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ABSTRACT 31 

Motoneurons are not mere output units of neuronal circuits that control motor behavior, 32 

but participate in pattern generation. Research on the circuit that controls the crawling 33 

motor behavior in leeches indicated that motoneurons participate as modulators of this 34 

rhythmic motor pattern. Crawling results from successive bouts of elongation and 35 

contraction of the whole leech body. In the isolated segmental ganglia dopamine can 36 

induce a rhythmic antiphasic activity of the motoneurons that control contraction (DE-3 37 

motoneurons) and elongation (CV motoneurons). The study was performed in isolated 38 

ganglia where manipulation of the activity of specific motoneurons was performed in 39 

the course of fictive crawling (crawling). In this study the membrane potential of CV 40 

was manipulated while crawling was monitored through the rhythmic activity of DE-3. 41 

Matching behavioral observations that show that elongation dominates the rhythmic 42 

pattern, the electrophysiological activity of CV motoneurons dominates the cycle. Brief 43 

excitation of CV motoneurons during crawling episodes resets the rhythmic activity of 44 

DE-3, indicating that CV feeds back to the rhythmic pattern generator. CV 45 

hyperpolarization accelerated the rhythm to an extent that depended on the magnitude 46 

of the cycle period, suggesting that CV exerted a positive feedback on the unit(s) of the 47 

pattern generator that controls the elongation phase. A simple computational model was 48 

implemented to test the consequences of such feedback. The simulation indicates that 49 

the duty cycle of CV depended on the strength of the positive feedback between CV and 50 

the pattern generator circuit.   51 
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SIGNIFICANCE STATEMENT  52 

Rhythmic movements of animals are controlled by neuronal networks that have 53 

been conceived as hierarchical structures. At the basis of this hierarchy we find the 54 

motoneurons, few neurons at the top control global aspects of the behavior (e.g. onset, 55 

duration, etc.), and within these two ends specific neuronal circuits control the actual 56 

rhythmic pattern of movements. We have investigated whether motoneurons are limited 57 

to function as output units. Analysis of the network that controls crawling behavior in 58 

the leech has clearly indicated that motoneurons, in addition to controlling muscle 59 

activity, send signals to the pattern generator. Physiological and modeling studies on the 60 

role of specific motoneurons suggest that these feedback signals modulate the phase 61 

relationship of the rhythmic activity. 62 

 63 

  64 
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INTRODUCTION  65 

The organization of networks that control rhythmic motor behaviors is markedly 66 

hierarchical: numerous motoneurons are in charge of controlling muscle activity at the 67 

base of the hierarchy, and at the top, fewer neurons control the onset, duration and other 68 

global aspects of behavior (Kristan et al., 2005; Goulding, 2009; Puhl et al., 2012; Drew 69 

and Marigold, 2015; Georgopoulos and Carpenter, 2015). Between these two ends, 70 

networks distributed throughout the nervous system determine the actual rhythmic 71 

pattern of movements, and thus they are recognized as pattern generators. Old and new 72 

studies have questioned whether motoneurons are solely output elements or whether 73 

they actively participate in pattern generation. Classical examples from invertebrates 74 

have established that motoneurons do indeed participate in central networks (Maynard 75 

and Selverston, 1975; Kristan and Calabrese, 1976; Friesen et al., 1978; Poon et al., 76 

1978; Selverston and Moulins, 1985; Staras et al., 1998; Barth, 2000), and more 77 

recently this has been found in a vertebrate system (Song et al., 2016). An important 78 

question yet to be addressed is what is the distinct functional contribution of 79 

motoneurons to pattern generation. Are they intrinsic elements of the pattern generator 80 

circuits or are they extrinsic modulators of these circuits? 81 

The analysis of this question in any organism requires that motoneurons can be 82 

readily identified, and that their activity can be both monitored and experimentally 83 

manipulated. The leech nervous system is particularly suited for such an approach 84 

(Wagenaar, 2015). Crawling is a rhythmic motor behavior by which leeches locomote 85 

on solid surfaces. This behavior results from successive bouts of elongation and 86 

contraction of the whole body, anchored on front and rear suckers (Fig. 1A). The 87 

elongation and contraction of the body is executed by the activation of circular and 88 

longitudinal muscles, respectively (Gray et al., 1938) (Fig. 1B). The motor pattern can 89 
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be monitored in the isolated nervous system, through the activity of specific 90 

motoneurons by means of extra and intracellular recordings (Eisenhart et al., 2000), and 91 

can be effectively evoked by bath applied dopamine (Puhl and Mesce, 2008; Perez-92 

Etchegoyen et al., 2011). Throughout the text we will use italics (crawling) to refer to 93 

the motor pattern monitored in the isolated nervous system. 94 

Here we have studied the role played by a pair of motoneurons that control the 95 

activity of the muscles responsible for the elongation phase of crawling, the circular 96 

ventral (CV) motoneurons. Matching the behavioral output, the activity of the CV 97 

motoneurons dominates the cycle. We found that experimental activation of these 98 

neurons reset the rhythm and their inhibition shortened the period of crawling. 99 

Physiological and modeling experiments suggest that a positive feedback between the 100 

CV motoneuron and the pattern generator circuit modulates the duration of the 101 

elongation phase. 102 

MATERIALS AND METHODS 103 

Biological preparation  104 

Leeches (Hirudo sp) weighing 2–5 g, were obtained from commercial suppliers 105 

(Leeches USA, Westbury, NY and Niagara Leeches, Cheyenne, WY) and maintained at 106 

15°C in artificial pond water. These animals are hermaphrodites. The leech nervous 107 

system is composed of a chain of 21 midbody ganglia in between head and tail brains. 108 

Each midbody ganglion contains all the sensory and motor neurons that innervate the 109 

corresponding segment (Muller et al., 1981).  110 

Studies were performed in isolated single ganglia. The tissue was bathed in 111 

normal saline (in mM: 115 NaCl, 4 KCl, 1.8 CaCl2, 1 MgSO4, 10 Hepes, 10 glucose; 112 

pH 7.4), at room temperature (20-25ºC) and pinned to Sylgard (Dow Corning) in a 113 
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recording chamber. The sheath covering the ganglion was dissected away, leaving the 114 

neuronal cell bodies exposed to the external solution.  115 

Electrophysiological recordings 116 

Intracellular somatic recordings were made with microelectrodes pulled from 117 

borosilicate capillary tubing (FHC, Brunswick, ME), filled with 3 M potassium acetate 118 

(resistance 20–40 MΩ). The electrodes were connected to an Axoclamp 2B amplifier 119 

(Axon Instruments; Union City, CA) operating in bridge mode or, when stated, in 120 

discontinuous current clamp (DCC) mode. Extracellular activity was recorded from 121 

dorsal posterior nerves using suction electrodes connected to a differential a.c. amplifier 122 

(Neuroprobe 1700, AM-Systems, Inc; Carlsborg, WA). The intra and extracellular 123 

recordings were digitized using an analog digital converter (Digidata 1440, Axon 124 

Instruments) and acquired using a commercial program (Clampex 9.2, Axon 125 

Instruments) at a sampling rate of 5 kHz. The studied neurons are readily recognized by 126 

their soma location, electrophysiological properties and synaptic connectivity.  127 

To evoke crawling the ganglion was continuously superfused with 75 μM 128 

dopamine (Puhl and Mesce, 2008). The dopamine solution was prepared fresh at the 129 

beginning of each experimental day and only one crawling episode was evoked per 130 

ganglion. 131 

Histological procedures 132 

Identified neurons were impaled with an intracellular electrode whose tip was filled 133 

with Rhodamine or Texas Red conjugated dextran (MW 3 kDa, Invitrogen] or 134 

Neurobiotin (Vector Laboratories, Burlingame, CA). The markers were loaded into the 135 

cells by iontophoresis using microelectrodes loaded with a 5% solution of the dye; 136 

positive 2-4 nA pulses (500 ms, 1Hz) were injected for 10-20 min, and let diffuse for at 137 

least an hour. Ganglia were fixed with 4% paraformaldehyde. To reveal the presence of 138 
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Neurobiotin the fixed ganglia were incubated with 50 μg/ml Alexa Fluor 488 139 

streptavidin D (Vector Laboratories) in 1% Triton X-100 phosphate buffer for 2 h at 140 

room temperature; and then washed in phosphate saline, dehydrated, cleared in methyl 141 

salicylate and mounted in DePex (E.M.S., PA). The fluorescent images were examined 142 

using a 488-nm Argon or a 543-nm HeNe laser line of an Olympus FLUOVIEW FV300 143 

confocal system with a 20x objective.  144 

 145 

Data analysis 146 

Data analysis was performed using commercial software (Clampfit 9, Axon Instruments 147 

and Axograph 1.5.4). To generate the voltage-current curves shown in Figure 3 we 148 

measured the membrane potential (Vm) as the mean Vm during the last 200 ms of the 149 

pulse. Spikes were detected using amplitude threshold after applying a high-pass filter 150 

to the recordings, mean frequency was calculated as number of spikes in a time interval 151 

over the interval duration, and instantaneous firing frequency was calculated as the 152 

reciprocal of the time between two successive spikes. 153 

 Crawling was characterized by the cycle period, measured as the time elapsed 154 

between the first DE-3 spikes in two successive bursts; duration of bursts, measured as 155 

the time between the first and last spike in a burst; and the firing frequency, calculated 156 

as the number of spikes in a burst divided by the burst duration. Duty cycle is calculated 157 

as the ratio between the duration of a burst over the corresponding cycle period. 158 

Unless otherwise stated, data is presented as mean ± standard error of the mean. 159 

Curve fitting was achieved using commercial software (Kaleidagraph 3.0.2, Abelbeck 160 

Software).  161 

 162 



    

 

9 

9 

Biophysical (conductance-based) network model  163 

The biophysical (conductance-based) network model we used consists of four cells: C 164 

(contraction), E (elongation), DE-3 and CV. Cells C and E were modeled using the 165 

Morris-Lecar equations (Morris and Lecar, 1981; Rinzel and Ermentrout, 1998), while 166 

cells DE-3 and CV were modeled using the passive membrane equation (no active ionic 167 

currents). Cells C and E are connected through recurrent GABAA-like inhibition and 168 

project to DE-3 and CV, respectively, through AMPA-like excitation. When the 169 

feedback connection from CV to E is included an AMPA-like excitation simulates the 170 

connection between these two units.   171 

  The current-balance equation for the Morris-Lecar model we used for cells C 172 

and E has the following form: 173 

 

where v is the membrane potential (mV), t is time (ms), C is the membrane capacitance, 174 

Iapp is the applied bias (DC) current, GL(v-EL) is the leak current, GCa m∞ (v)(v - ECa) is a 175 

Ca2+ current with a fast-activation variable m∞(v) slaved to voltage, and GKw (v – EK) is 176 

a non-inactivating K+ current with activation gating variable w. GL, GCa, and GK are 177 

maximal conductances, and the parameters EL, ECa, and EK  are the reversal potentials of 178 

these currents. The gating variable w obeys the following differential equation 179 

 

where w∞(v) and τw(v) are the voltage-dependent activation curve and time constant, 180 

respectively. The parameter  determines the rate of change of variable w relative to the 181 

voltage. The functions m∞(v), w∞(v) and w(v) are given by 182 

 183 
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We used the following parameter values: C=20 F/cm2, Iapp=0.80 A/cm2, GL= 0.020 184 

mS/cm2, GCa = 0.044 mS/cm2, GK = 0.060 mS/cm2, EL= -60 mV, ECa= 120 mV, EK= -84 185 

mV, V1=-1.2 mV, V2= 25 mV, V3= 2 mV, V4= 30 mV, V5= 2 mV and V6= 30 mV. 186 

 The motoneurons C and E were modeled using current-balance equation similar 187 

to that for the Morris-Lecar model, but excluding the Ca++ and K+ currents. We used the 188 

following parameter values: C=20 F/cm2, Iapp=0 A/cm2, GL= 0.010 mS/cm2 and 189 

EL= -60 mV.  190 

 The excitatory (AMPA-like) and inhibitory (GABAA-like) synaptic currents we 191 

used are described by  192 

 

where ( for AMPA and for GABAA) is the maximal synaptic 193 

conductance from a presynaptic neuron X to a postsynaptic neuron Y (in mS/cm2, 194 

Gin,12=0.01, Gin,21=0.01, Gex,23=0.02 and Gex,14=0.02, Gex,32=2.6 where cell 1 is C, cell 2 195 

is E, cell 3 is CV and cell 4 is DE-3),  is the pre-synaptic function (depending on 196 

the voltage of the presynaptic neuron among other factors) describing the fraction of 197 

open synaptic channels and  is the synaptic reversal potential (  mV for 198 

AMPA and  mV for GABAA). For each connection from a presynaptic 199 

neuron X to a post-synaptic neuron Y in the network we added a term of the form  200 

to the current balance equation for the neuron Y. The dynamics of Spre  (dependent on 201 

the dynamic of X) obeys a kinetic equation of the form  202 
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where  203 

 

and τrise and τdecay are the rise and decay times, respectively, of excitation and inhibition. 204 

For AMPA-like excitation we used τrise = 1 ms and τdecay = 5 ms. For GABAA-like 205 

inhibition we used τrise = 0.2 ms and τdecay = 10 ms.  206 

RESULTS 207 

CV activity during crawling 208 

CV motoneurons activate ventral circular muscle fibers that participate in the elongation 209 

phase of crawling, while DE-3 motoneurons activate longitudinal fibers and participate 210 

in the contraction phase (Stuart, 1970; Eisenhart et al., 2000). We have investigated the 211 

role of CV motoneurons in dopamine-induced crawling, as we monitored the 212 

performance of the motor pattern through the activity of DE-3 motoneurons. The work 213 

was performed in isolated midbody ganglia, as this is the minimal anatomical unit of the 214 

leech nervous system that expresses all the circuit elements necessary to generate this 215 

motor pattern (Puhl and Mesce, 2008; Perez-Etchegoyen et al., 2011). 216 

Simultaneous intracellular recordings of CV and extracellular recordings of DE-3 217 

(the largest unit in DP nerves) motoneurons show that these two cells are active in 218 

antiphase (Fig. 2A). A plot describing the duration of the bursts of activity of each 219 

motoneuron as a function of the cycle period indicates that there is a linear correlation 220 

between the two variables (Fig. 2B). The CV bursts were more prolonged (Fig. 2C) and 221 

exhibited a steeper duration vs. period slope than those of DE-3 (Fig. 2B).  222 
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Figure 2D describes the average phase relationship of the two motoneurons within 223 

a cycle period, showing that the CV phase dominates the cycle. 224 

 225 

Physiological properties of CV motoneurons 226 

To evaluate the role played by CV in the motor pattern we first investigated the intrinsic 227 

properties of this cell. The somata of this bilateral pair of motoneurons are located on 228 

the ventral face of each midbody ganglion, in the anterior medial packet. Figure 3A 229 

illustrates that as most motoneurons in the leech, CV is monopolar and extends its 230 

major branch to the contralateral hemiganglion, giving rise to neuritic arborizations in 231 

the ipsi- and contralateral neuropil. The axon exits the ganglion towards the periphery 232 

through the contralateral anterior root. 233 

 To examine the electrophysiological properties of CV we injected a series of 234 

current pulses (from -0.5 to 0.5 nA, at 0.1 nA steps) and recorded the resulting changes 235 

in membrane potential (Fig. 3B). The protocol shifted CV membrane potential between 236 

-60 to -30 mV and, in this range, the voltage-current relationship of the motoneurons fit 237 

a line (Fig. 3C) whose slope indicates a stable input resistance of approximately 30 MΩ. 238 

CV firing threshold was approximately -40 mV, and its firing frequency fit an 239 

exponential function of CV membrane potential (Fig. 3D). When stimulated with a 13-s 240 

pulse CV fired at a nearly steady rate for the entire depolarization period (Fig. 3E-F).  241 

 Together with previous work (Perez-Etchegoyen et al., 2011) the results suggest 242 

that the membrane potential envelope (ignoring the spikes) displayed by the 243 

motoneurons during crawling is ruled by their passive properties. 244 

 Several motoneurons in the leech are electrically coupled to their contralateral 245 

homolog (Ort et al., 1974; Fan et al., 2005). We tested electrical coupling between the 246 

pair of CV neurons by injecting current in one cell and measuring the resulting Vm 247 
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change in both CVs. Figure 4A illustrates that current pulses that produced large 248 

membrane potential changes in the injected cell did not cause detectable changes in the 249 

membrane potential and firing frequency in the contralateral cell. These results indicate 250 

that the bilateral pair of CVs is not electrically coupled. 251 

 252 

CV neurons are dye-coupled to several neurons in the ganglion 253 

The cell tracer Neurobiotin diffuses between electrically coupled neurons in the leech 254 

(Fan et al., 2005). Figure 4Bi shows that injection of Neurobiotin in one CV neuron 255 

stained another 9 neurons in the ganglion. These 9 cells are distributed in the ventral 256 

and dorsal surfaces of the ganglion and were found consistently in specific locations, as 257 

depicted in Figure 4Bii: on the ventral surface we found (in 7 out of 9 ganglia) two 258 

bilateral pairs of cells in the anterior lateral packets (cells a & b); at the dorsal face we 259 

found (7/9) one bilateral pair of cells located in the anterior packets (cell c) and (8/9) 260 

three cells in the posterior ipsilateral packet (cells d, e & f).  261 

Location and general morphological features are indicative of cellular identity in 262 

leech ganglia. As stated earlier, and shown for CV (Fig. 3A), motoneurons 263 

characteristically project their main branch to the periphery through contralateral roots 264 

and do not extend neurites through the connectives (Stuart, 1970; Poon et al., 1978; Fan 265 

et al., 2005). On these grounds, the neurons stained at the dorsal posterior packet (Fig. 266 

4B, cells d, e & f) are likely to be motoneurons. We hypothesized that these cells are 267 

inhibitors of longitudinal muscles, cells ventral inhibitor 2 (VI-2) and dorsal inhibitor 1 268 

(DI-1) (Fan et al., 2005). A direct test of electrical coupling is very hard to achieve as 269 

the somata of CV and these inhibitory motoneurons are on the ventral and dorsal 270 

surfaces of the ganglion, respectively. We thus proceeded to identify DI-1 and VI-2 271 

with the ganglion dorsal side up, and labeled them with Rhodamine-conjugated dextran, 272 
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and then turned the ganglion ventral side up and injected CV with Neurobiotin to 273 

proceed with the dye-coupling experiment as described in Figure 4B. The results clearly 274 

indicated that CV is not coupled to DI-1 (Fig. 5A)  or VI-2 (Fig. 5B) as neither cells d, e 275 

or f coincided with the Rhodamine-labeled motoneuron. The identity of cells d, e or f 276 

remain to be determined. 277 

The observation of neurites extending through the anterior and posterior 278 

connectives suggests that, in addition, the CV motoneurons are coupled to neurons that 279 

are not motoneurons. Possible candidates are the NS neurons (Wadepuhl, 1989; Rela 280 

and Szczupak, 2007), a pair of nonspiking premotor neurons whose somata are located 281 

in the position of cells a or b (Fig. 4Bii) and are electrically coupled to CV. Staining NS 282 

with Rhodamine-conjugated dextran confirmed that cell a or b in Figure Bii is indeed 283 

the NS neuron (Fig. 5C). 284 

Taken together the results indicate that CV motoneurons are electrically coupled 285 

to at least nine neurons, among which two are the pair of premotor NS neurons. No 286 

soma was stained in the location where the contralateral CV neuron is expected, 287 

reinforcing the notion that the pair of CV motoneurons are not electrically coupled. 288 

 289 

CV resets the crawling motor pattern 290 

To evaluate whether, in addition to controlling the circular muscle fibers, CV plays a 291 

role in the circuit that controls crawling, its membrane potential was manipulated in the 292 

course of crawling episodes. Brief (compared to the cycle period) excitatory pulses 293 

were injected in CV neurons at different phases of the crawling cycle (phase angle) and 294 

their effect on crawling was evaluated by analyzing the rhythmic activity of DE-3. The 295 

rationale that guided this set of experiments was that if CV was a mere output element, 296 

manipulation of its membrane potential should not affect the rhythmic activity of DE-3; 297 
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if CV was connected (directly or indirectly) to DE-3, the rhythmic activity of the latter 298 

should be temporarily altered, but beyond this perturbation lapse the rhythm should 299 

resume according to the ongoing input from the unaffected pattern generator; if, instead, 300 

CV was connected to the pattern generator, manipulation of its membrane potential 301 

should reset the rhythmic activity observed in DE-3 (Friesen et al., 1976).  302 

Pulses that prolonged the firing activity of CV, before a DE-3 burst was 303 

initiated, caused an increase in the period or phase delay (Fig. 6A). The same stimulus 304 

applied during the DE-3 burst interrupted it, leading to a new burst at the end of the 305 

pulse (Fig. 6B) and, provided that the pulse duration was shorter than the period, it 306 

caused a shortening of the cycle or phase advance. Figure 6C summarizes the results 307 

obtained in experiments where we used pulses that lasted 2, 3.5 and 6 s, in episodes 308 

whose average period was approximately 6 s. The graph shows that the period change 309 

produced by short excitatory pulses in CV was a linear function of the phase angle at 310 

which the pulse was applied. The degree to which the phase was advanced or delayed 311 

depended on the duration of the pulse. As expected, pulses whose duration was similar 312 

to the cycle period caused only phase delays. 313 

While our results indicate that a direct electrical interaction between CV and the 314 

inhibitors of longitudinal muscles is unlikely (see analysis of the results shown in Fig. 315 

4B), a chemically-mediated inhibitory pathway between CV and DE-3 is still possible. 316 

This inhibitory interaction could explain that excitation of CV stops DE-3 firing, but it 317 

could not explain the observed phase shift. Without a connection to the pattern 318 

generator no phase shift would be expected, but a transient interruption of DE-3 firing, 319 

after which the ongoing rhythm should have been revealed. A putative direct electrical 320 

or chemical excitatory connection between CV and DE-3 could not account for the 321 

results, as what we observed is that excitation of CV prevents the activity of DE-3. 322 
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Thus in our view the results strongly suggest the existence of a retrograde link 323 

from CV motoneurons to the neurons that form the pattern generator circuit.  324 

 325 

CV activity influences the crawling period 326 

CV could be an intrinsic part of the pattern generator or, alternatively, participate as an 327 

extrinsic modulator. To distinguish between these two alternatives we evaluated the 328 

effect of “functionally removing” CV from the circuit by hyperpolarizing it in the 329 

course of a crawling episode. If CV was an intrinsic element of the oscillator, its 330 

hyperpolarization should disrupt the rhythm, while if the feedback had a modulatory 331 

function, the rhythm should persist but run with, for example, a different period. 332 

Negative 4-nA pulses were injected in one CV neuron spanning several cycles of 333 

dopamine-induced crawling episodes (Fig. 7A). Hyperpolarizing a CV neuron produced 334 

a small but reliable reduction of the cycle period (Fig 7Bi), but a more revealing 335 

description of the effect of CV hyperpolarization was obtained by plotting the relative 336 

cycle period (the ratio between the period during the pulse over that previous to the 337 

pulse) as a function of the period preceding the current injection (Fig. 7Bii). This graph 338 

shows that the degree of the pulse effect exhibited a negative correlation with the cycle 339 

period. In other words, the longer the period the larger the relative acceleration evoked 340 

by CV hyperpolarization. 341 

Given the period change we analyzed the effect of CV hyperpolarization on the 342 

duty cycle of DE-3 rather than examining the burst duration per se. This variable was 343 

not affected by the change in CV membrane potential (Fig. 7C; p = 0.21, Wilcoxon 344 

Rank Sign Test for paired data) while the firing frequency of DE-3 was decreased by 345 

approximately 15% when CV was hyperpolarized (Fig. 7D). 346 
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Because the two CV motoneurons appear as electrically independent of one 347 

another (Fig. 4A) it was possible that inhibition of one CV was not enough to disrupt 348 

the rhythmic pattern because the contralateral homologue was sufficient to maintain it. 349 

To analyze this possibility we compared the effect of injecting negative 4-nA in one CV 350 

neuron (individual) vs. injection in both CVs simultaneously (dual) on the cycle period. 351 

On average, the relative period (period during the pulse(s) over period before the 352 

pulse(s)) in individual and dual tests (0.84 ± 0.06 and 0.74 ± 0.1, respectively; n=14) 353 

were not significantly different (p = 0.17, Wilcoxon test for paired data). 354 

Since inhibition of CV motoneurons did not disrupt the rhythmic output we 355 

conclude that CV is not an intrinsic component of the oscillatory network, but linked to 356 

it by a feedback connection. Because inhibition of CV shortened the period in 357 

proportion to its control value we interpret that CV exerts a positive feedback on the 358 

unit(s) of the pattern generator that controls the elongation phase. According to this 359 

interpretation the larger the weight of this feedback the longer the elongation phase and 360 

the bigger the effect of CV “removal” from the circuit. 361 

It is worth noting that, because each CV was coupled to another nine neurons in 362 

the ganglion, the effect could be mediated through any of these electrically-coupled 363 

neurons. Among them the NS cells are unlikely to be involved because the motoneuron-364 

NS junctions rectify and are not conducting when the motoneuron membrane potential 365 

is more negative than that of NS (Rela and Szczupak, 2007). 366 

 367 

Each CV neuron exerts symmetrical effects 368 

During crawling the animal displays bilaterally symmetrical movements and this right-369 

left symmetry is also observed at the level of the isolated ganglion: when both DP 370 

nerves are recorded the DE-3 bursts occurred simultaneously (Fig. 8). We thus 371 
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examined the effect of manipulating the membrane potential of one CV on the activity 372 

of both DP nerves in the course of dopamine-induced crawling. Figure 8A illustrates 373 

that the phase shift caused by short excitatory pulses affects simultaneously both DP 374 

nerves while Figure 8B illustrates that hyperpolarization of CV did not disrupted the 375 

symmetrical activity. These experiments suggest that the pattern generator to which CV 376 

sends feedback signals has symmetrical motor output. 377 

DISCUSSION 378 

CV motoneurons send feedback signals to the pattern generator 379 

The CV motoneurons innervate the ventral circular muscles that provide to the 380 

elongation phase of crawling. In dopamine-induced crawling the activity of these 381 

motoneurons spanned a preponderant part of the cycle, covering approximately 60% of 382 

the period; while the activity of DE-3, which provides to the contraction phase, was 383 

limited to approximately 30% of the period (Fig. 2). This picture, obtained in the 384 

isolated ganglion, matches that obtained in behavioral studies (Stern-Tomlinson et al., 385 

1986; Cacciatore et al., 2000). Taken together these findings indicate that the phase 386 

relationship is, to a large extent, controlled by the pattern generator located in each 387 

individual ganglion of the central nervous system. 388 

In addition to their action on circular muscles, the experiments described here 389 

revealed that CV motoneurons were connected to the network that controls the rhythmic 390 

pattern: experimental excitation of CV neurons during crawling reset the rhythmic 391 

motor pattern (Fig. 6), and inhibition of the motoneuron caused a period-dependent 392 

acceleration (Fig. 7). These data were interpreted according to the model depicted in 393 

Figure 9: at the level of the individual ganglia, crawling is controlled by a “core” 394 

pattern generator (cPG; presumably one in each ganglion) formed by contraction (C) 395 
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and elongation (E) units, that regulate the activity of the motoneurons that activate 396 

longitudinal (DE-3) and ventral circular (CV) muscles, respectively. In the absence of 397 

additional information, and in agreement with previous assessments (Baader and 398 

Kristan, 1995; Cacciatore et al., 2000; Esch et al., 2002), the cPG was conceived as a 399 

single half center oscillator that controls the alternation between elongation and 400 

contraction.  401 

Based on the reset experiments (Fig. 6), where excitation of the motoneuron 402 

caused changes in the cycle compatible with excitation of E, the model proposes that 403 

CV is connected to E via an excitatory connection. Perturbation of one CV neuron 404 

produced symmetrical left-right effects and therefore we assumed that the cPG exerts a 405 

symmetrical left-right control.  406 

The dye coupling experiments offered a first view on the connectivity of CV 407 

motoneurons. The connectivity obtained is restricted to electrical synapses, and because 408 

these connections could rectify the picture obtained may be limited to the transmission 409 

of excitatory signals from CV to the coupled neurons.  Future work should establish the 410 

role that these coupled neurons play in crawling. 411 

  412 

Putative functional role of CV feedback connection  413 

The present report is a clear demonstration that motoneurons do not only serve as output 414 

units but are integral elements of the networks that control rhythmic behavior due to 415 

feedback connections with the circuit that controls the motor pattern. While 416 

proprioceptive feedback from the muscles that motoneurons innervate play well-417 

documented physiological roles (Hultborn, 2006), feedback from the motoneurons 418 

themselves adds a level of control whose role is presently under active investigation 419 
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(Nishimaru et al., 2006; Szczupak, 2014; Moore et al., 2015; Song et al., 2016; 420 

Matsunaga et al., 2017).  421 

 We hypothesize that in the leech crawling network the positive feedback from 422 

CV motoneuron to the cPG regulates the elongation-contraction balance. In other 423 

words, this connectivity could be partly responsible for the dominance of the elongation 424 

phase.  425 

To test this specific hypothesis we built a simple computational model, based on 426 

the connectivity pattern suggested in Figure 9. The aim of the model was testing the role 427 

of the positive feedback from one output unit to the oscillator in an, otherwise, balanced 428 

network (no phase dominance). The cPG was represented by two identical units (E and 429 

C) using the Morris-Lecar model (see Materials and Methods). The two units were 430 

linked by mutually inhibitory connections of equal strength. The motoneurons CV and 431 

DE-3 were modeled as two identical passive units (i.e., they did not exhibit any voltage-432 

dependent conductance), that receive identical synaptic excitation from E and C, 433 

respectively. To test the role of the positive feedback the circuit was tested in the 434 

absence and presence of an excitatory projection from CV to E. We emphasize that this 435 

model does not intend to describe quantitative details of the crawling circuit but to 436 

examine the posed hypothesis. The traces represent the membrane potential envelope 437 

displayed by the neurons during the rhythmic activity; action potentials were not 438 

included in the model. 439 

Figure 10A shows that application of identical basal excitatory current (bias 440 

current) to units E and C engaged the network in an oscillatory activity that lead them to 441 

generate out-of-phase waves of potential that, in turn, drove CV and DE-3. In the 442 

absence of a any feedback connection the cycle period was 8.4 s and the duty cycles of 443 

CV and DE-3 were identical (0.45). Figure 10B shows the same circuit, with the 444 
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addition of a positive feedback from the CV to E. This addition increased the period to 445 

9.4 s and the duty cycle of CV to 0.53, while the duty cycle of DE-3 was reduced to 446 

0.41. It is noteworthy that the duty cycle of DE-3 was reduced because the period was 447 

increased, but its half-width remained the same, while that of CV increased. 448 

Physiological experiments tested the influence of CV on the rhythmic activity by 449 

applying hyperpolarizing pulses in CV in the course of crawling episodes (Fig. 7). CV 450 

hyperpolarization accelerated the rhythm, and the extent of this effect depended on the 451 

magnitude of the control period (before the pulse, Fig. 7B). A plausible interpretation of 452 

this result states that the hyperpolarization “removed” CV from the circuit, and this 453 

maneuver influenced the period in proportion to the influence that CV exerted on the 454 

period in any given preparation; or in other words, the acceleration was proportional to 455 

the strength of the feedback connection. 456 

To test this interpretation in the model we varied the maximal synaptic 457 

conductance of the CV-E connection and examined its influence on the circuit output. 458 

Figure 10C shows that as the feedback conductance was increased, the period of 459 

crawling was increased. The duty cycle of CV paralleled the increase in the period, 460 

while the duty cycle of DE-3 decreased, although to a smaller degree than the CV 461 

increase. The latter results contradicts the experimental data that indicated that DE-3 462 

duty cycle was unaffected by CV hyperpolarization (Fig. 7C), indicating that the model 463 

misses a mechanism to control the stability of the contraction phase.   464 

Despite this one discrepancy, the model supports the hypothesis that the 465 

dominance of elongation in crawling could be caused by the connectivity of CV on the 466 

rhythm generator. The proposed mechanism doesn’t rule out other factors to control 467 

phase duration such as differential background excitation of the neurons that form the 468 

pattern generator circuit, differential intrinsic ionic properties of these neurons, negative 469 
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feedback from mechanosensory inputs, or different gains in their connections to the 470 

motoneurons (Yakovenko et al., 2005; Grillner, 2006; Buschges et al., 2008; Spardy et 471 

al., 2011), but uncovers a novel mechanism that enriches the repertoire of functional 472 

roles played by feedback mechanisms in general, and of motoneuron feedback in 473 

particular. 474 

The data presented here establishes a possible clear role for the feedback from 475 

motoneurons to the central nervous system. Studies performed in the leech nervous 476 

system offer the advantage of studying the role of specific neurons with well-delimited 477 

functions, and in the present case it allowed to recognize that the prominence of the 478 

elongation phase of crawling was a function of the feedback between the motoneurons 479 

active during this particular phase and the pattern generator. 480 
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 573 
 FIGURE LEGENDS 574 

Figure 1. Crawling motor pattern. A. The drawing represents a leech performing a 575 

crawling step. Crawling results from the rhythmic succession of elongation and 576 

contraction of the tubular body, anchored on the suckers located at the anterior (ant) and 577 

posterior (post) ends (adapted from Stern-Tomlinson et al. 1986). B. Schematic of 578 

muscle activity. Elongation (top) is caused by the activation of the circular muscles 579 

(represented as ovals), and contraction (bottom) by the activation of the longitudinal 580 

muscles (represented as horizontal thick lines). During elongation the segmental 581 

diameter decreases and the anterior-posterior length is increased; during contraction the 582 

length is reduced and the circumference is increased. 583 

 584 

Figure 2. CV and DE-3 activity during crawling. A. The diagram (top right) shows 585 

the recording configuration: intracellular recording of a CV motoneuron (upper trace) 586 

and extracellular recording of a DE-3 neuron in the DP nerve (lower gray trace) 587 

performed in an isolated ganglion during a dopamine-induced crawling episode. The 588 

membrane potential of the CV is indicated on the left. The graph at the bottom of the 589 

recordings shows the instantaneous firing frequency of CV (black dots) and DE-3 590 

motoneurons (gray dots) in the same temporal scale as the recordings. B. Burst duration 591 
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of CV and DE-3 as a function of the cycle period. The lines show the linear fit; for DE-592 

3, R=0.4, slope=0.15 ± 0.05 and p=0.0063; for CV, R=0.65, slope=0.69 ± 0.12 and 593 

p=0.0000022. C. The box plot summarizes the cycle period, and the duration of DE-3 594 

and CV bursts. The star (*) indicates p < 0.0001 (Wilcoxon test for paired data). D. The 595 

horizontal bars indicate the average (± sem) timing at which the bursts of DE-3 and CV 596 

began and ended, relative to the duration of the period. Two additional phases are 597 

indicated: i) between the end of DE-3 burst and the beginning of CV burst (post 598 

contraction); and ii) between the end of CV burst and the beginning of the next cycle 599 

(post elongation). For B-D n=43 cycles/10 crawling episodes in 8 different animals. 600 

 601 

Figure 3. Properties of CV motoneurons. A. CV anatomy obtained by filling the 602 

neuron with Rhodamine-conjugated dextran. Confocal micrograph from a z-stack of 603 

108 1-μm optical sections. The approximate margins of the midbody ganglion and the 604 

longitudinal midline were marked by dashed lines. Anterior (ant) and posterior (post) 605 

connective nerves are indicated. B. The diagram shows the recording configuration. The 606 

upper traces are intracellular recordings of a CV neuron subjected to square current 607 

pulses (-0.5, -0.3, -0.1, 0.1, 0.3, and 0.5 nA) in DCC configuration (Im, bottom traces). 608 

Note that in somatic recordings the action potentials are attenuated versions of signals 609 

initiated at an electrically distant region. C. Mean Vm of CV as a function of current 610 

pulse amplitude (n = 8 ganglia from 3 animals). The line indicates the linear fit (R = 611 

0.99; p < 0.000001). D. Mean CV firing frequency as a function of CV membrane 612 

potential. The line shows an exponential fit (R = 0.99). E. Response of a CV 613 

motoneuron to a 13-s current pulse (0.5 nA). The inset shows a magnification of the 614 

recording segment enclosed in the line box. F. Instantaneous firing frequency (IFF) in 615 

the recording shown in E as a function of time (t=0 at the beginning of the pulse).  616 
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 617 

Figure 4. Electrical connections of CV motoneurons. A. The top diagram shows the 618 

recording configuration: simultaneous intracellular recordings of both CV motoneurons. 619 

Square current pulses were injected in one CV while the Vm of both neurons was 620 

recorded. The data is shown in two series of three traces each. From top to bottom: 621 

current injected in CV1 (Im1), Vm recordings of CV1 and CV2. Note the difference in 622 

the Vm scale of the two CVs. The top series corresponds to the response to +2 nA and 623 

the bottom series to -2 nA. To the right of each series, the bars show the corresponding 624 

mean (± sem) firing frequency before (pre), during and after (post) the pulse (n = 3 625 

ganglia from 2 animals). Bi. Confocal micrograph of a midbody ganglion where one CV 626 

neuron was loaded with Neurobiotin; the image results from the maximal intensity 627 

projections of 76 1-μm optical sections through the z-axis. The white triangle points at 628 

the CV neuron that was loaded with Neurobiotin; the bar indicates a scale of 100 μm. 629 

The arrows point at the anterior and posterior connectives. ii. The drawings summarize 630 

the approximate location of the neurons coupled to the injected CV. As a reference the 631 

large gray circles denote the position of the large Retzius neurons on the ventral surface 632 

and, anterior to them, the CV neurons. The CV loaded with Neurobiotin is indicated by 633 

a green circle; the contralateral homolog is indicated as a white circle. The black circles 634 

indicate the approximate position of the neurons dye-coupled to the Neurobiotin-loaded 635 

CV on the ventral (top) and dorsal (bottom) surfaces of the ganglia (n=9 ganglia from 5 636 

animals) in the majority of the preparations (see quantitative summary in Results). For 637 

further discussion these soma are identified by letters (a-f) outside the ganglion profile. 638 

 639 

Figure 5. Dye coupling analysis of CV connectivity. A. Confocal micrograph of a 640 

midbody ganglion (anterior up) where both CV neurons were loaded with Neurobiotin 641 
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and a DI-1 neuron was loaded with Rhodamine-conjugated dextran; the image results 642 

from the maximal intensity projections of 94 1-μm optical sections through the z-axis. 643 

Similar results were obtained in two additional experiments. B. Confocal micrograph of 644 

a midbody ganglion (anterior up) where one CV neuron was loaded with Neurobiotin 645 

and a VI-2 neuron was loaded with Rhodamine-conjugated dextran; the image results 646 

from the maximal intensity projections of 69 1-μm optical sections through the z-axis. 647 

Similar results were obtained in two additional experiments. C. Confocal micrograph of 648 

a midbody ganglion (anterior up) where one CV neuron was loaded with Neurobiotin 649 

and an NS neuron was loaded with Rhodamine-conjugated dextran; the image results 650 

from the maximal intensity projections of 85 1-μm optical sections through the z-axis. 651 

Similar results were obtained in three additional experiments. In A-C the white triangles 652 

point at the CV neuron that was loaded with Neurobiotin and the white bar represents a 653 

scale of 100 μm. 654 

 655 

Figure 6. Activation of CV motoneuron resets the crawling motor pattern. A. The 656 

diagram shows the recording configuration: intracellular recording of a CV motoneuron 657 

and extracellular recording of DE-3 in a DP nerve. A current pulse was injected in CV 658 

motoneuron (Im) that prolonged its firing activity during one cycle a crawling episode. 659 

The black triangles underneath the DP recording mark the start of the DE-3 bursts 660 

preceding the intervention. The white triangle marks the approximate timing where the 661 

two next DE-3 bursts were expected if the intervention had no effect on the cycle 662 

period. The gray dot marks the actual beginning of the DE-3 burst following the 663 

intervention, indicating a delay in the motoneuron firing. B. As in A, but the pulse was 664 

injected during the DE-3 burst, interrupting it. DE-3 started firing a burst after the end 665 

of the CV pulse, which happened (gray dot) before the expected period (white triangle), 666 



    

 

30 

30 

revealing a phase advance. C. On top, a schematic representation of the analysis: 667 

previous to the current pulse three periods (p1, p2 and p3) were measured and an 668 

average was calculated (P); the effect of the pulse was expressed as a relative period 669 

calculated as px/P. The graph shows the relative period as a function of the timing of the 670 

injection within the corresponding cycle (phase angle). Different symbols discriminate 671 

for current pulses (2-4 nA) of different duration, and the lines show linear fits (R= 0.95, 672 

0.89 and 0.78 for pulses of 2.0 (n =18 pulses, 6 ganglia, 3 animals), 3.5 (n = 26 pulses, 6 673 

ganglia, 2 animals) and 6.0 s (n = 9 pulses, 4 ganglia, 2 animals), respectively; 674 

p=0.000001, p=0.000001, p=0.01, respectively). The average (± sd) period of the 675 

crawling segments in this series of experiments was 5.3 ± 2 s, 5.3 ± 1.4 s and 6.1 ± 2.4 s 676 

for the experiments subjected to pulses of 2.0, 3.5 and 6.0 s, respectively. 677 

 678 

Figure 7. Inhibition of CV during crawling disrupts the motor pattern. A. The 679 

diagram shows the recording configuration: extracellular recording of a DP nerve 680 

during a crawling episode as a CV neuron (recording not shown) was subjected to a 681 

negative 4-nA pulse indicated by the step in the upper line (Im). Bi. Cycle period 682 

measured before (pre) and during the pulse. The star (*) indicates p = 0.02 (Wilcoxon 683 

Rank Sign Test for paired data, n=14). ii. The graph shows the ratio between the cycle 684 

period during the pulse and the cycle period previous to the pulse (relative period) as a 685 

function of the latter for the protocol shown in A. The line indicates the linear fit 686 

(R=0.77; p=0.00048). C. Duty cycle of DE-3 bursts before (pre) and during the pulse. 687 

D. Firing frequency of DE-3 before (pre) and during the pulse. The star (*) indicates p = 688 

0.00085 (Wilcoxon Rank Sign Test for paired data, n=14). 689 

 690 
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Figure 8. Manipulation of CV membrane potential exerts a symmetrical effect. A. 691 

The diagram shows the recording configuration: extracellular recordings of both DP 692 

nerves and intracellular recording of CV. During a crawling episode the CV neuron 693 

(recording not shown) was subjected to a positive 4-nA pulse indicated by the step in 694 

the upper line (Im). Note the coincident change in activity in both nerves. The black 695 

triangles berneath the DP recording mark the start of the DE-3 bursts preceding the 696 

pulse step. The white triangle marks the approximate timing where the two next DE-3 697 

bursts were expected if the pulse step had no effect on the period of the rhythmic 698 

activity. The gray dot marks the actual beginning of the DE-3 burst following the pulse 699 

step, indicating a delay in the motoneuron firing. Similar results were observed in 700 

additional 4 experiments performed in 2 crawling episodes. B. As in A but a CV neuron 701 

was subjected to a negative 4-nA pulse. Similar results were observed in additional 10 702 

experiments performed in 5 crawling episodes. 703 

 704 

Figure 9. Proposed network interactions between the CV motoneuron and the 705 

crawling pattern generator. Two units (C and E) constitute the pattern generator, 706 

forming a half center oscillator that controls left and right motoneurons. The C unit 707 

excites the bilateral pair of DE-3 motoneurons, and the E unit excites the bilateral pair 708 

of CV motoneurons. According to the results (Figs. 6 and 7)  we propose that CV 709 

motoneurons feed back excitation onto E. It is important to notice that DE-3 is a 710 

representative of another 7 excitors of longitudinal fibers (Ort et al., 1974), and CV is 711 

representative of at least another excitor of circular muscles (Stuart, 1970). 712 

 713 

Figure 10. A computational model tested the feedback effect. A. The diagram on the 714 

left shows the connectivity diagram of the model. Cells E and C were modeled as 715 
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Morris-Lecar units interconnected by mutually inhibitory chemical synapses. The 716 

motoneurons DE-3 and CV were modeled as passive units (do not exhibit voltage-717 

dependent conductances). C is connected to DE-3 and E to CV via excitatory chemical 718 

synapses. On the right, the upper traces present the resulting rhythmic electrical activity 719 

of C and E, and the lower traces the activity that this C-E alternation imposes on the 720 

motoneurons, following the color code of the diagram. The dotted lines indicate the 721 

duty cycle of CV (measured as the half with of the wave) and the number its value. The 722 

vertical scale is 20 mV and the horizontal one 10 s. B. As in A, but including an 723 

excitatory feedback from CV to E via a chemical synapse. A and B are plotted in the 724 

same voltage and time scale (vertical scales are 40 and 20 mV for C and E, respectively; 725 

horizontal scale 10s). C. The diagram indicates that the CV-E conductance (g CV-E) 726 

was varied. The top graph describes the relationship between the cycle period and the 727 

maximal g CV-E conductance (relative to the period at g CV-E=0); the bottom graph 728 

shows the duty cycle of DE-3 (red) and CV (orange) as a function of g CV-E.  729 

 730 
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