


 34 

Triceps-surae nerves were loosely positioned in continuity on a unipolar silver stimulating electrode. 353 

Exposed tissues were covered with warm mineral oil in pools formed by attaching the edges of severed skin 354 

to the recording frame.  355 

Either ramp-hold-release (e.g. Fig. 2B or repeated ramp release (e.g. Fig 2C) length changes were 356 

applied to the muscle with the servomotor to evoke history-dependent stretch responses from the Ia 357 

afferents. In the 11 afferents for which the initial pseudolinear model analyses were performed, a range of 358 

6-99 stretch trials with varying maximum length and velocity were achieved depending on the recording 359 

stability. 360 

Data inclusion and exclusion 361 

Analyses treated individual recorded afferents and individual recorded stretch trials as biological 362 

replicates and as technical replicates, respectively. To ensure sufficient information for statistical measures, 363 

we required that stretch trials have at least 50 recorded action potentials in order to be included in statistical 364 

analyses. Stretch trials where spikes were not discriminable were excluded. These criteria yielded suitable 365 

datasets for 11 individual afferents from 5 animals for pseudolinear model analyses and 6 individual 366 

afferents from 5 animals for the axonal stimulation analyses. We also included 3 afferents from 3 animals 367 

from a previous study in which the animal was treated with oxaliplatin51.  368 

 369 

Muscle fiber force estimation 370 

To isolate the component of recorded musculotendon force arising from the muscle fibers (used as 371 

a proxy for intrafusal muscle force), we assumed an idealized musculotendon mechanical arrangement (Fig. 372 

1). In summary, we assumed there was noncontractile passive connective tissue arranged mechanically in 373 

parallel with the muscle fibers and removed it analytically, as previously described3. 374 

Briefly, we assumed the noncontractile tissue acted as a nonlinear spring of the form: 375 

 376 

𝐹"# = 𝑘&'"(𝐿 − 𝐿+) + 𝐴𝑒0123(4546) 377 
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where 𝑘&'", 𝑘789, and 𝐴 are greater than or equal to zero. Once parameters were selected by the optimization 378 

procedure, the estimated noncontractile tissue forces were subtracted from the recorded force to estimate 379 

the muscle fiber force, which was fit to the IFRs.  380 

 381 

Pseudolinear models for predicting firing responses 382 

We predicted spiking responses using pseudolinear combinations of either recorded musculotendon 383 

length-related (length, velocity, and acceleration) or force-related (estimated muscle fiber force and yank) 384 

variables (Fig. S1). The relative weights and offsets for each variable in a model were optimized to 385 

minimize the squared error between the model prediction and Ia spike rates on a per-trial basis.  386 

For both the force- and length-related models, we fit the estimated IFR for each model to the IFR 387 

of the afferent for each stretch trial included in our analyses (for all 20 afferents presented in this study). 388 

The model parameters, consisting of a weight (𝑘') and offset (𝑏') for each force- or length-related variable 389 

included in the sum, were found via least-squares regression using MATLAB’s optimization toolbox 390 

(fmincon.m) and custom scripts.  391 

We observed a peak to peak delay from the whole musculotendon yank and the initial burst, likely 392 

caused by delayed force transmission to the intrafusal fibers from the tendon3. A time delay (𝜆<) was 393 

determined by shifting the timestamp of the variables forward relative to the IFR data to be fit (note: this 394 

time delay was 0 for all variables except yank, to account for the apparent delay between the onset of muscle 395 

force response and the onset of the spiking response). The general form of the models was: 396 

 
𝐼𝐹𝑅<,"(𝑡) = AB𝑘'

"

'CD

⋅ FG𝑥'F𝑡 − 𝜆<IJ + 𝑏'IK (1) 

where the IFR estimate of the 𝑗th model for the nth perturbation was estimated by a sum of 𝑛 force- or 397 

length-related variables, offset by a single value, 𝑏', and scaled by a gain, 𝑘'. ⌊	⌋ denote positive values of 398 

the argument. Model estimates for IFR were related to the recorded IFR of the 𝑚th afferent by the equation: 399 

 𝐼𝐹𝑅<,"(𝑡) + 𝑒(𝑡) = 𝐼𝐹𝑅R,"(𝑡) (2) 
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Error, 𝑒(𝑡), was minimized by finding the set of parameters for each model that minimizes a measure related 400 

to 𝑒(𝑡)2.  401 

 402 

Axonal stimulation dataset 403 

To test whether the force and yank components could arise from separate mechanosensitive 404 

mechanisms, another set of experiments was performed on 6 additional afferents in 4 animals. Each afferent 405 

dataset consisted of three trials in which the muscle was perturbed mechanically (3 mm, 20 mm/s). The first 406 

and third trials for each afferent served as bookend controls: alternating between control and intra-axonal 407 

current injection trials allowed assessment of the response through the course of extended single cell 408 

recordings. In the second of the three trials, we applied a depolarizing current (30nA for 500ms) which led 409 

to a train of antidromic action potentials traveling down the axon, which ceased immediately before 410 

applying a mechanical perturbation (3mm, 20mm/s), to which the firing response of the Ia afferents was 411 

dramatically reduced.  412 

For each trial in these 6 afferents, we found the best-fit prediction for the force-related model using 413 

the parameter optimization described earlier. For the pre- and post-stimulation control trials, we first fit the 414 

model without a yank component, and then refit the model with a yank component. For the trials in which 415 

the electrical stimulus was applied, the yank component was set to be zero and the force and constant 416 

components were optimized as described before.  417 

We performed one-way ANOVA on model performance (R2), yank sensitivity (kY), force 418 

sensitivity (kF), and the constant component (C) across 5 groups of model fits: pre-stimulus control trials 419 

without (1) and with (2) yank sensitivity, stimulus trials (3), and post-stimulus trials without (4) and with 420 

(5) yank sensitivity. We used the Tukey-Kramer method to examine all pairwise comparisons between 421 

groups.  422 

 423 

Oxaliplatin dataset 424 
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We used data collected previously to test whether force and yank components were altered by 425 

oxaliplatin chemotherapy51.  The effect of oxaliplatin on sensory coding of Ia afferents has been well-426 

documented, so we analyzed three afferents from different animals. We fit the muscle fiber force-related 427 

model (described above) to three stretch trials for each afferent (3mm, 20 mm/s). We performed one-way 428 

ANOVA on model performance (R2) between model fits with and without yank for each afferent to test the 429 

significance of the yank component on model performance.  430 

 431 

Applying estimated fiber force-related driving potentials to model neuron 432 

To test the feasibility of the force, yank, and constant components of the muscle fiber force-related 433 

model as mechanical signals encoded by the muscle spindle receptor, we applied a range of combinations 434 

of components to a conductance-based model neuron (based on the Connor-Stevens model; see next 435 

section) and examined the resulting firing rates. We first estimated the muscle fiber force and yank, as 436 

described previously, and varied the relative gains of these signals before adding them with a constant 437 

component. Once the components were added together, they were half-wave rectified, and applied to the 438 

model neuron as a stimulus current.  439 

Model neuron sensitivities to these components were tuned until the model instantaneous firing 440 

rate was within 10 spikes/s for initial burst, dynamic response, and final plateau. We treated the parameter 441 

values which produced this response as the nominal values for the model. The relative sensitivities of the 442 

model neuron to force and yank component were then swept from 10-600% of their respective nominal 443 

values. We then compared the resulting changes in predicted firing rates with different phenotypical muscle 444 

spindle responses observed from these and other experiments.  445 

 446 

Responses of muscle spindle Ia afferents to stretch 447 

Consistent with prior studies, all Ia afferents exhibited initial bursts at onset of applied stretch, 448 

followed by a dynamic response during constant velocity stretch, and a period of rate adaptation during the 449 
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subsequent isometric hold period. When repeated ramp-release length-changes were applied to the muscle, 450 

an initial burst and dynamic response was present during the first ramp, but the initial burst was absent and 451 

dynamic response was reduced during subsequent stretches–a phenomenon in Ia afferents known as history-452 

dependence (cf.54).  453 

The population of 11 Ia afferents considered for the first analysis varied in sensitivity to stretch 454 

length, velocity, and acceleration. More dynamic afferents, as quantified by dynamic index (P. Matthews 455 

1963) typically had relatively large spike responses during positive velocity stretch. More static afferents 456 

exhibited more firing during the plateau phase of stretch, with relatively smaller dynamic indices. The 457 

population of afferents also exhibited a range of initial burst amplitudes in response to stretch. There was 458 

no clear relationship between the dynamic index and initial burst amplitudes for a given afferent. Despite 459 

the differences in sensitivity amongst the afferent population, the waveforms of afferent responses to the 460 

same stretch stimuli contained the same features (i.e. all afferents exhibited initial bursts, dynamic 461 

responses, and rate adaptation to varying degrees). 462 

 463 

Conductance-based model neuron for reproducing spiking activity 464 

To demonstrate the plausibility of force- and yank-related ionic currents caused by stretch, we used 465 

a modified Connor-Stevens conductance-based model neuron to model the transformation of graded 466 

receptor potentials into action potentials by the afferent 55. The model neuron contained a fast sodium, 467 

delayed rectifier potassium, transient potassium, and leak conductances implemented in Simulink using 468 

built-in differential equation solvers (ode23s.m). 469 

 470 

Intrafusal muscle model 471 

To simulate the hypothesized history-dependent mechanisms of intrafusal muscle fibers, we used 472 

a computational model of crossbridge cycling. We implemented a model in MATLAB based on a simplified 473 
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structure of the model developed by Campbell12,13,56,57, which incorporates the coupled dynamics between 474 

myosin heads and actin binding sites (Supplemental Fig. 5).  475 

Intrafusal muscle model parameters 476 

Model parameters were either chosen to match the default parameters from Campbell13 or chosen 477 

so the model would exhibit history-dependence at the time-course measured in this work. All simulations 478 

used the same set of model parameters (Supplemental Table S1).   479 

Myosin attachment and detachment rates equations, 𝑘S(𝑥) and 𝑘T(𝑥), were selected such that the 480 

force response of the model would exhibit history-dependent features consistent with observations in both 481 

permeabilized muscle fibers and instantaneous firing rates of muscle spindle Ia afferents. Proske58-60 482 

hypothesized that history-dependent muscle spindle IFRs (and corresponding perceptual errors) are caused 483 

by a population of crossbridges within the intrafusal muscle that are unable to “keep up” with the rate of 484 

shortening during an imposed movement, causing the intrafusal muscle fibers to fall slack. To model this 485 

behavior, we selected rate equations that would produce relatively slow crossbridge reattachment during 486 

shortening, but would retain other desired characteristics, such as short-range stiffness.  487 

 488 

Model of muscle spindle responses to stretch of intrafusal muscle 489 

To model the transformation of intrafusal muscle fiber stress into a firing waveform, we used a 490 

pseudolinear combination of force and its first time-derivative, yank, based on previously published 491 

observations 2. Our model consists of two intrafusal muscle fiber models, a “static” fiber and a “dynamic” 492 

fiber based on observations that muscle spindle primary afferent responses to stretch consist of two 493 

components2,19,28,43,61-65.. For these simulations, each muscle fiber model used identical parameters, but the 494 

contribution of each fiber to the neural firing rate varied. The equation describing the contribution of each 495 

fiber to the total firing rate is: 496 

 𝑟(𝑡) = 	 𝑟VW"XR'#(𝑡) + 𝑟YZXZ'#(𝑡), (15) 
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where the total firing rate of the afferent, 𝑟(𝑡), is a sum of the dynamic and static fiber components, or 497 

𝑟VW"XR'#(𝑡) and 𝑟YZXZ'#(𝑡), respectively. The static component was defined as: 498 

 𝑟YZXZ'#(𝑡) = 𝑘[Y	𝐹Y(𝑡), (16) 

where 𝑘[Y is a constant and 𝐹Y(𝑡) is the total force in the static fiber. The dynamic component was defined 499 

as: 500 

 𝑟VW"XR'#(𝑡) = G𝑘[V	𝐹V(𝑡) +	𝑘[̇V	�̇�V(𝑡)J, (17) 

where 𝑘[V and 𝑘[̇V are constants, and 𝐹V(𝑡) and �̇�V(𝑡) are respectively the force and yank of the cycling 501 

crossbridges in the dynamic fiber. We used default 𝑘[Y, 𝑘[V, and 𝑘[̇V values of 1, 1, and 0.03, respectively, 502 

unless otherwise noted. 503 

 The static and dynamic fibers are arranged in perfect mechanical parallel and were allowed to be 504 

activated independently. Thus, the actions of the dynamic and static fibers could be simulated 505 

simultaneously or sequentially.  506 

Occlusion between dynamic and static components 507 

To account for the evidence of so-called “occlusive interaction” between dynamic and static 508 

branches of the muscle spindle Ia afferent ending, we used a nonlinear summation of the static and dynamic 509 

components. Previous models have used complete occlusion9,66 but we used a partial occlusion based on 510 

more recent findings28. With occlusion, the total firing rate of the model Ia afferent becomes: 511 

 𝑟(𝑡) = 	𝑓 ##𝑟VW"XR'#(𝑡) + 𝑟YZXZ'#(𝑡), 𝑟VW"XR'# ≥ 𝑟YZXZ'#  (18) 

 𝑟(𝑡) = 	 𝑟VW"XR'#(𝑡) + 𝑓 ##𝑟YZXZ'#(𝑡), 𝑟YZXZ'# > 𝑟VW"XR'#  (19) 

where 𝑓 ## is an occlusion factor limiting the contribution of either component to the overall firing rate. 512 

This parameter was set to 0.3 (unitless) for all simulations unless otherwise noted28.  513 

Dynamic response simulations 514 

To demonstrate the ability of our model to produce the classical fractional power relationship 515 

between the dynamic response of muscle spindle Ia firing rates and ramp velocity17,31,64, we applied a series 516 
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of ramp-hold stretches to the model with each fiber’s proportion of available binding sites set to 0.3. The 517 

ramp stretches consisted of a pre-stretch isometric hold period, followed by a constant velocity stretch that 518 

varied linearly between trials from 0.079L0/s to 0.79L0/s, and another isometric hold period at its new length 519 

(1.059L0). The duration of stretch was shortened proportionally to the stretch velocity to ensure the same 520 

total length was applied in each trial.  521 

Time-history dependence simulations 522 

To demonstrate the unique ability of our model to vary its own sensitivity to stretch based on the 523 

history of movement applied to the muscle54, we applied series of triangular ramp-release stretches with 524 

each fiber’s activation set to 0.3. Each series consisted of three stretch-shorten cycles, with a 1.047L0 525 

amplitude and stretch and shorten velocities of 0.079L0/s. The first two cycles were applied sequentially 526 

with no pause between them, whereas the third sequence was applied after a varied isometric hold period 527 

at L0 ranging from 0 – 10 s.  528 

Gamma activation simulations 529 

To demonstrate the effects of muscle activation on the firing response of our model, we applied a 530 

range of activations to the static and dynamic fibers25. We varied the activation levels of the static and 531 

dynamic fibers independently, between 0 – 1.0, before applying a 1.047L0 ramp-hold stretch at a constant 532 

velocity of 0.079L0/s. We used 𝑘[Y, 𝑘[V, and 𝑘[̇V values of 1.5, 0.8, and 0.03, respectively, for these 533 

simulations in order to better visualize the effects of gamma activation on the predicted driving potential. 534 

 535 

Human muscle spindle simulations 536 

To demonstrate the robustness of our mechanistic model to produce responses similar to those 537 

observed in awake humans, we approximated stimuli from microneurography studies in humans from the 538 

lower and upper limb. For the lower limb, we applied a 1.042 L0 sinusoidal length change at 1.57 Hz to the 539 

model at the baseline activation to mimic the passive manipulation of the ankle in the study67. To roughly 540 
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match the predicted driving potential to the firing rate of the spindle, we used 𝑘[Y, 𝑘[V, and 𝑘[̇V values of 541 

1.8, 2, and 0.15, respectively. 542 

For the upper limb, we applied ramp increases in gamma activation simultaneously with shortening 543 

ramps of the intrafusal muscle model in order to mimic the effects of putative alpha-gamma coactivation 544 

during an isometric task68. The linear increase in gamma activation approximated the linear increase in 545 

EMG recorded from the spindle-bearing muscle in human experiments. To mimic the shortening of the 546 

muscle due to tendon elasticity, we ran 8 separate simulations with different, but small, amounts of 547 

shortening of the model. Because of the unknown tendon elasticity in the finger muscles, we ranged the 548 

degree of shortening from 0 to 0.065 L0/s during the activation stage of these trials.  549 

 550 

Adaptation of previously published figures 551 

 Previously published results that were used for comparison with our model predictions were 552 

redrawn in Adobe Illustrator. Only single data points and lines were approximated by tracing over their 553 

apparent geometric centroids. These data were redrawn for aesthetic purposes only and were not used for 554 

any quantitative comparisons. Any comparison of data from these studies with the present study were 555 

performed using the original manuscripts. 556 
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SUPPLEMENTAL FIGURES AND LEGENDS 
 

 
Figure S1 Goodness-of-fit to measured muscle spindle Ia afferent firing rates using estimated 
muscle fiber force and yank (blue) compared to kinematics model (red) as baseline comparison. 
A) Box and whisker plots of model goodness of fit (R2) for all ramp-and-hold trials using 
estimated fiber force-based (blue) versus length-based (red) models. * denotes a significant 
difference between the model goodness of fit based on cumulative squared errors; p<0.05, one-
way ANOVA. B) R2 values for all individual trials of ramp-and-hold and within each afferent 
plotted versus stretch velocity for force-based (blue dots) versus length-based (red dots) models. 
C-D) Same as A-B, only for repeated ramp-release trials.  
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Figure S2  
Fits of muscle spindle firing rates before and after oxaliplatin-induced neuropathy using 
estimated muscle fiber force and yank. (A) Example Ia afferent responses to stretch and force-
based model fits. Left column shows a typical Ia afferent response to a ramp-hold stretch applied 
to the triceps surae of a rat treated with oxaliplatin chemotherapy (Bullinger et al. 2011). Right 
column shows typical response of Ia afferent in response to same ramp-hold stretch. Raster plots 
indicate times at which action potentials are recorded and are shown above imposed stretches. 
Below are the IFR and corresponding model fits shown above the same model fits with their 
respective components. (B) Variance of muscle spindle Ia afferent responses accounted for by 
force related model with (right bar in each plot) and without (left bar in each plot) yank for 3 Ia 
afferents from 3 oxaliplatin-treated rats. Black horizontal bars represent the means, blue 
bars represent the standard deviations, and black dots represent the data points from each 
trial (3 trials per afferent). 
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Figure S3 
Estimated muscle fiber force-related model predicts changes in muscle spindle encoding caused 
by axonal stimulation. (A) Example of pre-stimulus control trial consisting of a 3 mm ramp-hold 
stretch at 20 mm/s. Raster represents the times of recorded action potentials in response to the 
ramp-hold stimulus shown directly below it. Black dots represent the afferent IFR corresponding 
to the raster. The gray-blue line represents the model prediction using force, yank, and constant 
components. Below this are the same model prediction as above (grey-blue) and model 
prediction components (blue – force component; cyan – yank component; green – constant 
component). (B) Example of stimulus trial consisting of the same stretch applied as A, with a 
depolarizing current applied to the axon directly prior to stretch. The model fit in this trial 
represents the best fit without the yank component. Notice the quality of fit does is roughly equal 
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in this trial with that of the pre-stimulus trial in A, but no yank component was necessary. (C) 
Example of post-stimulus control trial. Same stretch and model components were used as in A. 
(D) Goodness of fit (R2) of force-related model for 6 afferents subjected to the same trials as 
shown in A-C. The first two columns show R2 values of the model fits without yank components 
for the pre- and post-stimulus control trials, respectively, for all 6 afferents. The third and fourth 
columns from the left show R2 values for the model fits with yank components for the pre- and 
post-stimulus control trials, respectively, for the same 6 afferents. The fifth column shows R2 

values for the model fits for the stimulus trials. This model did not use a yank component. (E) 
Model sensitivity to yank for the same model fits and afferents as D. (F) Model sensitivity to 
force for the same model fits and afferents as D and E. (G) Model constant component for the 
same model fits and afferents as D-F. Brackets above plots indicate significant differences 
between the means (p < 0.05).  
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Figure S4 
Estimated muscle fiber force model predicts inter-afferent variability of healthy afferent firing 
properties across perturbation velocity and acceleration. (A) Same dynamic index data shown in 
Figure 3-2 (colored dots) with predicted range of dynamic indices from model (gray shaded 
area). Nominal simulations were performed with the same force and yank model sensitivities for 
4 stretch trials (2, 4, 10, 20 mm/s) from the same animal. Model parameter sweeps were 
performed for force and yank sensitivities for each of the 4 trials from 0.1 to 5 times the nominal 
value for each parameter. Green line represents the minimum dynamic indices from each of the 4 
parameter sweeps from trials for which there was a spiking response (usually corresponding to 
low force and yank sensitivities). Blue line represents maximum dynamic indices from each of 
the 4 parameter sweeps (usually corresponding to high force and yank sensitivities). Gray shaded 
area represents plausible space of simulated dynamic index.  
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Figure S5 
Biophysical intrafusal muscle models. A) Two-state dynamic system of cross bridge cycling. A 
population of detached cross bridges attaches at rate kf(x), and the population of attached cross 
bridges detaches at rate kg(x). When a cross bridge is formed at length x, an additional 
“powerstroke” length, xps, is applied to the cross bridge to generate a contractile force. B) 
Schematic of length variables accounted for in muscle model. The amount of overlap between 
the myosin heads of the thick filament (red) and actin binding sites of the thin filament (blue 
lines, black dots) is the relevant variable for the simulations. The fraction of overlap is simply the 
difference between the total length of the thick and thin filaments with the length of the half 
sarcomere, expressed as a fraction of the maximum potential overlap. C) Rate equations for 
myosin dynamics. The rate at which detached myosin 
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heads will attach as a function of the length, kf(x) of attachment is a Gaussian function, 
centered around 0 nm (shown in blue). The rate at which attached cross bridges will detach 
as a function of their length kg(x) is an offset polynomial function (shown in orange). 
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Parameter Value (dynamic, static fiber) Units Description 
𝑘#a 1 mN m-1 Unit cross bridge stiffness 
𝑥9Y 2.5 nm Unit power stroke distance 

𝐿Zb'#0	S'&XR7"Z 815 nm Length of thick filament 
𝐿Zb'"	S'&XR7"Z 1120 nm Length of thin filament 
𝐿aXc7	d^"7 80 nm Length of bare zone 
𝑐S'&XR7"Z 0.5 - Filament compliance factor 
𝜌#a 6.9 ×1016 m-2 Cross bridge number density 
𝑙+ 1050, 1200 nm Passive force reference length 
𝑘9XY 100, 250 N m-2 nm-1 Passive force linear stiffness 

 
 
Table S1 
Constant parameters used in both dynamic and static intrafusal muscle fiber models. These 
parameters did not change in any simulation presented in this study. When two values are 
presented, they represent the respective values for the dynamic and static fibers.  
 

not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission. 
The copyright holder for this preprint (which wasthis version posted November 29, 2019. ; https://doi.org/10.1101/858209doi: bioRxiv preprint 

https://doi.org/10.1101/858209

