Figure 2. Spinal recording methods 711 
A. A single electrode was inserted into the spinal cord at 500μm intervals relative to the midline and at a constant 712 
depth to produce a grid of recordings. The electrode consisted of 16 contacts (red dots) spaced 240μm apart, with 713 
the first contact 1.5mm from the tip. B-E: Example spinal traces recorded from all contacts of a single electrode 714 
positioned 2mm left of the midline at the caudal site of monkey N in response to a 300μA left PT stimulus. Black 715 
arrows represent stimulus delivery. B. Recording of response to a train of three stimuli. Note the constant size of the 716 
volley in contrast to the growing field. C. The amplitude of the volley was measured as the maximum value between 717 
two cursors. D. Example application of field isolation. The response to a single stimulus (red) was subtracted from 718 
the response to the last stimulus in a train of three (black), to isolate the field from the decay of the volley. E. The 719 
amplitude of the isolated field was measured as the maximum value between two cursors. F. Spinal volley 720 
amplitudes recorded with left PT, right PT, left RF and right RF stimulation were used to define the DLF (blue 721 
squares), VLF (purple squares) and VMF (green squares) for their respective stimuli. The recordings shown are from 722 
the rostral site of monkey L with a 200μA stimulus intensity. G-J: Example of gradient calculation for field and volley 723 
relationship. With data recorded from the deepest contact of the caudal electrode of monkey N, 0.5mm to the left 724 
(first column) and right (second column) of the midline, in response to contralateral PT stimulation with the volley 725 
assessed at the DLF. Volley (G) and field (H) amplitude were measured for a range of stimulus intensities. I. For each 726 
stimulus intensity, field amplitude was plotted against volley amplitude. A linear regression was performed to 727 
calculate the gradient of this volley-field relationship, which gave a measure of the synaptic efficacy of the stimulus 728 
at that site in the cord. The difference between gradients for mirrored locations on the cord was calculated (e.g. 729 
2.7414-1.8184=0.9230) to compare the effects of the unilateral strength training intervention. The significance of 730 
this difference was assessed with an ANCOVA (here P=0.000125). This analysis was repeated for each position on 731 
the recording grid (A), for each recording site (rostral or caudal) and each monkey. J. Correlation of volley amplitude 732 
for VLF and VMF. Example volley recordings made from sites corresponding to VLF and VMF for the left side of the 733 
cord at the caudal site of monkey N in response to ipsilateral (left panel) and contralateral (right panel) RF 734 
stimulation. Each data point shows a different stimulus intensity. A significant correlation was observed between 735 
VLF and VMF volleys (r2 and p values shown on each panel).   736 

Figure 3. Example EMG activity during task with different loads 737 
Mean rectified EMG activity for all trials (n=50) on a single day recorded from muscles on the right (trained) arm and 738 
left (untrained) arm. Recordings are from the strength training sessions of day 2 (0kg), day 26 (3kg) and day 50 (6kg) 739 
for monkey N; and day 2 (0kg), day 15 (3kg) and day 36 (6kg) for monkey L. Sweeps are aligned to maximum lever 740 
displacement (arrow). Note that the left arm was held in a restraint during these recordings. Columns relate to 741 
different muscles; abbreviations are defined in the text. 742 

Figure 4. Histology confirmation of electrode locations 743 
Cresyl violet stained coronal sections for (A) chronic PT and MLF electrodes and (B) acute PT and RF electrodes for 744 
each monkey. Arrowheads show the location of the electrode tips, with solid black arrowheads indicating 745 
appropriately positioned electrodes whereas the empty arrowheads show the inappropriately positioned chronic 746 
left MLF electrodes in both monkeys (see Results). Scale bars are 1mm.  747 

 748 
 749 
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FFigure 5. Example MEP recordings  750 
Mean rectified EMG traces showing MEPs recorded from the muscles of the right (trained) arm during the last day 751 
of pre-strength training stimulation during the baseline period (day 10). Only stimuli giving a clear MEP in the 752 
specified muscle are shown. Sweeps are aligned to the stimuli (arrows).     753 

Figure 6. Short-term adaptations to strength training in the right (trained) arm 754 
Percentage change from the pre-strength training to the post-strength training stimulation session, summarized 755 
across all muscles, for (A) original MEPs, (B) background-normalized MEPs, and (C) background EMG activity. MEP 756 
area was calculated as the area above background EMG for a custom window for each muscle-stimulus combination. 757 
Background EMG was calculated as mean rectified EMG activity measured over a 40ms window (-50 to -10ms) prior 758 
to each stimulus. Results have been averaged across all muscles on the right (trained) arm that showed a clear MEP 759 
for the given stimulus (see  760 

 761 

Figure 5), and across all included muscles for background EMG activity. MEPs were grouped into weight ranges: no 762 
weight (baseline period), light (0.5-3.5kg), moderate (4-5kg) and heavy (5.5-6.5kg). Asterisks indicate MEP 763 
percentage change values are statistically significant (*p<0.05; **p<0.01; ***p<0.001) from zero (no change in MEP 764 
size), as identified with one-sample t-tests. Multiple comparisons were corrected within each monkey using a 765 
Benjamini-Hochberg correction with a false discovery rate of 5%. Degrees of freedom (no weight, light, moderate, 766 
heavy) for original and background-normalized MEP t-tests for monkey N: left PT (9, 17, 8, 15), MLF (9, 15, 8, 5), left 767 
M1 (9, 19, 7, 6); and monkey L: left PT (6, 7, 13, 14), MLF (6, 7, 13, 14), left M1 (6, 5, 12, 14). Degrees of freedom (no 768 
weight, light, moderate, heavy) for background EMG t-tests for monkey N (9, 19, 8, 6); and monkey L (6, 7, 13, 14). 769 
Error bars show mean and standard error.    770 

Figure 7. Long-term adaptations to strength training in the right (trained) arm  771 
Change in MEP size recorded from muscles on the right (trained) arm relative to the baseline period. MEP area was 772 
calculated as the area under the curve above background EMG activity for a custom window for each muscle-773 
stimulus combination. MEP size in the training 1 (T1), training 2 (T2) and the washout (W) periods was compared to 774 
MEP size in the baseline (B) period with independent two-tailed t-tests and multiple comparisons corrected within 775 
each monkey using a Benjamini-Hochberg correction with a false discovery rate of 5%. Asterisks represent a 776 
statistically significant change (*p<0.05; **p<0.01; ***p<0.001) in MEP size relative to the baseline (B) period. A. 777 
Change in MEP size averaged across all included muscles following inverse-variance weighting of individual muscle 778 
percentages. Degrees of freedom (T1, T2, W) for monkey N: left PT (28.0, 11.9, 17.0), MLF (25.0, 29.0, 17.0) and left 779 
M1 (29.0, 28.0, 17.0); and monkey L: left PT (23.9, 23.9, 13.0), MLF (22.7, 24.7, 13.0) and left M1 (20.6, 25.0, 7.7). B. 780 
Same, but with normalization of values relative to background EMG. Degrees of freedom (T1, T2, W) for monkey N: 781 
left PT (28.0, 10.1, 10.1), MLF (28.0, 29.0, 17.0) and left M1 (29.0, 28.0, 17.0) and monkey L: left PT (19.3, 25.0, 13.0), 782 
MLF (23.6, 25.0, 13.0) and left M1 (15.9, 24.5, 9.4). C. Percentage change in MEP size for individual muscles. Degrees 783 
of freedom (T1, T2, W) for monkey N: IDI-left PT (28.0, 29.0, 17.0), IDI-left M1 (29.0, 28.0, 17.0), EDC-left PT (28.0, 784 
10.1, 17.0), EDC-left M1 (29.0, 28.0, 17.0), FDS-left PT (10.0, 11.9, 17.0), FDS-left M1 (10.0, 11.7, 12.5), BB-MLF (25.5, 785 
29.0, 17.0), PD-left PT (28.0, 29.0, 17.0), PD-MLF (26.0, 11.2, 17.0), PD-left M1 (29.0, 28.0, 11.4), PM-left PT (9.3, 9.2, 786 
17.0), and PM-left M1 (29.0, 28.0, 17.0). Degrees of freedom (T1, T2, W) for monkey L: IDI-left PT (22.8, 25.0, 13.0), 787 
IDI-MLF (23.0, 25.0, 13.0), IDI-left M1 (18.1, 22.7, 7.4), EDC-left PT (23.8, 24.6, 13.0), EDC-MLF (21.1, 22.7, 8.5), EDC-788 
left M1 (20.7, 25.0, 8.4), FDS-left PT (23.5, 25.0, 13.0), FDS-MLF (19.4, 19.9, 11.0), FDS-left M1 (20.0, 25.0, 6.6), FCR-789 
left PT (21.0, 23.0, 9.5), FCR-MLF (21.9, 24.2, 13.0), FCR-left M1 (20.0, 25.0, 13.0), PD-left PT (21.4, 23.2, 8.6), PD-left 790 
M1 (21.0, 22.9, 7.7), PM-left PT (24.0, 25.0, 13.0), PM-MLF (24.0, 24.0, 12.0), PM-left M1 (19.2, 24.9, 9.4). D. Change 791 
in background EMG activity recorded from muscles on the right (trained) arm relative to the baseline period. 792 
Background EMG was calculated as mean rectified EMG activity measured over a 40ms window (-50 to -10ms) prior 793 
to each stimulus. Asterisks represent a statistically significant change (p<0.05) in background EMG relative to the 794 
baseline period, as described above. Degrees of freedom (T1, T2, W) for monkey N: IDI (30.0, 30.0, 17.0), EDC (30.0, 795 
30.0, 17.0), FDS (11.8, 11.4, 17.0), BB (28.0, 11.5, 17.0), PD (30.0, 30.0, 17.0), PM (30.0, 11.2, 17.0); and monkey L: 796 
IDI (23.0, 25.0, 13.0), EDC (24.0, 25.0, 13.0), FDS (24.0, 25.0, 13.0), FCR (24.0, 25.0, 13.0), PD (24.0, 25.0, 13.0), PM 797 
(24.0, 25.0, 13.0). Error bars show mean and standard error.  798 
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FFigure 8. Spinal adaptations to strength training     799 
Field-volley gradients are presented in the first column for contralateral PT volleys, contralateral RF volleys, 800 
ipsilateral PT volleys, and ipsilateral RF volleys. PT and RF volleys are measured from the areas corresponding to DLF 801 
and VLF, respectively (see Figure 2F). The outline of the cord indicates the approximate location of each 802 
measurement. The second column shows the difference in gradient between the left and right side of the cord for 803 
each stimulus. The third column shows the statistical significance of this gradient difference (see Methods and 804 
Figure 2G-I)805 

Figure 9. Schematic showing simplified pathways  806 
Strength training may induce adaptive changes in (a) intracortical circuits, (b) corticoreticular connections, (c) 807 
reciprocal reticular connections, (d) reticulospinal projections to interneurons, (e) corticospinal projections to 808 
interneurons, (f) corticomotoneuronal synapses, (g) monosynaptic reticular projections to motoneurons, and/or (h) 809 
within the motor units themselves. See Discussion.  810 

 811 




















