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ABSTRACT

Terrestrial animals increase their walking speed by increasing the activity of the
extensor muscles. However, the mechanism underlying this speed dependent amplitude
modulation is achieved remain obscure. Previous studies have shown that group Ib
afferent feedback from Golgi tendon organs that signal force is one of the major
regulators of the strength of muscle activity during walking in cats and humans. In
contrast, the contribution of group la/ll afferent feedback from muscle spindle stretch
receptors which signal angular displacement of leg joints is unclear. Some studies
indicate that group Il afferent feedback may be important for amplitude regulation in
humans, but the role of muscle spindle feedback in regulation of muscle activity strength
in quadrupedal animals is very poorly understood. To examine the role of feedback from
muscle spindles, we combined in vivo electrophysiology and motion analysis with
mouse genetics and gene delivery with adeno associated virus. We provide evidence
that proprioceptive sensory feedback from muscle spindles is important for the
regulation of the muscle activity strength and speed dependent amplitude modulation.
Furthermore, our data suggest that feedback from the muscle spindles of the ankle
extensor muscles, the triceps surae, are the main source for this mechanism. In
contrast, muscle spindle feedback from the knee extensor muscles, the quadriceps
femoris, has no influence on speed dependent amplitude modulation. We provide
evidence that proprioceptive feedback from ankle extensor muscles is critical for

regulating muscle activity strength as gait speed increases.
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New & Noteworthy:

Animals upregulate the activity of extensor muscles to increase their walking
speed, but the mechanism behind this is not known. Here we show that this speed
dependent amplitude modulation requires proprioceptive sensory feedback from muscle
spindles of ankle extensor muscle. In the absence of muscle spindle feedback, animals

cannot walk at higher speeds as they can when muscle spindle feedback is present.

Keywords: Walking, mice, speed dependent amplitude modulation, muscle spindles,

proprioception
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INTRODUCTION

In terrestrial legged animals, the stereotyped and rhythmic leg movements (step
cycle) during locomotion can be divided into two phases, swing and stance. The swing
phase starts with lifting the foot off the ground and moving it towards the direction of the
locomotion in the air and ends with placing the foot back on the ground. Once the foot is
placed on the ground, the stance phase starts, in which the foot stays stationary while
the body moves in the direction of locomotion. Thus, the limb carries the body weight
and provides propulsion. In mammals, this leg movement is mainly achieved by the
precisely patterned contraction pattern of multiple extensor and flexor muscles that
move hip, knee, and the ankle joint (Engberg and Lundberg, 1969; Grillner, 1981,
Rossignol, 1996; Akay et al., 2014). In a simplified version, extensor muscles are mostly
activated during stance and flexor muscles during the swing phase. This coordinated
action of muscles is in turn controlled by the patterned activity of pools of motor neurons
(locomotor pattern) in the spinal cord. This locomotor pattern is known to be the result of
the integrated function of a network of interconnected interneurons in the spinal cord
(central pattern generator, CPG) and the sensory feedback from cutaneous and
proprioceptive systems in the periphery (McCrea, 2001; Pearson, 2004; Rossignol et

al., 2006).

Animals can move around their environment at different speeds to fulfill diverse
purposes such as hunting, escape, migration, or foraging. When the locomotor speed is
increased, the step cycle duration decreases. This is caused by a decrease in the
stance phase duration, whereas the swing phase duration stays relatively constant

(Grillner, 1981). Furthermore, electromyogram (EMG) activity recordings from flexor and
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97  extensor muscles during different speeds revealed that with increasing speed, the EMG
98 activity of mainly the extensor muscles increases accordingly (Walmsley et al., 1978;
99  Pierotti et al., 1989; Roy et al., 1991; Prilutsky et al., 1994). However, the circuits that
100 give rise to this speed dependent regulation of extensor activity are not understood.
101  One possibility is that the speed dependent amplitude regulation is controlled by
102  proprioceptive sensory feedback. Experiments with walking cats and humans suggest
103  that proprioceptive sensory feedback regulates the activity strength of extensor muscles
104  during stance phase (Sinkjaer et al., 2000; Grey et al., 2007; Donelan & Pearson,
105  2004a, 2004b; Donelan et al., 2009). Experiments with human subjects suggest that
106  extensor activity strength during walking is regulated by proprioceptive sensory
107 feedback from the Golgi tendon organs (GTO) and from the muscle spindles (Yang et
108 al., 1991; Sinkjaer et al., 2000; Grey et al., 2004, 2007; Mazzaro et al., 2005; af Klint et
109 al., 2010). In contrast, experiments with cats suggest that the extensor activity during
110  stance is regulated by the GTO feedback, but no evidence has been found regarding
111 the feedback from muscle spindles (Donelan and Pearson, 2004a, 2004b; Donelan et
112 al., 2009). In this article, we present evidence that proprioceptive sensory feedback from
113 the muscle spindles regulates the EMG activity of extensor muscles during stance and

114  this regulation is necessary for locomotion at higher speeds.

115 To address the role of proprioceptive sensory feedback from muscle spindles in
116  the regulation of activity strength of extensor muscle during walking at different speeds,
117 we recorded EMG activities of multiple muscles while mice walked on a treadmill at
118  various speeds, as previously described (Akay et al., 2014). We hypothesize that

119  “proprioceptive sensory feedback from muscle spindles is necessary for extensor
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120 muscle EMG activity upregulation during waking at different speeds.” To address the
121 global role of muscle spindles in speed dependent amplitude modulation, we performed
122  the same experiments with the Egr3"' mice, in which muscle spindles fail to properly
123 develop postnataly (Tourtellotte and Milbrandt, 1998; Oliveira Fernandes and
124  Tourtellotte, 2015). Further, we developed a viral and mouse-genetics based strategy to
125 acutely eliminated muscle spindles only from quadriceps femoris (QF, knee extensor
126  muscles) or the triceps surae muscles (TS, ankle extensor muscles). In these
127  experiments, data from the same animal obtained before and after the removal of the
128 muscle spindles were compared to gain insight into the role of the muscle spindle
129 feedback from specific muscles in the speed dependent amplitude modulation. Our data
130 suggest that speed dependent amplitude modulation requires proprioceptive sensory
131 feedback from the muscle spindles specifically from the TS but not from the QF muscle

132 groups.
133

134 METHODS

135 The experiments were done on adult mice, ages ranging from 60 days to 90 days
136  of either sex. None of the mice were trained prior to the experiments. All procedures
137  were in accordance with the Canadian Council on Animal Care and were approved by

138  the University Committee on Laboratory Animals at Dalhousie University.

139  Removal of muscle spindles: We used two methods to remove proprioceptive feedback
140  from the muscle spindles. The first utilized the Egr3 knock-out mice (Egr3”) where all

141  muscle spindles are ablated (Tourtellotte and Milbrandt, 1998; Chen et al., 2002). In
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142  these mice, the muscle spindles fail to form properly during development while the
143 proprioceptive feedback from the GTOs are left intact. The second method allowed us
144  to acutely eliminate muscle spindle feedback from a subset of muscles (Figure 1). Here
145 we used a mouse line that expresses the cre-recombinase under the control of the
146  calcium binding protein parvalbumin (Pv) expression (Pv::.cre) (Hippenmeyer et al.,
147  2005). To conditionally and selectively ablate proprioceptors we generated an AAV
148  serotype 9 encoding DTR-GFP fusion in a Flex-switch (AAV9-DTR-GFP) (Azim et al.,
149  2014). When injected into the muscle of Pv:icre animals, the AAV infects sensory
150  neurons and expresses DTR-GFP in Pv" proprioceptors. We injected each one of the
151  QF muscles or the TS muscles when the Pv::cre mice were 7-10 days old (P7-P10). As
152 a control, AAV9 encoding only GFP was injected to the same muscle groups of the
153  contralateral leg. After these AAV injections, Pv::.cre mice were kept until adulthood
154  when they underwent EMG implantation. EMG and kinematic data recordings were
155  performed before and 5-15 days after intraperitoneal diphtheria toxin (DTX, 400 ng

156  dissolved in sterile phosphate buffer) injection.

157  Electrode implantation surgeries: Each wild type, Egr3™, or Pv::cre mouse injected with
158 AAV9-DTR-GFP, received an electrode implantation surgery as previously described
159  (Akay et al., 2014; Mayer and Akay, 2018). Briefly, the animals were anesthetized with
160 isoflurane, ophthalmic eye ointment was applied to the eyes, and the skin of the mice
161  was sterilized with three part skin scrub using hibitane, alcohol, and povidone-iodine. A
162  set of six bipolar EMG electrodes were implanted in all experimental mice (Pearson et
163  al., 2005; Akay et al., 2006) as the following: The neck region and the right hind leg was

164 shaved. Small incisions were made to the neck region and in the leg above muscles.

7

Downloaded from www.physiology.org/journal/jn by ${individual User.givenNames} ${individualUser.surname} (128.041.035.201) on September 6, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



165 The electrodes were drawn subcutaneously from the neck incision to the leg incisions
166  and the head piece connector was stitched to the skin around the neck incision. The
167 EMG recording electrodes were implanted into hip flexor (iliopsoas, Ip) and extensor
168  (anterior biceps femoris, BF), knee flexor (semitendinosus, St) and extensor (vastus
169 lateralis, VL), and ankle flexor (tibialis anterior, TA) and extensor (gastrocnemius, Gs).
170  The incisions were closed, and buprenorphine (0.03 mg/kg) and ketoprofen (5 mg/Kg)
171  were injected subcutaneously as analgesics. Additional buprenorphine injections were
172 performed in 12 hour intervals for 48 hours. The anesthetic was discontinued and mice
173  placed in a heated cage for 3 days and finally returned to their regular mouse rack.
174  Food mash and hydrogel was provided for the first 3 days after the surgery. Handling of
175 the mice was avoided until they were fully recovered. The first recording session was

176  started no earlier than ten days after electrode implantation surgeries.

177  Behavioral recording sessions: Following the full recovery from electrode implantation
178  surgeries, the behavioral recordings were performed as previously described (Pearson
179 et al., 2005; Akay et al., 2006). Under brief anesthesia with isoflurane, custom made
180  cone shaped reflective markers (1-2 mm diameter) were attached to the skin at the level
181  of anterior tip of the iliac crest, hip, knee, ankle, the metatarsal phalangeal joint (MTP),
182  and the tip of the fourth digit (toe). The anesthesia was discontinued and the mouse
183 placed on the mouse treadmill (model 802; custom built in the workshop of the
184  Zoological Institute, University of Cologne, Germany). The electrodes were connected
185 to the amplifier (model 102, custom built in the workshop of the Zoological Institute,
186  University of Cologne, Germany). We waited at least five minutes before the session

187  started to allow the mice to fully recover from anesthesia. The mice started walking on

8

Downloaded from www.physiology.org/journal/jn by ${individual User.givenNames} ${individualUser.surname} (128.041.035.201) on September 6, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



188  treadmill when the treadmill was turned on. The speed of the treadmill was changed
189  starting from 0.2 m/s and increased up the 0.6m/s a speed at which all wild type mice
190 could walk. The walking mouse was filmed from the sagittal plane with a high speed
191 video camera (IL3, Fastec Imaging) at 250 frames per second, and video files stored at
192 the computer for later motion analysis. The EMG data was stored separately on the
193 computer by using the Digitizer (Power 1401, Cambridge Electronic Design, UK)
194 combined with Spike 2 software (Version 8, Cambridge Electronic Design, UK). Only
195  walking sequences where the mouse would walk stationary without drifting forward or
196  backward indicating equal walking speed and treadmill speed were considered for data
197  analysis. These recordings were performed once with each wild type and Egr3” mouse.
198 In most of the experiments with the Pv::cre mice that received AAV9 injection, three
199  sets of recordings at different days were performed before the DTX injection and three
200 sets of recordings were performed after DTX injection. The three recordings before and
201  after DTX injections were used to ensure stable EMG recordings over multiple days.
202 Since Pv is also expressed in some extrafusal muscle fibers (Celio and Heizmann,
203 1982) and AAV9 is known to also infect extrafusal muscle fibers (Katwal et al., 2013) we
204 did histological assessments to show in our experiments, DTX injection does not affect

205  extrafusal muscle fibers (Figure 2; see discussion).

206 Immunohistology: After each experiment where muscle spindles afferents were
207 removed acutely by AAV9 and DTX injections in Pv::cre mice, the efficiency of muscle
208  spindle removal was assessed with immunohistology. After the last recording sessions
209 following DTX injection, mice were euthanized with an intraperitoneal injection of

210 pentobarbital sodium (40mg/Kg). After thoracotomy, the animals were perfused with

9

Downloaded from www.physiology.org/journal/jn by ${individual User.givenNames} ${individualUser.surname} (128.041.035.201) on September 6, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



211 20mL of saline solution followed by 10mL of 4% paraformaldehyde (PFA) through the
212 left cardiac ventricle. The Gs or the VL were dissected, then cryoprotected by
213  immersion in 30% sucrose/PBS solution overnight at 4°C. The following day, the
214  muscles were embedded in optimal cutting temperature compound (OCT) mounting
215 medium, flash frozen on dry ice, and stored at -80°C. Muscle tissue was sectioned
216 longitudinally at 80 um by using a cryostat (Leica CM3050 S) and the sections were
217  placed on microscope slides. For immunofluorescence staining, the sections were
218 washed in PBS to remove the OCT and incubated in blocking solution
219  (PBS/1%BSA/0.3% triton) for one hour and latter incubated overnight with primary
220 antibody (Rabbit anti-VGIuT1 1:8000) (de Nooij et al., 2015). The next day, tissues
221 received multiple washes in blocking solution and they were incubated overnight at
222 room temperature with secondary antibody (goat anti-rabbit conjugated to Alexa-Fluor
223 488 1:500, Life technologies) in the blocking solution. The sections were washed
224  with blocking solution, followed by a wash with PBS to remove the BSA. Finally, the
225 microscope slides with the sections were coverslipped using mounting medium

226 (Permafluor).

227 Data analysis: The kinematic parameters of walking were obtained from the video files
228 using a custom made software written by Dr. Nicolas Stifani with ImageJ (KinemaJ) and
229 R (KinemaR) (Bui et al., 2016; Fiander et al., 2017). The coordinates and the angular
230 joint movements were then imported into the Spike2 files containing the EMG data
231 using a custom written Spike2 script to analyze the kinematic and EMG data. All plots
232 were created with the Excel 2016 software and statistical analysis with the data analysis

233  package for Excel: the statistiXL (version 1.8). Student’s t-test was used to compare
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234

235

236

237

data between wild type and Egr3” mice, and the walking at 0.2 m/s and 0.4 m/s in wild
type mice. Moreover, t-test for paired data to compare data before and after DTX
injection in Pv::cre mice injected with AAV was used. The changes were considered

statistically significant if p<0.05.
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238 RESULTS

239  Speed dependent amplitude modulation in wild type mice:

240 To provide insights into the mechanisms of amplitude modulation, we first
241  examined the muscle EMG activities of different muscles in wild type mice. None of the
242  seven recorded wild type mice had any difficulty walking on the treadmill at speeds up
243  to 0.6m/s (Figure 3). In figure 3A, kinematic and EMG recording data during three
244  episodes of walking at 0.2 m/s, 0.4 m/s, and 0.6 m/s speed are illustrated including
245  three, five, and seven swing phases (shaded backgrounds). As the walking speed
246  increased, the step duration decreased (Figure 3B). The decrease in the step duration
247 was largely the result of a decrease in the stance phase and to a lesser extend a
248 change in the swing duration (Figure 3B). Note also that the EMG activity recorded
249  from the biceps femoris (BF, hip extensor), vastus lateralis (VL, knee extensor), and the
250 gastrocnemius (Gs, ankle extensor) increased with increased walking speed. The
251 increase in the extensor muscle activity was also shown in pooled average traces of the
252  rectified EMG traces from all muscle in figure 4 showing minor increase in the flexor
253  muscles (left traces) but major upregulation in the extensor muscles (right traces). This
254 data suggest that during walking, the EMG activity of the extensor muscles are

255 upregulated in a speed dependent manner.

256 The maximal EMG activities normalized to the EMG amplitude at 0.2 m/s walking
257 speed in individual animals are plotted against walking speed to more easily visualize
258 the speed dependent amplitude modulation (Figure 5). The EMG amplitude of all
259  extensor muscles were upregulated depending on the speed of locomotion (Gs and VL

260 p<0.05; BF p<0.01; after ANOVA). In contrast, the activity amplitude of the other flexor
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261 muscles were not dependent on the walking speed, except for the TA muscle (p<0.05;

262  after ANOVA).
263  Speed dependent amplitude modulation is compromised in Egr3” mice:

264 To address the role of proprioceptive sensory feedback from muscle spindles in
265 the speed dependent modulation of muscle activity, we measured EMG signals from leg
266 muscles during walking at different treadmill speeds in Egr3” mice. In contrast to wild
267  type mice, none of the seven Egr3” mice could walk at speeds higher than 0.4 m/s and
268 only five out of seven mice could reach the 0.4 m/s speed. The kinematic and EMG
269 recording data during two episodes of walking at 0.2 m/s and 0.4 m/s speeds are
270 illustrated in figure 6A that includes four and five swing phases (shaded backgrounds).
271 As in wild type mice, the step duration decreased as the walking speed increased from
272 0.2 m/s to 0.4 m/s (Figure 6B). Furthermore, in the Egr3” mice, the decrease in the
273 step duration was the result of the decreasing stance duration with lesser contribution of
274  a change in the swing duration similar to wild type animals (Figure 6B). Comparing the
275 duration from Egr3” mice and wild type mice revealed that the cycle periods and the
276  swing durations were significantly shorter in Egr3” mice then in wild type mice. Stance
277  duration however, was not significantly different at 0.2 m/s but was significantly shorter
278 at 0.4 m/s in Egr3” mice compared to wild type (p<0.05). One possible explanation for
279  the altered swing phase with minor change in stance phase is that the lack of muscle
280 spindle feedback may be compensated by GTO signaling during stance (Akay et al.,
281 2014). These data suggest that proprioceptive sensory feedback from the muscle
282 spindles are important for regulating the temporal characteristics of leg movement

283  during walking at different speeds.
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284 Further examination of extensor muscle activity revealed that the strength of the
285 EMG signal of each extensor muscle did not change considerably when Egr3’ mice
286 increased walking speed from 0.2 m/s to 0.4 m/s (Figure 6A). This missing upregulation
287  of the extensor muscles is illustrated in figure 7 where the pooled averages of the
288 rectified EMG activities from flexor (left) and extensor (right) muscles during 0.2 m/s and
289 0.4 m/s are shown. Our data therefore suggest that in the absence of muscle spindles,
290 mice are unable to reach walking speeds >0.4 ms. Furthermore when they do increase
291 their walking speed there is no speed dependent amplitude modulation of extensor

292  muscles.

293 Comparison of maximal EMG activities in wild type mice and Egr3” mice during
294 walking at 0.2 m/s and 0.4 m/s revealed that the amplitude modulation in hip extensor
295 muscle was reduced (Figure 8). When the overall increase in the amplitudes at 0.4 m/s
296 were compared between Egr3” and wild type mice, only the amplitude modulation in BF
297  activity was significantly different. When wild type mice walked at 0.4 m/s, the BF EMG
298 amplitude increased on average 260% (+88 standard deviation). In Egr3”, the EMG
299 amplitude increase was 142% (+42), which was statistically smaller (p=0.045, Student’s
300 t-test, Figure 8). There was no significant differences in VL (wild type: 138% +29; Egr3”
301 : 168 +73; p=0.43) or Gs (wild type: 170% +44; Egr3™: 131 +68; p=0.34). We could not
302 detect any significant change in EMG amplitudes at 0.4 m/s in wild type versus Egr3”
303 mice in any of the recorded flexor muscles (Ip: p=0.24; St: p=0.13; TA: p=0.44). These
304 data suggest that in the 5/7 Egr3” mice that could walk at 0.4 m/s the increase in
305 extensor EMG activity was compromised, but strong and consistent enough to be

306  statistically significant only in the hip extensor muscle.
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307 Our data suggest that the speed dependent increase of the hip extensor EMG
308 activity requires proprioceptive sensory feedback from the muscle spindles. In the
309 absence of feedback from muscle spindles, the hip extensor amplitude modulation is

310 compromised, preventing the animal from reaching higher walking speeds.

311  Muscle spindle feedback specifically from the TS muscle group is particularly important

312 in speed dependent amplitude modulation:

313 How is the information from the muscle spindle processed by the central nervous
314 system to achieve the speed dependent amplitude modulation of the extensor muscle
315 activities? We reasoned that one possibility may be that information signaling individual
316 joint proprioception could affect the amplitude modulation of the extensor muscles of the
317 same joints (local processing). Alternatively, the information from muscle spindles of
318 multiple joints could be collectively processed in the central nervous system to regulate
319 all or larger group of the extensor muscles (global processing). To differentiate between
320 these two possibilities, we selectively removed feedback from either the ankle extensor
321 TS muscles (including Gs muscles) or the knee extensor QF muscles (including VL

322 muscle) and measured the amplitude modulation as described above.

323 If the information from the muscle spindles is processed locally, elimination of the
324 muscle spindles only from the TS muscles should selectively affect speed dependent
325 amplitude modulation only in Gs muscle, which is one the three TS muscles. To ensure
326 that with this method we were effectively removing muscle spindle innervation, we
327 counted all the afferent endings at the muscle spindles in the gastrocnemius muscle of
328 the right leg and the left leg (Figure 9A). The left leg, received AAV injections that only

329 express GFP and did not envelop gene that encodes the DTR (control leg), therefore no
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330 ablation of nerve endings after the diphtheria toxin infection. The right leg was injected
331 with AAV, enveloping the gene that encodes the DTR (experimental leg), that would
332 affect the nerve endings after the DTX infection. After the final postDTX recording
333 session was performed, we counted the VgluT1l positive afferent endings at muscle
334 spindles and the GTOs in left (control) and right (experimental) legs. The results
335 suggested that on average 55% (+23% standard deviation) of the muscle spindle
336 afferents in the gastrocnemius muscle were eliminated after DTX injection, whereas

337 GTOs were not affected (Figure 9A).

338 The averaged EMG traces from all recorded muscles before and after DTX
339 injection to acute elimination of proprioceptive feedback from muscle spindles from only
340 the TS muscles are illustrated in figure 9B. Note that in all muscles and at all speeds,
341 pre-DTX (black) and the post-DTX (red) EMG traces overlapped except for the Gs and
342 to a lesser extent VL and TA muscles. These three muscles showed reduced activity
343 already at 0.2 m/s speed and the difference increased with increasing locomotor speed
344 in Gs and VL, whereas the difference diminished in TA at 0.6 m/s. These observations
345  were consistent when EMG traces from individual animals were investigated. That is, in
346 seven out of nine Gs recordings and in five out of nine TA recordings, the speed
347 dependent amplitude modulation was absent. Moreover, in VL muscle the amplitude
348  modulation was present but less prominent in three out of four and absent in the one
349  remaining recording. Our data suggest that acute elimination of muscle spindles from
350 only TS muscles reduced amplitude modulation in two distal extensor muscles, the VL

351 and Gs, and partly in one of the distal flexor muscle, the TA.
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352 As in the figures 5 and 8, the maximum of rectified EMG activity in each step
353 was averaged and normalized to the average amplitude of that value in 0.2 m/s and is
354  plotted as a function of treadmill speed before and after the DTX injection (Figure 10A).
355 The values at each speed were then compared before and after the DTX injection using
356 paired t-test. Only the amplitude increase at Gs muscle at 0.6 m/s was significantly
357 compromised after the removal of muscle spindle feedback from the TS muscles by
358 DTX injection (preDTX: 229% £156, postDTX: 175% +125, p=0.018). There was no
359 difference in the amplitude modulation of all other recorded muscles. Analysis of the
360 cycle period, swing duration and stance duration revealed that cycle period and swing
361 duration consistently decreased after removal of muscle spindle feedback from TS
362 muscles, but changes in stance duration were limited to 0.2 m/s only (Figure 10B). This
363  result suggests that muscle spindle feedback from the TS muscles mainly regulate the
364 amplitude modulation selectively in the one TS muscle that was recorded here: the Gs

365 muscle.

366 To address the question of whether or not the amplitude modulation was
367 achieved by muscle spindles only from the TS group we performed another set of
368 experiments where muscle spindle afferents only to the QF muscles were removed. As
369  for the gastrocnemius muscle presented in figure 9A, we counted the afferent endings
370 at muscle spindles and the GTOs. Similar to the GS muscles, we found a 73% (£10%
371  standard deviation) reduction of muscle spindle afferents in the VL muscles after DTX

372  injection, whereas the GTOs were not affected (Figure 11A).

373 The average EMG traces from the recorded muscles before (black) and after

374 (red) DTX injection to remove muscle spindles only from QF muscles are illustrated in
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375 figure 11B. After the elimination of the proprioceptive sensory feedback from muscle
376  spindles of the QF muscles, no visual effect could be detected on the speed dependent
377 amplitude in any of the recorded muscles. As for the Gs recordings, these observations
378 were consistent when EMG traces from individual animals were investigated. That is,
379 the speed dependent amplitude modulation was present in all recorded extensor
380 muscles. This finding suggests that proprioceptive sensory feedback from the QF
381 muscle spindles are not used to regulate the activity strength in any of the recorded
382 muscles. To quantify this observation, we analyzed the maximum EMG activity in all
383 muscles at different speeds before and after DTX injection (Figure 12). Note that the
384 changes in amplitude modulation were not statistically significant in any of the recorded
385 muscles (Figure 12A). Following the removal of muscle spindle feedback from the QF
386 muscles, a consistent decrease was only detected in cycle period, whereas only minor
387 change in swing duration limited to 0.2 m/s was observed (Figure 12B). No change
388 could be detected in stance duration following DTX injection (Figure 12B). These data
389  confirm that muscle spindle feedback from QF muscles is not used in speed dependent

390 amplitude regulation.

391

392 DISCUSSION

393 Proprioceptive feedback has been known to play a major role in the regulation of
394 muscle activity strength during walking in humans and cats. However the type of
395 proprioceptive sensory feedback used for this amplitude control is somewhat
396  controversial and how this proprioceptive information is processed is not known. We

397 have shown that proprioceptive feedback from muscle spindles are important in
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398 regulating the muscle activity strength during locomotion in mice. Furthermore, the
399 amplitude modulation required muscle spindle feedback to regulate the extensor activity
400 increase at higher speeds. Finally, we have shown that muscle spindle feedback from
401 knee extensor muscles did not have an effect on amplitude modulation, whereas
402 muscle spindle feedback from the ankle was important for the regulation of activity

403  mainly in ankle extensor muscles.

404  Speed dependent amplitude modulation of extensor muscle activity requires feedback

405  from muscle spindles:

406 Proprioceptive feedback is known to be important for regulating muscle activity
407  strength during walking (Donelan and Pearson, 2004a; Pearson, 2004; Hiebert and
408 Pearson, 2017). In humans, proprioceptive sensory feedback from the group Ib
409 afferents that innervate Golgi tendon organs (GTOs) as well as the afferent fibers that
410 innervate muscle spindles are both important for regulating muscle activity strength
411 during walking (Yang et al., 1991; Sinkjaer et al., 2000; Grey et al., 2004, 2007;
412  Mazzaro et al., 2005; af Klint et al., 2010). In contrast, in a quadrupedal animal, the cat,
413 group Ib afferent feedback from the GTOs has been shown to be important for
414  amplitude modulation (Donelan and Pearson, 2004a, 2004b; Donelan et al., 2009), but

415  the contribution from muscle spindles has not been appreciated.

416 Our data provide evidence that muscle spindle feedback is important for
417  regulating muscle contraction strength during walking in a quadrupedal animal. When
418  wild type mice walk at different speeds, an increasing activity is observed in extensor
419 muscles (Figures 3-5) as it has been described previously in cat (Walmsley et al., 1978;

420 Smith et al., 1993; Prilutsky et al., 1994; Kaya et al., 2003). However, in a mutant
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421 mouse model in which muscle spindle do not properly form, the Egr3 knock out mice
422 (Egr3™), the mice no longer walk at speeds higher than 0.4 m/s (Figure 6) and the
423  extensor amplitude modulation is compromised (Figures 7-9). Furthermore, the swing
424  duration is significantly shorter at the measured speeds in Egr3” mice with minor
425 changes in the stance duration leading to decreased cycle period (Figure 6B). These
426  data suggest that muscle spindle feedback is necessary for both the increased speed of

427  walking and the speed dependent amplitude modulation.

428 Since the Egr3” mice could not walk at 0.6 m/s, we measured muscle activity at
429  different walking speeds in another model, where muscle spindles were removed only
430 from subset of muscles in an acute way which resulted in a milder phenotype. Using this
431  method that combines Pv:.cre mice combined with gene delivery with AAV-9 and later
432  DTX injection, we could successfully acutely eliminate muscle spindle afferents only in a
433  subset of muscles while leaving the GTO afferents intact (Figure 10). This is an
434  interesting observation given that the group Ib proprioceptive afferent fibers from the
435 GTOs have also been shown to express Pv (de Nooij et al., 2015). So why then we did
436  not observed significantly lower number of GTOs after DTX injection, even though the
437  number of MS afferents were consistently decreased? One possible explanation is that
438 the AAV9s were injected approximately in the center of the belly of the muscles. This
439  could possibly avoid the infection of the Groub Ib afferents because the GTOs are
440 typically located at the myotendinous junctions, further away from the injections site.
441  Nevertheless, regardless of the explanation of why GTOs were not eliminated by the
442  AAV9/DTX method, our data clearly suggest the number of GTOs after DTX injection

443  remained unaffected.
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444 With the AAV9/DTX method to acutely eliminate MS feedback, we have shown
445 that acute elimination of muscle spindle feedback from only a subset of muscles does
446  not affect the animals’ ability to walk at higher speed, but compromises the amplitude
447  modulation in the extensor muscles (Figures 9-10). Our data provide evidence that
448  proprioceptive feedback from the muscle spindles is important for the regulation of
449  muscle activity strength during walking. Previous findings with humans (Sinkjaer et al.,
450  2000) that concluded that afferent feedback from the group Il afferents from the muscle
451  spindles and/ group Ib afferent from the GTOs are important for the regulation of muscle
452  activity strength during walking. Our results provide evidence that muscle spindle
453  feedback-dependent amplitude modulation is necessary for the animals to walk at

454  higher speeds.

455 One concern with elimination of muscle spindle afferents with AAV9 injection into
456  Pv:.cre mice is the possibility of DTX also killing extrafusal muscle fiber that also
457  express Pv (Celio and Heizmann, 1982). Moreover, it is known that AAV9 can infect
458  extrafusal muscle fibers (Katwal et al., 2013). Therefore, it is conceivable to expect that
459 in our experiments, DTX injections would have killed Pv expressing muscle fibers that
460 could also compromise amplitude modulation measured in this article. To exclude this
461  possibility, we have performed histological assessment to provide proof that extrafusal
462 muscle fibers are not affected (Figure 2). We show that Pv expressing extrafusal
463 muscle fibers do not present any sign of damage. Therefore, we are confident that the
464  effect measured in the AAV9/DTX experiments are due to elimination of proprioceptive

465 feedback from the muscle spindles.
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466 Could the reduced activity modulation at higher speeds be an indirect effect
467 produced by inability to achieve the faster speeds because of the ataxia previously
468 observed in Egr3” mice (Akay et al., 2014; Takeoka et al., 2014) rather than a direct
469 influence of spindle feedback on muscle activity? Our data suggest that compromised
470 amplitude modulation in the absence of muscle spindle feedback is due to the
471  elimination of direct influence of spindle feedback on muscle activity. Our observation is
472  that amplitude modulation is compromised when muscle spindles are degenerated in
473 only a small group of muscles with AAV9/DTX approach. None of these animals
474  showed any sign of ataxia or had any difficulty to walk on the treadmill at higher speeds.
475 The only changes we could detect after DTX injection was the speed dependent
476  amplitude modulation mostly in the Gs muscle after muscle spindle feedback from the

477 TS was significantly attenuated.

478  Sensory feedback from muscle spindles of only TS muscles regulate the strength of

479  distal extensor muscle activity:

480 The results from the experiments in which muscle spindles were removed acutely
481 and selectively from the TS or the QF muscle groups strongly suggest that
482  proprioceptive feedback from only TS muscles are necessary for speed dependent
483 amplitude modulation. Speed dependent amplitude modulation of extensor muscle
484  activity was described in the past in rat (Hutchison et al., 1989; Roy et al., 1991) and cat
485 (Walmsley et al., 1978; Smith et al., 1993; Prilutsky et al., 1994; Kaya et al., 2003)
486  model systems, but the mechanism for this modulation was not understood. We have
487  presented evidence that proprioceptive sensory feedback from muscle spindles in the

488 ankle extensors, the TS muscle groups is necessary for the speed dependent amplitude
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489  modulation of distal extensor muscles. Interestingly, our data also suggest that the
490 muscle spindles of the QF group, the knee extensor muscles, are not necessary for the
491  speed dependent amplitude modulation. These data, however, do not suggest that this
492 is the exclusive picture of amplitude control. Muscle spindles from other muscles that
493  were not infected with AAV in this project could have additional function and also QF
494 muscle spindles might have influence on other muscles not recorded here.
495 Nevertheless, the data presented suggest distinctive roles of muscle spindles in specific
496 muscles, such that TS, but not QF, controls the amplitude modulation in muscles
497  recorded here. This finding is in accordance with the previous finding that activation of
498 muscle afferents from the ankle extensor muscles, but not from the knee extensor
499  muscles strongly enhances ipsilateral extensor activity during fictive locomotion elicited
500 by electrical stimulation of the mesencephalic locomotor region (MLR) in decerebrated
501 cats (Guertin et al., 1995; McCrea, 2001). Our data provide evidence that proprioceptive
502 muscle spindle feedback, selectively from the ankle extensor muscles, regulate the

503 speed dependent amplitude modulation of the distal extensor muscle during walking.

504 In addition, when the muscle spindles were removed from the TS, the changes in
505 the swing and stance durations, and the cycle period during walking at different speeds
506 mimicked the results observed in Egr3” mice (Figure 6B). That is, the swing durations
507 significantly decreased following muscle spindle removal from the TS with significant
508 decrease in the stance duration only at 0.2 m/s, leading to a significant decrease in the
509 cycle period (Figure 10B). Interestingly, reduction of the muscle spindle afferents from
510 the QF resulted in much milder effect on swing duration and the cycle period and no

511 effect on the stance duration (Figure 12B). This result suggests that muscle spindles

23

Downloaded from www.physiology.org/journal/jn by ${individual User.givenNames} ${individualUser.surname} (128.041.035.201) on September 6, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



512 from the TS have more prominent effect on step duration parameters than the muscle

513  spindles from the QF muscles.

514 Why are the changes in amplitude modulation statistically significant only in BF
515 when all muscle spindles are removed systemically as in Egr3” mice, but not different
516 when muscle spindles are removed acutely only from a subset of muscles? There could
517 be multiple reasons for this observation. First, when muscle spindles improperly form
518 during development (Tourtellotte and Milbrandt, 1998; Tourtellotte et al., 2001; Oliveira
519 Fernandes and Tourtellotte, 2015), there may be resultant compensatory changes in
520 BF. Therefore, the acute elimination of muscle spindle feedback from a subset of
521  muscles would have no effect on BF. Second, BF modulation might be controlled by
522 muscle spindle feedback from different muscles that did not receive AAV injection in
523 these studies. Third, all extensor muscles could contribute to the speed dependent
524 modulation of BF activity and therefore elimination of feedback only from a small
525 number of muscle does not cause a detectable effect. Our current data do not clearly

526 differentiate between these possibilities.
527 Negative feedback from muscle spindles controls amplitude modulation:

528 Previous studies suggest that positive force feedback signals from the group Ib
529 afferents from the GTOs are the major source of amplitude regulation during walking
530 (Pearson and Collins, 1993; Gossard et al., 1994; Mccrea et al., 1995; Duysens et al.,
531  2000). In addition, cutaneous afferents have also been shown to be important of the
532  regulation of extensor muscle activity (Duysens and Stein, 1978; Duysens et al., 1996).
533 In contrast, how feedback from the muscle spindles might contribute to amplitude

534  modulation has been unclear. It has been shown that muscle spindle muscle afferents

24

Downloaded from www.physiology.org/journal/jn by ${individual User.givenNames} ${individualUser.surname} (128.041.035.201) on September 6, 2018.
Copyright © 2018 American Physiological Society. All rights reserved.



535 (group la and II) from the triceps surae muscles and from vasti muscles (only known for
536  group la; group Il not known) are active during the early part of stance (Prochazka et al.,
537 1989; Prochazka and Gorassini, 1998) at which ankle and knee joints flexes. In
538 addition, there is an excitatory influence from the muscle spindle afferents from the TS
539 and VL muscle groups on the extensor muscles (Guertin et al., 1995; Mccrea et al.,
540 1995) indicating the existence of a negative feedback pathway (Pearson, 2004). Our
541 data provide functional evidence of this negative angular displacement feedback during

542  walking behavior.

543  Role of muscle spindle feedback during walking:

544 Locomotion is controlled by a network of interconnected spinal premotor
545 interneurons and sensory feedback from the periphery (McCrea, 2001; Pearson, 2004;
546  Rossignol et al., 2006). Previous data and our present data suggest that proprioceptive
547  sensory feedback from the muscle spindles from leg muscles regulate three aspects of
548 a step cycle. First, it has an important role in the phase transitions. That is, muscle
549  spindle feedback signaling leg extension at the end of stance phase is an important
550 signal to initiate swing phase (Grillner and Rossignol, 1978; Hiebert et al., 1996).
551  Second, muscle spindle feedback is important in the regulation of the precise timing of
552 the activity offset of flexor muscles and therefore important for the precise foot
553 placement at the end of swing phase (Akay et al., 2014). Third, muscle spindle
554 feedback from ankle extensors is important for the regulation of muscle activity strength
555 during stance phase as our current data suggest. It is well established that ankle joint
556  exerts a brief flexion movement at the beginning of the stance phase that causes the

557 ankle extensor muscles to stretch activating the stretch sensitive muscle spindles
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558 (Engberg and Lundberg, 1969). It has also been shown that the speed of this yield and
559 the ankle muscle stretch increase with the walking speed (Prilutsky et al., 1994) that
560 would result in higher muscle spindle signaling. The higher muscle spindle signaling
561 would then in turn provide stronger excitatory drive to the distal extensor motor neurons

562 to accommodate the speed dependent amplitude modulation of muscle activity.

563

564
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707 FIGURE LEGENDS:

708 Figure 1. Acute elimination of proprioceptive afferents from selected muscles.
709  AAV was used to deliver a cre conditional (flexed) gene encoding the receptor for DTX
710 into specific muscle of a Pv:.icre mouse, where Pv is selectively expressed in
711  proprioceptive afferents and some interneurons. (A) Pv::.cre mice were injected at less
712 than two weeks of age, infecting proprioceptive afferents and motor neurons innervating
713 that muscle. Since motor neurons do not express Pv, the DTR gene was only
714  expressed in proprioceptive afferents. Once the mice were older than 50 days, EMG
715  electrodes were implanted into their muscles and control recordings were performed.
716  Their locomotor pattern was recorded again 5-15 days after intraperitoneal (IP) DTX
717  injection. The locomotor patterns recorded during pre-DTX and post-DTX sessions were
718 compared. (B) Confocal images of proprioceptive afferents innervating muscle spindle
719  (top) and a Golgi tendon organ (bottom) from a vastus lateralis muscle. Afferent fibers
720  were labeled with antibody staining against VGIuT1. Control muscle is from the left leg,
721 which did not receive an AAV injection. Experimental muscle shown is from the right leg
722  after AAV and DTR injection. Notice that the typical annulospiral structure is degraded
723 to some punctuated structures in the experimental leg after DTX injection but the GTOs

724  appear normal. Scale bars in all images indicate 50 um.

725

726 Figure 2. No sign of muscle fiber degeneration in Pv::cre mice previously injected
727 with AAV9 to deliver gene encoding DTX receptor after DTX injection. (A)
728  Fluorescence microscope images of a cross-section through a Gs muscle previously

729 injected with AAV9 to deliver DTR-GFP gene and after DTX injection. Parvalbumin
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730 expressing fibers (red, in left image) have a very healthy appearance in toluidine blue
731 (TB) staining (right image). Occasional fibers with centralized nuclei were observed in
732  either Pv* (white arrow) and Pv’ (blue arrows) muscle fibers indicating that this feature
733 was independent of DTX effect. (B) Fluorescence images previously injected with AAV9
734  to deliver DTR-GFP gene and after DTX injection. The fibers that are expressing GFP
735 are PV’ fibers that were infected with AAV9 (asterisks in left image). The same fiber
736 successfully infected with AAV9 and express the delivered DTR-GFP gene show no

737  sign of any degeneration (asterisks in right image). Scale bars indicate 50 um.
738
739

740 Figure 3. Locomotor pattern during walking at different speeds in wild type mice.
741 All wild type mice (N=7) were able to walk on the treadmill up the 0.6 m/s speed. (A)
742 Angular movement of hip, knee, and ankle joints, toe coordinates as toe height and
743 horizontal toe position relative to hip position (dashed horizontal line) (rel toex), and
744  EMG activities of the six recorded flexor and extensor muscles at three different speeds
745 are shown. Shaded background indicates swing phase. (B) Bar graphs illustrating the
746 mean and standard deviation step cycle periods, swing and stance durations at three
747  different walking speeds. Notice that all parameters decrease with the increasing
748  walking speed with a stronger effect in cycle period and stance duration than the swing

749  phase.

750
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751  Figure 4. EMG activity in leg muscles increases at higher walking speeds. Average
752 EMG activities (rectified and smoothened) from all flexor (left) and the extensor (right)
753  muscles at different speeds (black: 0.2 m/s, yellow: 0.4 m/s, blue: 0.6 m/s) recorded in
754  this paper indicate that the EMG activity of extensor muscles increases at higher
755  speeds. On top of the EMG activities, the durations of stance and swing are shown by

756  the bars indicating averages +* standard deviations.
757

758 Figure 5. Speed dependent amplitude modulation of extensor EMG activities in
759 wild type mice. Maximal EMG activities (peak-to-peak amplitude, PTP ampl.) in all
760  recorded flexor (left) and extensor (right) muscles normalized to the maximal activity at
761 0.2 m/s as a function of walking speed. Note that activity in extensor muscles increases
762  with increasing speed, but flexor muscle activities remain relatively unchanged. Colors

763  indicate individual animals (N=7).
764

765 Figure 6. Locomotor pattern during walking at different speeds in Egr3” mice.
766  None of the Egr3” mice would walk at 0.6 m/s and only five of seven could walk at 0.4
767 m/s. (A) Hip, knee, and ankle joint movements, along with toe height and horizontal toe
768  position relative to hip position (dashed horizontal line) (rel toex) and EMG activities of
769  the six recorded flexor and extensor muscles at three different speeds are shown.
770  Shaded background indicates swing phase. (B) All mean and standard deviations of
771  step cycle periods, swing and stance durations at three different walking speeds in the

772 Egr3” mice were smaller than the same parameters in wild type mice. ***: p<0.001, **:
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773 p<0.01, *: p<0.05, and ns: not significant after Student’s t-test to detect statistical
774  significance in differences between these parameters with the wild type parameters

775  shown in figure 2.

776  Figure 7. EMG activity in extensor muscles does not increase as the walking
777 speed increases from 0.2 to 0.4 m/s in Egr3” mice. Average EMG activities (rectified
778 and smoothened) from all flexor (left) and the extensor (right) muscles at different
779  speeds (black: 0.2 m/s and yellow: 0.4 m/s) indicate that the EMG activity of extensor
780 muscles increases at higher speeds. At the top of the EMG activities, the durations of

781  stance and swing are shown by the bars indicating averages + standard deviations.
782

783  Figure 8. Speed dependent amplitude modulation of extensor EMG activities is
784 compromised in Egr3” mice. Maximal EMG activities (peak-to-peak amplitude, PTP
785 ampl.) in all recorded flexor (left) and extensor (right) muscles normalized to the
786  maximal activity at 0.2 m/s at 0.2 and 0.4 m/s walking speed in individual (color coded)
787 Egr3” mice (N=7). Based on the Student's t-test, only in BF muscle was the amplitude
788  modulation at 0.4 m/s sufficiently weaker in Egr3” mice compared to wild type mice to
789 reach statistical significance (p<0.05 after Student’s t-test) for BF muscle. Each color

790 represents data from one animal.
791

792  Figure 9. Acute elimination of the muscle spindle afferents only from TS muscle
793 group affects speed dependent amplitude modulation in distal extensor muscles.

794  (A) Graphs illustrating that on average, 55% (+x23% standard deviation) of afferent
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795 endings (Grla/ll) at muscle spindles were degenerated in the gastrocnemius muscle
796  (p<0.01 after paired t-test) whereas no difference was found in the number of afferents
797 to GTOs (Grlb). Comparisons were made between the right legs (control) with the left
798 legs (experimental). (B) Average EMG activities (rectified and smoothened) from all
799 recorded muscles at different speeds recorded before (black) and after (red) the
800 elimination of muscle spindles in TS muscle group through DTX injection. Note that the
801 Gs EMG traces after removal of muscle spindles (red lines) in TS are much lower than
802 before removal (black lines) at 0.4 and 0.6 m/s. In VL there is a milder change that is
803 more obvious only at 0.6 m/s. On top of the EMG activities, the durations of stance and
804 swing are indicated by the bars indicating averages * standard deviations. Mean (xSD)
805 of swing and stance durations are shown on top of each column for before (black) and
806 after (red) muscle spindle elimination from the TS muscles DTX injection. Statistical
807  significance of differences based on paired t-test is indicated as ***: p<0.001, **: p<0.01,

808  Or ns: not significant.

809

810 Figure 10. The decline of speed dependent amplitude modulation is only
811 statistically significant in Gs muscle after acute removal of muscle spindle
812 afferents from the TS muscles. (A) Maximal EMG activities (peak-to-peak amplitude,
813 PTP ampl.) in all recorded flexor (left) and extensor (right) muscles normalized to the
814 maximal activity at all three walking speeds in individual (color coded) Pv::cre mice in
815 which TS muscle groups were infected with AAV before and after DTX injection are
816 shown. Based on the paired t-test, the decrease of the amplitude modulation at 0.6 m/s

817 was only statistically significant (p<0.05) for Gs muscle. (B) Mean and standard
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818

819

820

821

822

823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

deviations of step cycle periods, swing and stance durations at three different walking
speeds before and after DTX injection indicates after DTX injection cycle period and
swing durations decreased at all speeds and stance duration only decreased at 0.2 m/s.

***. p<0.001, **: p<0.01, and ns: not significant after paired t-test.

Figure 11. Acute elimination of the muscle spindle afferents only from QF muscle
group does not cause a systematic change in speed-dependent amplitude
modulation. (A) Graphs illustrating that on average, 73% (+10% standard deviation) of
afferent endings at muscle spindles (Grla/ll) were degenerated in the vastus lateralis
(p<0.01 after paired t-test), whereas no differences were found in the afferents to of the
GTOs (Grlb). Comparisons were made between the right legs (control) with the left legs
(experimental). (B) Average EMG activities (rectified and smoothened) from all recorded
muscles at different speeds recorded before (black) and after (red) the elimination of
muscle spindles in QF muscle group through DTX injection. Notice that all black and red
EMG traces overlap at all speeds. On top of the EMG activities, the duration of stance
and swing are indicated by the bars indicating averages + standard deviations. **:

p<0.01, and ns: not significant after paired t-test.

Figure 12. The decline of speed dependent amplitude modulation is not
statistically significant in any muscle after acute removal of muscle spindle
afferents from the QF muscles. (A) Maximal EMG activities (peak-to-peak amplitude,

PTP ampl.) in all recorded flexor (left) and extensor (right) muscles normalized to the
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840

841

842

843

844

845

846

847

maximal activity at all three walking speeds in individual (color coded) Pv::.cre mice in
which TS muscle groups were infected with AAV before and after DTX injection. Based
on the paired t-test, amplitude modulation did not change significantly changed after
DTX injection. (B) Mean and standard deviations of step cycle periods, swing and
stance durations at three different walking speeds before and after DTX injection
indicates after DTX injection cycle periods decreased at all speeds and swing duration
only decreased at 0.2 m/s. No change could be detected in stance duration at any

speed. **: p<0.01, *: p<0.05, and ns: not significant after paired t-test.
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