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Unique configurations of compression and truncation of neuronal activity 43 

underlie L-DOPA-induced selection of motor patterns in Aplysia 44 

Abstract  45 

A key issue in neuroscience is understanding the ways in which neuromodulators such 46 

as dopamine modify neuronal activity to mediate selection of distinct motor patterns.  47 

We addressed this issue by applying either low or high concentrations of L-DOPA (40 or 48 

250 M) and then monitoring activity of up to 130 neurons simultaneously in the feeding 49 

circuitry of Aplysia using a voltage-sensitive dye (RH-155).  L-DOPA selected one of 50 

two distinct buccal motor patterns (BMPs): intermediate (low L-DOPA) or bite patterns 51 

(high L-DOPA).  The selection of intermediate BMPs was associated with shortening of 52 

the second phase of the BMP (retraction), whereas the selection of bite BMPs was 53 

associated with shortening of both phases of the BMP (protraction and retraction).  54 

Selection of intermediate BMPs was also associated with truncation of individual neuron 55 

spike activity (decreased burst duration but no change in spike frequency or burst 56 

latency) in neurons active during retraction.  In contrast, selection of bite BMPs was 57 

associated with compression of spike activity (decreased burst latency and duration, 58 

and increased spike frequency) in neurons projecting through specific nerves, as well as 59 

increased spike frequency of protraction neurons.  Finally, the large-scale VSD 60 

recordings delineated the spatial distribution of neurons active during BMPs and the 61 

modification of that distribution by the two concentrations of L-DOPA.   62 
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Significance Statement 63 

A key issue in neuroscience is understanding the ways in which neuromodulators such 64 

as dopamine (DA) modify neuronal activity to mediate selection of distinct motor 65 

patterns.  We examined DA modulation of the Aplysia feeding motor network using L-66 

DOPA to activate DA pathways and a voltage-sensitive dye to record activity in up to 67 

130 neurons per preparation.  L-DOPA biased selection towards distinct motor patterns 68 

and differentially modified neuronal activity in a concentration-dependent manner.  DA 69 

modulation of the Aplysia feeding central pattern generating network may help to 70 

understand DA modulation of more complex networks in the vertebrate CNS.  71 

Introduction 72 

Dopamine (DA) is considered to be a ubiquitous modulator of neuronal networks (e.g., 73 

Schultz et al., 2013; Wise, 2004).  A great deal is known about the cellular and 74 

molecular mechanisms of DA modulation (for a review, see Beaulieu and Gainetdinov, 75 

2011), and about DA modulation of the activity of small central pattern generating 76 

(CPG) networks such as the 13-neuron lobster pyloric network (Harris-Warrick et al., 77 

1998).  However, little is known about DA modulation of individual neuronal activity of 78 

larger networks with the ability to select among many complex motor pattern outputs 79 

(Frigon, 2012; Schultz et al., 2013; Sharples et al., 2014; Wise, 2004).  Investigating 80 

such modulation requires monitoring activity in large numbers of individual neurons with 81 

high spatiotemporal resolution.   82 

To examine the effects of DA modulation of a relatively complex network, we 83 

simultaneously monitored the activity of up to 130 neurons in the feeding circuit of 84 
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Aplysia using voltage-sensitive dye (VSD) imaging combined with extracellular nerve 85 

recordings.  The combination of VSD and nerve recordings allowed us to record activity 86 

in individual neurons, track axonal projections, and monitor fictive motor output, 87 

enabling us to bridge the gap between individual neurons and the output of a relatively 88 

complex neuronal network.  The feeding circuit, which resides primarily in the buccal 89 

ganglia, mediates several distinct behaviors, such as biting and swallowing of food and 90 

rejection of inedible objects, and generates fictive versions of these behaviors when the 91 

ganglia are isolated from the animal (for reviews, see Baxter and Byrne, 2006; Cropper 92 

et al., 2004; Elliot and Susswein, 2002; Nargeot and Simmers, 2012; Wu et al., 1988).  93 

Dopaminergic neurons within the buccal ganglia facilitate the genesis of buccal motor 94 

patters (BMPs) and bias the selection towards distinct BMP types (Dacks and Weiss, 95 

2013; Dίaz-Rίos and Miller, 2002, 2005, 2006; Due et al., 2004; Jing and Weiss, 2001; 96 

Kabotyanski et al., 1998; Nargeot et al., 1999c; Proekt et al., 2004; Rosen et al., 1991; 97 

Teyke et al., 1993).  Although DA-induced changes of a small number of neurons have 98 

been characterized (Kabotyanski et al., 2000), there is no characterization of the circuit-99 

wide changes induced by DA.  To study the changes induced by DA in isolated buccal 100 

ganglia, we bath applied either low or high concentrations (40 or 250 μM) of the DA 101 

metabolic precursor L-3,4-dihydroxyphenylalanine (L-DOPA), which enhances the 102 

release of endogenous DA with physiologically relevant localization and timing (Abe et 103 

al., 2015; Kabotyanski et al., 2000; Pothos et al., 1996).  We found that treatment with a 104 

low concentration of L-DOPA biased motor activity toward intermediate BMPs, whereas 105 

treatment with a high concentration of L-DOPA biased motor activity towards bite BMPs.  106 

We used this concentration-dependent selection of BMPs and VSD imaging to 107 
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characterize the ways in which different levels of DA modulate neuronal activity to select 108 

motor patterns.  109 

Methods 110 

Optical and electrophysiological recording 111 

Aplysia californica (20 – 45 g) were obtained from the University of Miami National 112 

Resource for Aplysia.  Aplysia are hermaphroditic.  Animals were housed in plastic 113 

containers inside aerated tanks containing artificial sea water (ASW) (Instant Ocean; 114 

Aquarium Systems, Mentor, OH) maintained at 15°C.  Animals were fed a ~ 5x3 cm (~ 115 

0.08 g) piece of seaweed three times per week.  Animals were anesthetized by isotonic 116 

MgCl2 (360 mM) with a volume in milliliters equal to half the animal’s body weight in 117 

grams.  The buccal mass was removed and placed in a Sylgard®-lined dissection 118 

chamber containing ASW with a high (2.3x) concentration of divalent ions (330 mM 119 

NaCl, 10 mM KCl, 90 mM MgCl2(6H2O), 20 mM MgSO4, 30 mM CaCl2(2H2O), 10 mM 120 

HEPES, pH 7.5), which suppressed all visible movement of the buccal mass.  The 121 

buccal ganglia and long segments of the peripheral nerves were isolated from the 122 

buccal mass and pinned down (caudal side facing upwards) in a Sylgard®-lined imaging 123 

chamber with seven custom made suction electrodes fastened radially.  The imaging 124 

chamber was filled with normal ASW (450 mM NaCl, 10 mM KCl, 30 mM MgCl2(6H2O), 125 

20 mM MgSO4, 10 mM CaCl2(2H2O), 10 mM HEPES, pH 7.5) maintained at room 126 

temperature (~23°C) throughout the experiment with no perfusion of the saline to avoid 127 

bath agitation.  An Olympus® BX50WI upright microscope was equipped with a 20x 128 

0.95 NA XLUMPLFLN water immersion objective (Olympus®).  The preparation was 129 

stained for 7 min in ASW containing a high concentration of RH-155 (0.25 mg/ml, 130 
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AnaSpecTM), then the bath was exchanged with a lower concentration of RH-155 (0.025 131 

mg/ml) and remained in this solution for the entire experiment (Hill et al., 2012).  132 

Preliminary experiments indicated that 0.25 mg/ml RH-155 yielded a greater signal-to-133 

noise ratio compared to 0.1 and 0.05 mg/ml and showed no signs of toxicity.  A lamp 134 

house was fitted with a 150 W halogen lamp and powered by a Kepco power supply.  135 

The light was passed through a 710/40 bandpass filter (BrightLine®) and a 0.8 NA 136 

Olympus condenser.  The light was then transmitted through the preparation and 137 

directed at a 128x128 CMOS camera (NeuroCMOS-DW128, RedShirtImagingTM) 138 

sampling at 2.5 kHz with a 12 Me- well depth.  Motor pattern generation was enhanced 139 

by a 15 s phasic stimulus (0.5 ms, 10 Hz, 100 V) (WPI stimulus isolator 1850A) to 140 

buccal nerve 2 immediately prior to recording nerve and VSD signals for 2 min.  The 141 

buccal ganglia are a symmetric pair connected by a commissure; thus, each preparation 142 

contained a pair of ganglia, one of which was selected for optical recording.  For 143 

pharmacological treatment, each preparation received a 100 μL bolus of saline with 144 

either ascorbic acid (Veh) alone or L-DOPA (TocrisTM) and ascorbic acid, in close 145 

proximity to the ganglia, making a final L-DOPA bath concentration of 40 M (Low) or 146 

250 M (High).  Treatment was administered 15 min prior to the posttest recording and 147 

immediately after bath exchange of the lower concentration of RH-155.  The treatment 148 

remained in the bath until the end of the experiment and each preparation received only 149 

a single treatment.  The experiment was designed such that the experimenter was blind 150 

to the treatment, practically however this was difficult to achieve because of the 151 

dramatic changes in activity induced by L-DOPA. 152 
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Classification of BMPs 153 

BMPs were monitored by extracellular suction electrode recordings of ipsi- and 154 

contralateral buccal nerves 1, 2, and 3 (n1, n2, and n3) and closure activity was 155 

monitored by recording either ipsi- or contralateral radula nerve 1 (Rn) (Fig. 1A).  The 156 

start of protraction phase was considered to be the beginning of activity in n1, and the 157 

start of retraction phase was considered to be the end of activity in n1.  This nerve is 158 

active during protraction (Morton and Chiel, 1993a,b), silent during retraction, and has a 159 

larger diameter than the intrinsic 2 nerve (I2n) that mediates protraction movement.  160 

Although activity in n1 may occasionally precede activity in I2n, n1 serves as a good 161 

correlate for the protraction phase.  The end of retraction phase was considered to be 162 

the end of activity in n2.  For Rn, large-unit activity was defined as spikes with a greater 163 

amplitude than the smallest Rn spike occurring during protraction (Nargeot et al., 1999).  164 

In previous experiments, simultaneous intracellular and nerve recordings indicated that 165 

B8 activity corresponds to this amplitude of spikes in Rn (data not shown).  Similar to 166 

previous studies, the in vitro preparations expressed four distinct BMP types: rejections, 167 

intermediates, bites, and swallows (Baxter and Byrne, 2006; Cropper et al., 2004; Elliot 168 

and Susswein, 2002; Kabotyanski et al., 2000; Nargeot and Simmers, 2012; Wu et al., 169 

1988).  Each of these motor patterns have been observed during in vivo studies of 170 

feeding behaviors (Morton and Chiel, 1993a,b). Consistent with these findings, a 171 

histogram of the distribution of BMPs with the overlap of Rn activity with the retraction 172 

phase along the x-axis has four reasonably distinguishable peaks (Fig. 1A).  We 173 

categorized BMPs by setting boundaries at each trough of the histogram.  BMPs with 174 

less than 10% of closure activity overlap with retraction were classified as rejections, 175 
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between 10% and 50% overlap were intermediates, between 50% and 90% were bites, 176 

and 90% or more overlap were classified as swallows. 177 

Analysis of VSD imaging data 178 

Regions of interest (ROI) were drawn manually by a blind observer around each cell 179 

with Fiji (Schindelin et al., 2012) using the image frame that had the smallest mean-180 

squared distance from the average of all frames in the recording.  VSD signals were 181 

acquired by averaging the pixels in the ROI.  The ROI was shifted to correct for 182 

movements of each cell that occurred during the recording.  All MATLAB codes can be 183 

found at www.uth.tmc.edu/byrne-lab.  The raw VSD signals were bandpass filtered in 184 

MATLAB (Butterworth, Fpass1 = 15 Hz, Fstop1 = 0.1 Hz, Fpass2 = 140 Hz, Fstop2 = 1 185 

kHz, Apass = 0.1, Astop1 = 60, Astop2 = 60).  186 

VSD spike detection. Action potentials were detected in the VSD recording data using a 187 

variation of the slope threshold method.  An action potential was detected if the trace 188 

had a downward 4 ms deflection (depolarization) with an amplitude greater than 2.5 189 

times the standard deviation followed 4.8 ms later by an upward deflection (measured 190 

from the downward peak) with an amplitude greater than 3.0 times the standard 191 

deviation.  These time points were chosen because this approximated the shape of a 192 

typical action potential in Aplysia.  This method would miss atypical action potentials 193 

generated by plateau generating neurons such as B51 (Plummer and Kirk, 1990).  A 194 

minimum separation between spikes was set to 5.2 ms to prevent counting a single 195 

spike more than once.  We chose this method of spike detection because it is not 196 

computationally intensive and is resistant to changes in baseline.   197 
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Analysis of extracellular nerve activity  198 

The voltage from the extracellular nerve electrodes was amplified by a differential AC 199 

amplifier (A-M Systems 1700) and digitized by the A-D converter of the CMOS camera 200 

system.  The raw extracellular voltage signals were lowpass filtered in MATLAB 201 

(equiripple, Fpass = 200 Hz, Fstop = 1 kHz, Apass = 1, Astop = 60, Stopband Shape = 202 

flat).  The waveforms of action potentials in the nerve had a variety of shapes (Fig. 203 

2E1).  Therefore, we used a similar spike detection method as for VSD imaging, but 204 

with several differences.  Nerves had a high baseline activity (e.g., n2 in Fig. 1B1), thus 205 

the spike detection was run in 5 iterations to remove spikes in order to gain a more 206 

accurate estimation of standard deviation of the noise.  The threshold for the initial 207 

down-stroke was 3.0 and the upstroke was 3.5 times the standard deviation, which was 208 

calculated after the spikes were zeroed out from the previous iteration using a 4 ms 209 

prior to 6.8 ms after time window.  The width of the spike had to fit one of three 210 

empirically determined durations ({1.2/1.2}, {2.0/2.0}, {3.2/2.8}) where the notation is 211 

{[duration of downstroke] / [duration of upstroke]} in units of ms.  In addition, the polarity 212 

of the spikes sometimes alternated between preparations, therefore the data was also 213 

scanned for the inverse waveform (except the {2.0/2.0} criteria whose inverse was not 214 

included because it had a large number of false positives).  The spike times of the final 215 

iteration were used for the identification of axonal projections (see below).  The multiple 216 

criteria were needed to increase the performance of the spike detection algorithm and 217 

allow the detection of spikes with different waveforms.  The performance of the spike 218 

detection of the nerve recordings was confirmed by visual inspection.  The parameters 219 

for VSD and nerve spike detection were optimized and fixed before starting the 220 

subsequent analyses presented in Figs. 3 – 7. 221 
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Identification of axonal projections from neurons to nerves 222 

Spike coincidence between each nerve and each neuron was measured by first 223 

calculating the probability of an action potential in the nerve given an action potential in 224 

the neuron (Fig. 2E3) and then subtracting the mean probability of an action potential in 225 

the nerve 0 – 50 ms prior to the action potential in the neuron, P(nerve | neuron) - 226 

P(nerve).  P(nerve | neuron) was calculated by summing the probability of an action 227 

potential in the nerve within a window around (2 ms prior to 2 ms after) the highest peak 228 

in probability with a positive delay (see peak in Fig. 2E3).  P(nerve) estimates the level 229 

of activity of the nerve around the same time as the spikes in the neuron. To identify an 230 

axonal projection, spike coincidence was required to be at least 0.25. 231 

Spike correlation 232 

The recording for each retraction neuron was binned into 0.5 s segments and the spike 233 

frequency was calculated for each time bin.  The corr function in MATLAB was used to 234 

calculate the Pearson’s linear correlation coefficient between each pair of retraction 235 

neurons in each preparation.  The correlation matrix was then clustered using the 236 

linkage followed by the cluster and dendrogram functions in MATLAB.  The maximum 237 

number of clusters was set to 4.   238 

Burst analysis 239 

A burst was considered to be a series of at least three spikes (Cocatre-Zilgien and 240 

Delcomyn, 1992) with a maximum inter-spike interval of 400 ms (Chiappalone et al., 241 

2005).  To remove neurons with a high baseline firing rate that by chance may meet this 242 

threshold, bursting neurons were required to have a substantial difference in spike 243 

frequency within bursts compared to outside of bursts (as indicated by Fisher’s Exact 244 
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Test) (Cocatre-Zilgien and Delcomyn, 1992).  Fisher’s test was made more conservative 245 

by dividing the spike frequency within bursts by four. 246 

Bursting neurons were grouped into those activated primarily during protraction or 247 

retraction phase.  A cell was considered to be primarily active during either protraction 248 

or retraction when at least 75% of its burst activity overlapped with the respective 249 

phase.  Neurons that shifted phase between recordings were rarely observed.  250 

Therefore, the posttest recordings and a 2 min pretest observation period were 251 

combined to improve the classification.  To confirm the accuracy of our classification, 252 

this procedure was applied to 98 published recordings of identified neurons provided in 253 

the literature (Bédécarrats et al., 2013; Borovikov et al., 2000; Church and Lloyd, 1994; 254 

Jing and Weiss, 2001; Sasaki et al., 2009; Shetreat-Klein and Cropper, 2004; Sieling et 255 

al., 2014).  The activity of each neuron was obtained by using the snapshot tool in 256 

Adobe® Acrobat® X to capture an image of the data and MATLAB to convert the 257 

pixelated images of the published recordings to spike trains.  In 98% of the examples 258 

our classification matched what was specified in the literature, indicating that our 259 

method agrees with the general consensus.   260 

Properties of bursts. Bursts were considered to be associated with a given BMP if for 261 

protraction neurons the burst overlapped with the protraction phase.  For retraction, Rn, 262 

n2, or n3 neurons, the burst was associated with a BMP if the burst overlapped with the 263 

retraction phase, because this was the phase in which these neurons were primarily 264 

active (see Fig. 5).   Burst latency was calculated as the delay between the start of the 265 

first burst of activity in the neuron and the start of the phase for each BMP.  The 266 
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duration was calculated for each BMP by summing the duration for all bursts in the 267 

neuron that overlapped with the phase.   268 

Topographical analysis 269 

Each ganglion was aligned to a universal grid. The orientation of each ganglion was 270 

approximated by calculating the mean slope and offset of the ventral neuron cluster and 271 

the ganglion as a whole relative to the universal grid.  A linear regression was 272 

performed on the coordinates of all the pixels of all the neurons having a large area (the 273 

largest 50% of neurons in the field of view).  These large neurons primarily reside in the 274 

ventral neuron cluster, which is composed of large motor neurons that run parallel to the 275 

longitudinal axis of the ganglion. The pixels that overlay the entire ganglion were 276 

observed to have a light intensity between the 5th and 90th percentiles of all the pixels 277 

within the field of view.  Therefore, to improve the estimation of the ganglion orientation, 278 

a second linear regression was performed on the pixel coordinates within this range of 279 

intensities.  The mean slope and offset of these two regression lines relative to the 280 

universal grid approximated the orientation of the ganglion.  The image was then rotated 281 

and shifted in the X-Y direction according to this orientation. 282 

Statistical analysis 283 

All statistics were performed in MATLAB using the statistical toolbox (The Mathworks, 284 

Natick, MA, USA).  Normality was not assumed for any of the analyses.  For the peri-285 

event histograms (Fig. 4) a Kruskal-Wallis test was followed by a multiple comparisons 286 

of mean ranks test with Bonferroni correction, which multiplied the p value by the 287 

number of time points and the number of treatment groups.  For timing of burst activity 288 

analysis (Fig. 5), a Kruskal-Wallis test was followed by a pairwise rank sum test with a 289 
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Bonferroni correction where the p value was multiplied by the number of neuron 290 

subgroups and the number of treatment groups.  Heteroscedasticity was not tested prior 291 

to the analyses.  For all comparisons, a p value less than 0.05 was considered 292 

statistically significant.  The superscripts immediately after each statistical result refer to 293 

Table 1. 294 

Results 295 

L-DOPA enhances specific fictive behaviors in a concentration dependent 296 
manner. 297 

We used two concentrations of L-DOPA, denoted High and Low.  The High 298 

concentration (250 M) was identical to that used by Kabotyanski et al. (2000), which 299 

was previously shown to modulate the feeding network.  Because previous studies 300 

reported concentration-dependent effects of L-DOPA (Kemnitz, 1997), we also tested 301 

whether treatment with a lower concentration of L-DOPA (Low, 40 M) differentially 302 

modulated the feeding network.  Buccal ganglia were isolated and nerve activity was 303 

recorded with suction electrodes to monitor BMPs (see Methods).  BMPs consist of two 304 

phases. The first phase is protraction, defined here as activity in buccal nerve 1 (n1), 305 

and the second phase is retraction, defined here as activity in buccal nerve 2 (n2) and 306 

absence of activity in n1 (see Methods).  These phases were previously found to 307 

correspond to outward (protraction) and inward (retraction) movement of the radula, a 308 

tongue-like structure (Morton and Chiel, 1993a; Neustadter et al., 2002, 2007).  Activity 309 

of the radula nerve 1 (Rn) is a correlate of closure movement in vivo.  Greater overlap of 310 

Rn activity with retraction corresponds to a larger inward movement of food (Morton and 311 

Chiel, 1993a).  Therefore, we classified BMPs into four categories based on the overlap 312 
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of activity in Rn with the retraction phase (Methods and Fig. 1A).  Two of the BMP 313 

categories resembled in vivo nerve activity during the ingestion of food (bite and 314 

swallow), one category resembled the activity during the rejection of food (rejection), 315 

whereas another category resembled nerve activity during a behavior that resulted in 316 

little to no movement of food (intermediate) (Morton and Chiel, 1993a).   317 

Each preparation received a single treatment of either ascorbic acid (Veh), Low, or High 318 

L-DOPA (Fig. 1B).  Consistent with Kabotyanski et al. (2000), High L-DOPA increased 319 

the total number of BMPs (Fig. 1B3, 1C) ( 2= 11.513, p = 0.003; post hoc, Veh vs. 320 

High, Q = 3.358, p = 0.0023; Low vs. High, Q = 1.256, p = 0.420)a.  Low L-DOPA 321 

treatment tended to increase BMPs, but this increase was not significant (Veh vs. Low, 322 

Q = 2.101, p = 0.090).  Consistent with Kabotyanski et al. (2000), High L-DOPA 323 

treatment increased the preferential expression of bite BMPs (Fig. 1B3, 1D2) ( 2 = 324 

11.359, p = 0.034; post hoc, Veh vs. Low, Q = 0.086, p = 0.996; Veh vs. High, Q = 325 

2.875, p = 0.011; Low vs. High, Q = 2.961, p = 0.0086)b.  Low L-DOPA treatment did not 326 

increase the preference towards bites but instead increased the preference towards 327 

intermediates (Fig. 1B2, 1D1) ( 2 = 16.145, p = 3.1x10-4; post hoc, Veh vs. Low, Q = 328 

3.947, p = 2.3x10-4; Veh vs. High, Q = 1.323, p = 0.382; Low vs. High, Q = 2.624, p = 329 

0.024)c.  Veh seemed to express a mixture of BMPs (see Fig. 1B1, 1E).  These data 330 

indicate that L-DOPA increased total BMPs and that different concentrations of L-DOPA 331 

can be used to bias selection towards specific BMPs.  332 

To examine whether L-DOPA treatment modified each phase of the BMP, the duration 333 

of protraction and retraction was measured for each BMP following treatment.  334 

Protraction duration was reduced in High but not Low L-DOPA (Fig. 1F1) ( 2 = 65.499, 335 
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p = 5.9x10-15, Post hoc, Veh vs. Low, Q = 1.034, p = 0.555, Veh vs. High, Q = 6.07, p = 336 

4.8x10-9, Low vs. High, Q = 6.692, p = 1.0x10-9)d.  Retraction duration was reduced for 337 

Low ( 2 = 65.232, p = 6.9x10-15, Post hoc, Veh vs. Low, Q = 2.635, p = 0.023)e and was 338 

reduced to a greater extent by High L-DOPA treatment (Fig. 1F2) (Veh vs. High, Q = 339 

5.618, p = 1.0x10-9; Low vs. High, Q = 5.618, p = 5.9x10-8).  Many neurons in the 340 

feeding circuit can be designated as protraction or retraction neurons based on the 341 

phase in which they are primarily active.  The above results suggest that protraction 342 

neurons may be less sensitive to L-DOPA treatment than retraction neurons.  Reduction 343 

in retraction neuron activity duration due to Low L-DOPA treatment may be important for 344 

the expression of intermediate BMPs, whereas combined reductions in protraction and 345 

retraction neuron activity duration due to High L-DOPA treatment may be important for 346 

expression of bite BMPs.  This hypothesis was tested with VSD imaging of neuronal 347 

activity. 348 

VSD imaging captures spike activity in a large number of neurons of the 349 
buccal ganglia. 350 

To gain insight into the ways in which changes in neuronal activity mediate the changes 351 

in fictive motor programs induced by L-DOPA, the spiking pattern of neurons in the 352 

buccal ganglia was examined using the absorbance voltage-sensitive dye RH-155.  This 353 

dye has been used in the pedal ganglia of Aplysia (Bruno et al., 2015).  To confirm its 354 

efficacy in the buccal ganglia, changes in light absorbance were recorded in neuron B4 355 

during stimulation of B4 by intracellular depolarizing current pulses (14 nA, 50 ms) (Fig. 356 

2A).  VSD traces exhibited a prominent downward spike (increase in absorbance) 357 

resembling an action potential that was superimposed on a more sustained downward 358 
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deflection resembling a depolarization induced by the current injection.  The action 359 

potential was followed by a signal corresponding to the spike afterhyperpolarization.   360 

Next, spiking activity was recorded in 20 – 130 neurons simultaneously over a 2 min 361 

recording period (Fig. 2B).  Some of this activity occurred in bursts (e.g., cell 28), 362 

whereas activity in other neurons was more sparse (e.g., cell 19).  We then converted 363 

the activity to spike trains using a spike detection algorithm (Methods) and verified that 364 

the VSD signals corresponding to the spikes were localized to the neuron of interest 365 

(Fig. 2C).  Two frames were averaged during the baseline period just prior to the spike 366 

and subtracted from the average of 3 frames at the peak of the spike.  This subtracted 367 

image was calculated for each detected spike and averaged for all spikes that occurred 368 

in that neuron during a 2 min recording period (Fig. 2C).  The averaged subtracted 369 

image revealed a VSD signal which closely matched the shape and position of the cell 370 

for which the spikes were detected.  Importantly, even recordings associated with higher 371 

levels of baseline noise (e.g., cell 36) had a signal localized to that particular neuron.  372 

Moreover, VSD recordings exhibited signals associated with presumed spike 373 

afterhyperpolarizations (AHP) as indicated by an upward deflection after the spike (e.g., 374 

arrow in Fig. 2B2) and decrease in absorbance in the pixels overlaying the neuron 375 

(arrows in Fig. 2D, Movie 1).   376 

Combining VSD with extracellular nerve recordings enables the monitoring of BMPs 377 

while also enabling the detection of axonal projections of the recorded neurons. 378 

Previous work in the buccal ganglia (Morton et al., 1991) used averaging of extracellular 379 

nerve recordings triggered by spikes detected in VSD recordings to detect axonal 380 

projections by the emergence of a waveform in the averaged trace.  That method 381 



 

17 
 

requires averaging a large number of action potentials in order to average out randomly 382 

occurring large amplitude spikes.  Instead, we used spike coincidence to detect action 383 

potentials in the nerve that follow an action potential in the neuron with a relatively 384 

constant delay (Fig. 2E1-2).  To obtain a quantitative method of distinguishing neurons 385 

with axonal projections we graphed the probability an action potential occurring in the 386 

nerve at different time delays relative to an action potential in the neuron, P (nerve | 387 

neuron).  We noticed a sharp peak in probability following the action potential in the 388 

nerve.  This peak was used to estimate the spike coincidence and detect an axonal 389 

projection algorithmically (Methods, Fig. 2E3). 390 

These data provide evidence that high spatial and temporal resolution imaging can 391 

record activity of a large number of neurons simultaneously in the buccal ganglia and 392 

can be used to detect axonal projections.  We next examined the ways in which L-393 

DOPA reconfigures the activity of neurons mediating the BMPs. 394 

L-DOPA modifies neuronal activity without increasing neuronal synchrony.  395 

As a first step, we examined the extent to which neuronal activity recorded by VSD 396 

corresponded to the phases of the BMP.  For data analysis we focused only on neurons 397 

with bursting activity (for definition, see Methods) and did not include neurons with tonic 398 

or sparse activity, because bursting neurons mediate the majority of the features 399 

observed during a BMP (Baxter and Byrne, 2006; Cropper et al., 2004; Elliot and 400 

Susswein, 2002; Nargeot and Simmers, 2012; Wu et al., 1988).  There were 28.6 ± 6.0 401 

(29.6% of total within field of view) neurons per experiment categorized as bursting in 402 

Veh, 25.5 ± 4.6 (25.5%) in Low L-DOPA, and 31.3 ± 3.2 (31.3%) in High L-DOPA, with 403 

no significant differences among the groups ( 2 = 1.789, p = 0.409)f.  Spike activity was 404 
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recorded following treatment with either Veh, Low, or High.  The activity of neurons 405 

occurred during specific phases of the BMP.  For example, in Fig. 3B1 neurons 1 – 8 406 

and 11 seemed to fire primarily during the retraction phase, whereas neuron 1 in Fig. 407 

3B3 was primarily active during the protraction phase.  The VSD recordings revealed 408 

that the L-DOPA-induced changes in BMPs as monitored via nerve recordings (Fig. 1) 409 

were correlated with enhanced rhythmic activity in a large number of neurons in the 410 

buccal ganglion.  Interestingly, each neuron tended to be recruited at specific times 411 

within a particular phase even when the phase was shorter in duration (e.g., in High 412 

treated preparations, Fig. 3B3 and Movie 2) suggesting the synchrony of neuronal 413 

activity was not increased by L-DOPA.   414 

To analyze neuronal synchrony, the correlation coefficient was examined for each pair 415 

of retraction neurons in a given preparation (Fig. 3C-D) (for details see Methods).  We 416 

focused on retraction neurons for the correlation analysis because retraction neurons 417 

seemed most reliably activated during BMPs.  The spike activity for each neuron was 418 

binned into 0.5 s segments and a linear Pearson’s pairwise correlation was calculated 419 

between each pair of retraction neurons of each preparation.  Pairwise correlation 420 

matrices of the examples in Fig. 3B revealed high correlation coefficients between 421 

several neurons for Veh (e.g., cells 2↔1, 5↔2, 5↔6), Low (e.g., cells 3↔1, 6↔3, 422 

6↔4), and High (e.g., cells 4↔3, 5↔3, 6↔2).  If the L-DOPA-induced decrease in 423 

retraction phase duration resulted in an increase in synchrony between neurons, the 424 

correlation matrix would become more homogenous and the mean pairwise correlation 425 

would increase.  Cluster analysis of the correlation matrices of Veh, Low, and High 426 

identified several groups of neurons.  For the preparation of Figs. 3C-D, these groups 427 
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are indicated by the dendrograms to the right of each matrix.  In the example for Veh, 428 

neurons could be separated into groups {5, 6, and 2}, {4 and 3}, and {8, 7, and 11}, the 429 

Low example could be separated into groups {1 and 3}, {2, 4, and 6}, and 7, and the 430 

High example could be separated into groups {3, 4, and 5} and {2, 6, and 7}.  We next 431 

averaged the pairwise correlation coefficient for every pair of retraction neurons for each 432 

experiment, and compared the mean correlation coefficient between treatments.  Low L-433 

DOPA treatment did not increase but instead decreased the mean pairwise correlation, 434 

whereas High L-DOPA led to no significant change ( 2= 6.264, p = 0.044, Post hoc, 435 

Veh vs. Low, Q = 2.498, p = 0.033, Veh vs. High, Q = 1.378, p = 0.352, Low vs. High, Q 436 

= 1.120, p = 0.502)g.  These results indicate that L-DOPA treatment did not increase but 437 

rather decreased the synchrony of neuron activity, suggesting that the unique timing of 438 

neuronal activity remains an important feature even when the durations of the 439 

respective phases are substantially shorter.  The unique timing of activity of each 440 

neuron within a given phase despite reduced phase duration highlights the intricacies of 441 

the phasic activity of the neurons within the circuit, warranting a more detailed 442 

investigation of L-DOPA-induced changes in the timing of activity of individual neurons 443 

during BMPs 444 

L-DOPA reconfigures activity of specific subgroups of neurons.  445 

We next examined the ways in which the features of the BMP were associated with 446 

changes in the timing of neuronal activity during BMPs.  We first separated the neurons 447 

according to their preferred phase (protraction or retraction) (see Methods) and then 448 

used peri-event histograms aligned to the start of the retraction phase to compare 449 

neuronal activity among treatments.  A histogram of the average activity of all neurons 450 
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in each time point was calculated for each BMP in each treatment group.  The activity of 451 

every bursting neuron in every BMP in each treatment is depicted in Fig. 4A and the 452 

summary data for all the BMPs in each treatment is depicted in Fig. 4B and the results 453 

of the statistical comparisons are tabulated in Figure 4-1 through 4-5. 454 

We first examined protraction neurons, whose activity is correlated with the outward 455 

protraction of the radula (Hurwitz et al., 1994, 1996, 1997; Kabotyanski et al., 1998; 456 

Susswein and Byrne, 1988; Teyke et al., 1993).  Because High L-DOPA yielded the 457 

greatest increase in frequency of BMPs, we predicted an increase in activity of 458 

protraction neurons in preparations treated with High L-DOPA.  The peri-event 459 

histogram for protraction neurons (Fig. 4B1) indicated a prominent peak of activity prior 460 

to the start of the retraction phase, which appeared to have a substantially shorter 461 

duration in High L-DOPA (as indicated by a decrease in activity at earlier time points) 462 

and a substantially greater level of activity near the end of the protraction phase (Fig. 463 

4A1, 4B1; 4-1).  These data indicated that only High L-DOPA treatment increased the 464 

spike frequency and decreased the duration of protraction neuron activity, suggesting 465 

that changes in protraction neuron activity may be important for bite, but not 466 

intermediate BMPs.  These activity changes may help to explain the increase in total 467 

patterns in High L-DOPA. 468 

The second group examined was neurons active primarily during retraction.  These 469 

neurons are important for retracting the radula inward and either releasing or 470 

maintaining the grip on food (e.g., Church and Lloyd, 1994; Cropper et al., 2004; Evans 471 

and Cropper 1998; Hurwitz and Susswein 1996; Plummer and Kirk, 1990; Sasaki et al., 472 

2013). The peak frequency of retraction neuron activity was not significantly different 473 



 

21 
 

between the treatments, but the activity was shorter in duration in the Low and High 474 

groups as compared to Veh, as indicated by a significant decrease in activity at later 475 

time points for Low and High groups compared to Veh (Fig. 4A2, 4B2, 4-2).  The 476 

decreased durations for both Low and High L-DOPA suggest that changes in the activity 477 

of retraction neurons may be important for intermediate and bite BMPs, whereas 478 

changes in protraction neurons seemed to be important only for bite BMPs.  479 

We next examined the effects of L-DOPA on neurons that project axons through 480 

specific nerves.  Neurons projecting through Rn mediate closure of the radula to grip 481 

food (Morton and Chiel, 1993b), whereas neurons projecting through n2 and to a lesser 482 

extent n3 mediate backward movement of the radula (Church and Lloyd, 1994).  483 

Neurons were separated according to whether they projected axons through Rn, n2, or 484 

n3, which was determined by the coincidence of spikes in the neuron with spikes in the 485 

nerve (see Fig. 2E).  We only detected a few neurons with an axonal projection through 486 

n1 so this group was excluded.  The lack of projections detected in n1 may be because 487 

neurons with axons projecting through n1 are primarily located on the other side 488 

(rostral) of the ganglion (e.g., B52), are in a deeper cross section (e.g., B67), or 489 

originate from another ganglion (e.g., the metacerebral cell located in the cerebral 490 

ganglion) (Weiss and Kupfermann, 1976).  Rn, n2, and n3 projecting neurons were 491 

active primarily during the retraction phase (Fig. 4A3-5, 4B3-5).  The activity of Rn 492 

projecting neurons persisted for longer in the Veh group compared to Low L-DOPA, as 493 

indicated by less activity in Low at later time points compared to Veh (Fig. 4A3, 4B3, 4-494 

3).  Preparations treated with High L-DOPA had an increase in peak spike frequency 495 

compared to Low (Fig. 4-3).  The increase in intermediate and bite BMPs due to L-496 
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DOPA treatment (Fig. 1) indicates that these treatments shifted the Rn activity from 497 

protraction to retraction.  Therefore, we predicted that Rn projecting neurons would also 498 

shift from protraction to retraction.  Surprisingly, the Rn projecting neurons recorded in 499 

these experiments were primarily active during retraction in all treatment groups, 500 

indicating that L-DOPA treatment did not shift the activity of these neurons from 501 

protraction to retraction. These data indicate that Rn neurons in Low L-DOPA had a 502 

reduced duration of activity, whereas the High treated group had a boost in frequency 503 

and a reduction in duration.  n2 projecting neurons had a decrease in duration of activity 504 

and increase in spike frequency in High L-DOPA but did not seem to be greatly affected 505 

by Low L-DOPA (Fig. 4A4, 4B4, 4-4).  For n3 projecting neurons, Low L-DOPA 506 

treatment led to a reduced duration of activity without changing the peak frequency (Fig. 507 

4A5, 4B5, 4-4).  However, the peak frequency of n3 neurons was increased in High 508 

treated preparations compared to Low (Fig. 4-5).  The increase in frequency of n2 and 509 

n3 projecting neurons in High L-DOPA may cause downstream activation of the Rn 510 

projecting neurons, as well as activating other neurons such as B8 which were outside 511 

the focal plane.  These effects in concert may drive a switch to predominantly bite 512 

BMPs.  None of these effects among the treatment groups were associated with any 513 

differences in the number of neurons classified as protraction ( 2 = 0.998, p = 0.607; 514 

Veh = 0.9 ± 0.3; Low = 0.9 ± 0.3; High = 0.6 ± 0.2)m, retraction ( 2 = 0.800, p = 0.670; 515 

Veh = 4.7 ± 1.0; Low = 5.7 ± 0.6 ; High = 5.4 ± 0.3)n, Rn projecting ( 2 = 0.236, p = 516 

0.889; Veh = 4.6 ± 2.3; Low = 4.0 ± 1.3; High = 2.6 ± 0.5)o, n2 projecting ( 2 = 1.051, p 517 

= 0.591; Veh = 9.1 ± 4.7; Low = 12.6 ± 4.2; High = 7.3 ± 2.0)p, or n3 projecting ( 2 = 518 

1.628, p = 0.443; Veh = 11.9 ± 4.3; Low = 17.6 ± 5.2; High = 7.4 ± 2.0)q.   519 
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The changes observed in peri-event histograms of L-DOPA treated preparations 520 

indicate that specific features of neuronal activity are modulated in a variety of ways to 521 

select for intermediate or bite BMPs.  Some of these changes could be mediated by 522 

shifting the time at which bursts of activity occur in each neuron, or involve changes in 523 

burst duration and spike frequency within bursts.  To gain a better understanding of the 524 

ways in which L-DOPA treatment modified activity, we next examined the modulation of 525 

burst properties in each of these groups of neurons by L-DOPA treatment. 526 

L-DOPA uniquely modifies the burst activity of specific subgroups of 527 
neurons 528 

Changes in the timing of burst activity can cause dramatic changes to the 529 

characteristics of BMPs (e.g., Jing and Weiss, 2001).  The timing of burst activity 530 

(latency and duration) and activity within bursts (number of spikes and spike frequency) 531 

(Fig. 5A) were measured for every bursting neuron in each BMP, allowing examination 532 

of how these features are modified by L-DOPA treatment to switch to intermediate and 533 

bite BMPs.  For example, a decrease in burst duration and latency combined with an 534 

increase in frequency would indicate a compression of spike activity.  On the other hand 535 

a reduction in duration without any change in frequency or latency would indicate 536 

truncation of spike activity.  For the neuronal subgroups defined above, the timing of 537 

burst activity is shown visually in Fig. 5B and quantitatively in Fig. 5C.  Results of the 538 

statistical analyses are provided in Fig. 5-1.  We delineated the major changes induced 539 

by L-DOPA treatment.   540 

Protraction neurons were only modified significantly by High L-DOPA treatment.  In this 541 

treatment group, the burst latency was reduced compared to Low L-DOPA without any 542 
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change in burst duration for either concentration.  In addition, protraction neurons had a 543 

significant increase in spike frequency within bursts.  These results indicate that the 544 

bursts in protraction neurons were shifted to an earlier time in relation to the phase with 545 

a concomitant boost in spike activity.  For retraction, Rn, and n3 neurons, Low L-DOPA 546 

treatment did not change the burst latency or the spike frequency but significantly 547 

decreased the burst duration and the number of spikes within bursts, indicating that the 548 

spike activity of these neurons was truncated (i.e., blocked at later time points without 549 

affecting earlier time points) by Low L-DOPA treatment.  For Rn, n2, and n3 neurons, 550 

High L-DOPA treatment significantly reduced the burst latency and duration and 551 

increased the spike frequency within bursts, suggesting that the spike activity was 552 

compressed.  For n2 neurons, Low L-DOPA treatment significantly decreased the burst 553 

duration and increased the spike frequency without changing the burst latency.  It is 554 

interesting that despite no apparent change in the activity histogram for n2 neurons in 555 

Low L-DOPA (Fig. 5B, 5C), analysis of individual bursts indicates that changes in n2 556 

were in fact occurring.  Retraction neurons treated with High L-DOPA had a decrease in 557 

burst latency and duration and in the number of spikes, without a change in spike 558 

frequency.  These data indicate that Low and High L-DOPA treatment modulate the 559 

timing of burst activity for different groups of neurons in different ways.  Protraction 560 

neurons are most affected by High L-DOPA treatment, whereas retraction, Rn, n2, and 561 

n3 projecting neurons are affected by both Low and High L-DOPA treatment, with Low 562 

L-DOPA treatment mainly truncating activity and High L-DOPA treatment mainly 563 

compressing activity.   564 
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L-DOPA preferentially activates neurons located in different regions of the 565 
ganglia. 566 

Previous studies in Aplysia using backfill tracing have found distinct clusters of neurons 567 

projecting through individual nerves (Jelescu et al., 2013; Martίnez-Rubio et al., 2009; 568 

Morton et al., 1991; Scott et al., 1991), however backfill tracing cannot examine the 569 

distribution of neurons active at particular time points during a BMP.  To examine the 570 

spatial organization of neurons using VSD imaging of the feeding circuit we aligned 571 

VSD images (see Methods), marked the location of bursting neurons, and pooled the 572 

data from all experiments.  Analysis of the spatial distribution indicated that protraction, 573 

retraction, Rn, n2, and n3 projecting neurons were localized in distinct but overlapping 574 

regions of the ganglia (Fig. 6).  The distribution of Rn, n2, and n3 projecting neurons 575 

roughly agrees with previous observations (Jelescu et al., 2013; Morton et al., 1991; 576 

Scott et al., 1991).   577 

We next compared the spatial distribution of the ensemble of neurons active during 578 

BMPs in the pooled data of each treatment group (Fig. 7; Movie 3).  The locations of 579 

neurons were marked if the neuron was active with at least one spike during the 0.5 s 580 

time bins.  Each panel in Fig. 7 includes all the active neurons in all experiments of the 581 

indicated treatment group. The spatial distribution of active neurons varied greatly 582 

between each time bin and for each treatment.  Active neurons tended to be clustered 583 

in Low L-DOPA (for example Fig. 7A3e), whereas in the Veh or High L-DOPA treated 584 

groups the neurons were more widely distributed (e.g., Fig. 7A4b).  The centroid and 585 

pairwise distances of the pooled data were used to quantitatively compare the 586 

distribution of active neurons among treatment groups.  A line that tracked the centroid 587 

of all active neurons across experiments was plotted over time (Fig. 7B).  The centroid 588 



 

26 
 

of the Veh group tended to be near the center of the ganglia while the centroids of the 589 

Low and High L-DOPA treated groups tended to be localized more to the upper right 590 

(ventrolateral) or left (ventromedial), respectively.  The examples in Fig. 7A2-4 indicate 591 

that the recruitment of many neurons underlies the shift in the centroid.  For example, 592 

the distributions of activated neurons in (e) of Fig. 7A2-4 are remarkably different. This 593 

result indicates that neurons active in the different treatment groups tended to be 594 

localized in different regions of the ganglia.   595 

The width of the spatial distribution was measured by the average pairwise distance 596 

between neurons for each time bin.  For all treatment groups the average pairwise 597 

distance increased shortly after the start of the retraction phase.  The average pairwise 598 

distance was reduced in the Low treated group as compared to High treated group ( 2 599 

= 12.192, p = 0.0023; Q = -3.451, p = 0.0016)v and trended towards a reduction in Low 600 

compared to Veh (Q = -1.263, p = 0.073) indicating that the activated neurons were 601 

more tightly clustered in the Low L-DOPA treated group.  The effects of L-DOPA 602 

treatment could be caused by variability of the centroid within each treatment group.  To 603 

examine this possibility, we calculated the centroid for all neurons recruited during 604 

protraction or retraction for each preparation.  Then, we calculated the distance of these 605 

centroids to the mean centroid.  The average distance from this mean centroid ranged 606 

from 114 to 182 m (an entire ganglion is about 1.3 x 0.9 mm), indicating that positions 607 

of the neurons were relatively consistent among ganglia during the protraction and 608 

retraction phases.  Taken together, these results indicate that L-DOPA-induced 609 

selection of intermediate and bite BMPs recruited groups of neurons that tended to be 610 

located in different but overlapping regions of the ganglia. 611 
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Discussion 612 

Combined VSD and nerve recordings of isolated buccal ganglia revealed that Low L-613 

DOPA biased the feeding network towards intermediate BMPs and High L-DOPA 614 

biased the network towards bite BMPs, whereas Veh seemed to express a mixture of 615 

BMPs (Fig. 8A).  Previous studies in semi-intact Aplysia preparations indicate that L-616 

DOPA and DA treatment modulate feeding behavior (Kabotyanski et al., 2000).  617 

Therefore, dopamine levels may modulate intermediate and bite behaviors in vivo.  618 

Although intermediate behaviors have been observed in vivo (Morton and Chiel, 619 

1993a,b), their function remains unclear.  Intermediate behaviors may serve to 620 

reposition or to cut food in the mouth cavity (Hurwitz and Susswein, 1992; Morton and 621 

Chiel, 1993a).   622 

Similar to the results obtained by Kabotyanski et al. (2000), the effects of L-DOPA 623 

treatment occurred within 15 min.  L-DOPA is likely enhancing the release of DA from 624 

dopaminergic neurons within the buccal ganglia (e.g., B65 and B20) (Jing and Weiss, 625 

2001; Kabotyanski et al., 1998).  However, increased spontaneous release throughout 626 

the ganglia from dopaminergic afferents from the esophageal nerve is another 627 

possibility.  Given these two possibilities, it is unclear whether the bias in motor patterns 628 

by L-DOPA treatment is due to increased DA acting directly on a large number of 629 

neurons, via the esophageal nerve, or due to downstream effects of DA action on a 630 

smaller number of highly connected neurons, via B65 and B20.  If the effects of L-DOPA 631 

treatment are due to enhanced release from B65 and B20 then these effects are 632 

dependent upon the dynamics of the activity of these neurons.  Low and High L-DOPA 633 

treatment induced a wide variety of effects on neuronal activity (Figs. 4 – 5).  The 634 
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differential modulation of neurons suggests that L-DOPA treatment is not simply 635 

enhancing or suppressing activity overall.  Currently, it is unclear what molecular 636 

mechanisms mediate this differential modulation.  In mammals, differential modulation is 637 

mediated at least in part by the selective expression of D1-like and D2-like receptors, 638 

which have different sensitivities to dopamine (Beaulieu and Gainetdinov, 2011).  A D1-639 

like receptor has been characterized in Aplysia (Barbas et al., 2006) and some of the 640 

components of its downstream signaling cascade are important for the modulatory 641 

effects of DA on the identified retraction neuron B51 (Lorenzetti et al., 2008).  A 642 

genome-wide sequencing has also predicted a D2-like receptor (NCBI: 643 

NW_004797500.1).  An intriguing possibility is that neurons express different ratios of 644 

D1 and D2-like receptors, similar to the striatum in mammals (Schultz, 2013).  Low L-645 

DOPA treatment could predominantly activate high affinity D2 receptors resulting in a 646 

switch to intermediate BMPs, while High L-DOPA treatment could predominantly 647 

activate low affinity D1 receptors resulting in a switch to bite BMPs.   648 

High L-DOPA treatment led to an increase in the number of BMPs (Fig. 3) and increase 649 

in protraction neuron activity (Fig. 4A, 5B).  This increase could be due to an increase in 650 

excitability of protraction neurons.  Indeed, increasing the excitability of protraction 651 

neurons (i.e., B30, B63, and B65) enhances the frequency of BMPs (Sieling et al., 652 

2014).  In addition, DA increases the excitability and spike frequency of a protraction 653 

phase neuron, B67 (Serrano and Miller, 2006).  Increased excitability would cause 654 

these neurons to be activated more rapidly, decreasing the burst latency (Fig. 8B3).  655 

The enhanced activation of protraction neurons could, in turn, increase synaptic drive 656 

through putative excitatory synaptic connections to more rapidly activate retraction, Rn, 657 
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n2, and n3 neurons, which terminate the protraction phase by feedback inhibition (e.g., 658 

Hurwitz and Susswein, 1996).  BMPs are terminated by inhibitory neurons (e.g., B52) 659 

activated via rebound excitation at the end of the retraction phase (Fig. 8B1) (Plummer 660 

and Kirk, 1990).  DA also increases the rebound excitation and sag potential in neuron 661 

B8 (Dίaz-Rίos and Miller, 2005; Kabotyanski et al., 1998).  One intriguing possibility is 662 

that Low and High L-DOPA treatments increase the rebound excitation or sag potential 663 

of BMP-terminating neurons like B52, causing these neurons to activate earlier, in turn 664 

terminating the activity of retraction neurons (Fig. 8B2-3).  Kabotyanski et al. (2000) 665 

found that application of 250 M (High) L-DOPA decreased the excitability of B4, B34, 666 

and B64.  The decrease in B4 and B34 would bias the output toward bite motor 667 

patterns.  The decrease in B64 excitability is consistent with the decrease in retraction 668 

duration.  In addition, High L-DOPA enhanced the strength of the B64-to-B31/32 669 

inhibitory synaptic connection (Kabotyanski et al., 2000).  B64 is a retraction neuron 670 

whereas B31/32 is a protraction neuron, therefore increasing the strength of this 671 

feedback inhibitory connection is consistent with the result that High L-DOPA treatment 672 

decreases the protraction phase.  Lastly, High L-DOPA decreased the strength of the 673 

B64-to-B4 excitatory synaptic connection, which would bias the motor output toward bite 674 

motor patterns (Kabotyanski et al., 2000).  The observations provided by VSD 675 

experiments combined with the results from intracellular studies provide a detailed 676 

picture of the mechanisms underlying the change in motor patterns induced by L-DOPA.  677 

The Rn projecting neuron B8 shifts from being primarily active during protraction in 678 

rejection BMPs to being primarily active during retraction in bite and swallow BMPs 679 

(Morton and Chiel, 1993b).  Unexpectedly, we did not observe a shift in the phase of 680 
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activity in Rn projecting neurons as we did for the Rn activity.  B8 is typically below the 681 

focal plane of our recordings.  Thus, an explanation for this discrepancy is that the Rn 682 

projecting neurons we recorded were not likely to be B8 and thus were not likely 683 

responsible for large-unit activity in Rn.   684 

We also found that neurons with different properties (i.e., preferred phase of activity or 685 

axonal projections) are located in distinct but overlapping regions of the ganglia (Fig. 7).  686 

Neurons with similar properties or functions may be connected with chemical or 687 

electrical synapses, which may be facilitated by such topographical organization.  For 688 

example, B31 and B32 as well as B4 and B5 are highly coupled to each other and are 689 

adjacent to each other (Gardner, 1977; Susswein and Byrne, 1988).  In addition, 690 

different concentrations of L-DOPA recruited ensembles of neurons with different spatial 691 

distributions.  In the future, more comprehensive analytic methods could be used to 692 

identify or match the correspondence of neurons across preparations, as has been 693 

done for the leech locomotor CPG (Frady et al., 2016; Kapoor et al., 2015).  694 

Identification of specific neurons would allow for conventional electrophysiological 695 

methods to examine the underlying biophysical mechanisms of the observed changes in 696 

activity. 697 

We observed a general increase in rhythmic motor patterns and alterations to motor 698 

patterns depending on the level of L-DOPA and presumably enhancement of DA 699 

release by L-DOPA, which is similar to studies in other systems.  In leech, DA 700 

application elicits rhythmic bursts of motor neurons in a crawl-like pattern (Puhl et al., 701 

2008, 2012), and DA increases the rebound excitation and decreases the AHP to 702 

different extents in two crawl-related motor neurons (Crisp et al., 2012).  In lamprey, DA 703 
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affects swim patterns in a concentration dependent manner, with low concentrations 704 

(0.1 – 10 μM) increasing swim frequency and higher concentrations decreasing swim 705 

behavior.  The increase in swim is due to an increase in the excitability (via suppression 706 

of AHP) of motor neurons, edge cells, giant interneurons, and dorsal cells, as well as a 707 

decrease in inhibition from commissural interneurons (Kemnitz, 1997).  DA evokes 708 

multirhythmic motor patterns in neonatal mice (Sharples and Whelan, 2017) and 709 

increases the excitability of motor neurons and the glutamatergic transmission they 710 

receive (Han et al., 2007).  In the above studies, a common theme is an enhancement 711 

in excitability due to DA-induced reduction in the AHP.  Future investigations could 712 

examine whether the increases in activity observed in High L-DOPA treatment in 713 

Aplysia feeding are likewise mediated by a decrease in the AHP.  For example, a 714 

reduction of the AHP (in the soma or axon) could increase the activity of protraction 715 

neurons.  In addition, L-DOPA could lead to modifications of additional ionic currents.  716 

For example, in the lobster pyloric network, bath application of DA produced opposite 717 

effects on neurons (e.g., enhancement of the IA current in the pyloric dilator neuron, and 718 

attenuation of this current in the anterior burster neuron) (Harris-Warrick et al., 1998).   719 

In conclusion, the results from this study indicate that different levels of DA 720 

enhancement modulate neurons in distinct ways in order to bias the feeding circuit 721 

toward specific motor patterns.  Additional analysis revealed characteristic alterations in 722 

the burst properties and spatial distribution of recruited neurons.  Understanding DA 723 

modulation of the Aplysia feeding central pattern generating network may help to 724 

improve understanding of DA modulation of more complex networks in the vertebrate 725 

CNS. 726 
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Figure Legends 895 

Table 1. Statistical table.  An overview of all the statistical results. 896 

Figure 1.  Changes in fictive behavior 15 min after treatment with either Vehicle (Veh), 897 

40 M (Low), or 250 M (High) L-DOPA.  Each preparation only received a single 898 

treatment, which remained in the bath for the duration of the recording.  A, A histogram 899 

of all BMPs recorded in all 21 experiments during the pretreatment observation period 900 

and following treatment.  Each bin is indicated by a percentage value, calculated by 901 

dividing the duration of large-unit activity in Rn that occurred during the retraction phase 902 

by the total duration of large-unit Rn activity during the BMP.  This graph indicates that 903 

there are four distinct clusters of BMPs that we designate as rejection, intermediate, 904 

bites, and swallows.  B, Nerve recordings for the Vehicle, Low and High treatments 905 

showing a 40 s time segment.  Protraction phase is marked by light grey and retraction 906 

is marked in dark grey.  The BMP classification is indicated at the top and closure 907 

activity is marked by brown boxes.  Black bars under the BMP designation represent 908 

large-unit Rn activity, which has been associated with closure of the radula (Morton and 909 

Chiel 1993a,b).  C, Summary data for the total number of BMPs.  For all box plots, the 910 

boundaries of each box are the first and third quartiles (Q1 and Q3) and the line within 911 

the box is the median.  The upper and lower extremes are the minimum (or maximum) 912 

data value within (Q1 or Q3) ± 1.5 times the inter-quartile range.  Data outside the 913 

extremes are marked as open circles.  D1, Summary data of the preference for 914 

intermediate BMPs.  A value of one indicates the group exclusively expresses 915 

intermediate BMPs.  D2, Summary data of the preference towards bite BMPs.  Sample 916 

size for (C), (D1), and (D2) is seven experiments for each group.  E, The occurrence of 917 
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BMPs.  Each box represents the duration of a single BMP.  Each row is an individual 918 

experiment.  F1, Duration of protraction for the different treatment groups.  F2, Duration 919 

of retraction for the different treatment groups.  Sample size for the groups in (F) is Veh 920 

= 24, Low = 54, High = 104 BMPs for seven ganglia in each group.  The same dataset 921 

was examined for all subsequent figures.  * p < 0.05, ** p < 0.01, and *** p<0.001. 922 

Figure 2.  VSD imaging of neuronal activity in the buccal ganglia.  A1, Image of the 923 

caudal surface of the ganglion for (A2).  The pixels that were averaged are highlighted 924 

in red.  A2, VSD responses of neuron B4 to 20 intracellular current injections, aligned to 925 

the action potential detected in the nerve (n3).  Green dotted line marks the baseline 926 

prior to current injection.  For (A2), (B2) and (E2) individual examples are grey and the 927 

average trace is black.  Thick black line indicates the current injection.  B1, VSD (black 928 

trace) of 42 neurons recorded simultaneously.  Detected spikes are indicated by red 929 

vertical lines below each trace.  Each trace was generated by averaging the pixels 930 

highlighted for each neuron in the top left image of (C).  B2, Temporally aligned action 931 

potentials detected in the corresponding trace in (A1).  Note the prominent AHP in cell 932 

28 (arrowhead).  C, Image of VSD response during the peak of the waveform of all the 933 

detected spikes that occurred in (B) for that neuron. The neuron designation is in the 934 

top left of each image.  Image of the ganglion (caudal surface) with the neuron 935 

designations is the top left image.  The number of spikes averaged for each neuron is 936 

indicated in the bottom left-hand corner.  D, Individual frames of neuron 28 during and 937 

after an action potential.  Arrowheads point to the presumed AHP.  Data in (A) and (B, 938 

C, and D) are from separate animals.  E, Coincidence of spikes between the nerve and 939 

neuron indicated the presence of an axonal projection.  E1, Example recording segment 940 
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of a neuron whose action potentials detected by VSD (top trace) coincide with a distinct 941 

spike in the nerve (bottom trace).  E2, VSD traces (top) and nerve traces (bottom) of 942 

example in (E1) aligned by the peak of the VSD signal.  Note the nerve spike follows the 943 

VSD spike with a constant delay.  E3, Probability of an action potential in the nerve 944 

given a spike in the neuron at time zero.  Displayed is every neuron-nerve pair for all 945 

experiments in this study.  A sharp peak in conditional probability with a time delay of a 946 

few ms indicates an axonal projection.  Dark line represents the example in (E1).  947 

Includes data from 21 preparations. 948 

Movie 1.  VSD changes for nine neurons during an action potential.  The raw images of 949 

nine cells in Fig. 2A are displayed with an outline of the ROI.  The ROI designations are 950 

in the top left of each image.  The video plays at 1/500 speed to highlight the 951 

spatiotemporal voltage response of each cell.  The VSD response appears to be 952 

centralized to the ROI (also seen in image preview).  An apparent AHP can be seen 953 

following the action potential (3.2 – 3.6 ms) (not seen in image preview).  The scale bar 954 

is 100 m.  Images were filtered with a 1 pixel Gaussian filter. 955 

Movie 2.  Neuronal activity after treatment with either Veh, Low or High L-DOPA.  Each 956 

movie segment corresponds to the activity in Veh, Low (shown in image preview), and 957 

High treatment groups.  An image of the ganglia is on the left and a raster plot of the 958 

activity is on the right.  The nerve activity is on the top right.  The ROI overlying the 959 

neuron is highlighted when the neuron is active.  Activity of each neuron is also 960 

indicated by a tone with specific pitch (the lowest tone is assigned to Neuron 1 and the 961 

highest to Neuron 12). 962 
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Figure 3.  Changes in fictive behavior and neuronal activity 15 min after treatment with 963 

either Veh, Low or High L-DOPA.  Each preparation received only a single treatment.  964 

Each treatment group consisted of seven preparations.  A 40 s segment is shown.  965 

Recording segment same as for Fig. 1.  A, Images of the ganglion (caudal surface).  966 

Neurons whose activity is shown in (B) are highlighted.  B, (Top) Recordings of Rn and 967 

n1-3 nerve activity. (Bottom) Raster of VSD activity recorded simultaneously with nerve 968 

activity.  Each row is an individual neuron with the location in the image marked in (A).  969 

Vertical black lines indicate an action potential.  Light grey indicates protraction. Dark 970 

grey indicates retraction.  Closure activity is marked by black boxes.  The BMP 971 

classification is indicated at the top of the traces.  C, Correlation matrices for the 972 

recordings in (B).  Numbers correspond to the cell designations in (A) and (B).  Only 973 

neurons primarily active during retraction are shown in the correlation matrix.  The 974 

dendrogram of each matrix is shown on the right.  D, Mean pairwise correlation between 975 

neurons.  Sample sizes were seven preparations for each treatment group.  Time bin 976 

was 0.5 s. 977 

Figure 4.  The temporal dynamics of specific groups of neurons are modified by L-978 

DOPA.  A, The activity of each neuron during each BMP aligned to the start of retraction 979 

phase.  The level of activity was measured for protraction (A1), retraction (A2), and Rn 980 

(A3), n2 (A4) and n3 (A5) projecting neurons following treatment with Veh, Low, or High 981 

L-DOPA.  Each row of the image represents the activity of a single neuron during a 982 

single BMP.  The vertical black line indicates the start of retraction.  The horizontal black 983 

line separates the treatment groups.  Time bin was 0.1 s.  B, Peri-event histograms for 984 

the data in (A).  Horizontal bars indicate a significant difference between the specified 985 
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groups at those time points.  See Figures 4-1, 4-2, 4-3, 4-4 and 4-5 for statistics on 986 

(A1), (A2), (A3), (A4) and (A5) respectively.  Peaks in activity outside ± 4 s for High are 987 

due to activity in adjacent BMPs.  The fill represents the interquartile range and the line 988 

represents the median level of activity of each time point.  Time bin was 0.5 s.  Sample 989 

size is number of BMPs. Each treatment group consisted of seven preparations.   990 

Figure 5.  L-DOPA differentially modified the burst properties of neurons.  A, A diagram 991 

depicting the measurements.  The latency is the start of the first burst overlapping with 992 

the phase.  The duration is the sum of the duration of all bursts for that neuron during 993 

the phase.  The burst end time is the end of the last burst overlapping with the phase.  994 

The number of spikes is the sum of spikes within all the burst overlapping that phase.  995 

Frequency is the number of spikes divided by the burst duration.  B, Graphical 996 

representation of the burst timing during a BMP.  The colored box represents the 997 

median start and end time for bursts in that treatment.  The horizontal lines represent 998 

the interquartile range for the start and end time of the bursts.  The vertical grey lines in 999 

B1 indicate the median start of protraction.  The vertical grey lines in B2-B5 indicate the 1000 

median end of retraction.  The vertical dotted line indicates the start of retraction.  C, A 1001 

matrix of the L-DOPA induced changes in burst times and spiking activity.  For display 1002 

purposes, Veh median start and duration were subtracted from the median start and 1003 

duration of either Low or High.  For spiking activity, the number or frequency of spikes 1004 

was divided by the median number or frequency of spikes in Veh.  * indicates 1005 

significance relative to Veh and # indicates significance relative to Low.  See Figure 5-1 1006 

for statistics.  The sample size is the number of bursts examined.  Each treatment group 1007 

consisted of seven preparations.   1008 
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Figure 6.  Spatial distribution of protraction, retraction, Rn, n2, and n3 projecting 1009 

neurons.  A, Protraction neurons are clustered near the center.  B, Retraction neurons 1010 

are near the upper middle.  C, Rn projecting neurons are in the center upper region.  D, 1011 

E, n2 and n3 neurons are in the top most region of the ganglia.  Caudal surface with the 1012 

buccal commissure on the left.  Scale bar is 100 m.  Data was pooled across all 21 1013 

preparations.   1014 

Figure 7.  L-DOPA tended to recruit neurons with different spatial distributions.  A1, 1015 

Timeline of a BMP.  A2 – A4, Images of the locations of all neurons activated at the 1016 

time bins indicated in (A1) from all experiments within a given treatment.  Five of the 14 1017 

time bins are shown.  The pixels for each overlaying ROI were summed.  The number at 1018 

the bottom left is the number of neurons activated.  Caudal surface with the buccal 1019 

commissure on the left.  Scale bar is 100 m.  B, The centroid of all neurons as it 1020 

progresses through each time bin in (A1).  An opacity gradient was added to the line to 1021 

represent time (light→dark represents beginning→end).  The filled circle marks the 1022 

mean of all the centroids.  C, Mean pairwise distance between neurons for each time 1023 

bin.   ** p < 0.01. Data was pooled across all seven preparations for each treatment 1024 

group.   1025 

Movie 3.  L-DOPA recruits neurons with different spatial distributions.  A – C, Locations 1026 

of all neurons from all experiments with a given treatment activated at the time bins 1027 

indicated in (D).  Each frame represents 0.5 seconds.  The pixels for each overlaying 1028 

ROI were summed.  The number at the top left is the number of neurons activated.  The 1029 

red circle is the centroid of the neurons in the current time bin and the red line is the 1030 
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path of the centroid from previous time bins.  Scale bar is 100 m.  D, Timeline of a 1031 

BMP.   1032 

Figure 8.  Summary of the L-DOPA effects on neuronal activity.  A, Low L-DOPA 1033 

biased the selection of BMPs toward intermediates starting from primarily rejection and 1034 

to a lesser extent swallows (see Veh in Fig. 1E).  High L-DOPA biased the selection of 1035 

BMPs towards bite BMPs.  B, Summary of the changes in activity (left) and the 1036 

proposed mechanism (right).  B1, Activity in Veh.  Vertical lines signify action potentials.  1037 

Light grey is protraction phase.  Dark grey is retraction phase.  Black line is the onset of 1038 

activity of BMP terminating (Term.) neurons.  Grey outlines indicate basal conditions 1039 

while black outlines indicate enhancement.  Protraction spike frequency is enhanced.  1040 

B2, Activity in Low L-DOPA.  The burst are truncated because the terminating neurons 1041 

are being activated sooner (arrow).  B3, Activity in High L-DOPA.  The enhancement of 1042 

protraction neurons more rapidly activates retraction neurons. 1043 

Extended Data Legends 1044 

Figure 4-1.  Statistical comparisons among protraction neurons for Figure 4.  The 1045 

treatment groups were compared for each time bin (column 1) and each comparison is 1046 

represented in columns 2-4.  The first row for each time bin is the t-value.  The second 1047 

row for each time bin is the Bonferroni adjusted p values.  Bonferroni adjusted p values 1048 

can be larger than one, such p values were capped at one in this and subsequent 1049 

tables.  * p < 0.05, ** p < 0.01, and *** p<0.001. The Kruskal-Wallis test indicated a 1050 

significant difference between the groups (X2 = 859.92, p = 1.3x10-133)h. 1051 
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Figure 4-2. Statistical comparisons among retraction neurons for Figure 4.  The 1052 

organization of the table is the same as Figure 4-1.  The Kruskal-Wallis test indicated a 1053 

significant difference between the groups (X2 = 1575.30, p = 4.4x10-280)i. 1054 

Figure 4-3.  Statistical comparisons among protraction neurons for Figure 4.  The 1055 

organization of the table is the same as Figure 4-1.  The Kruskal-Wallis test indicated a 1056 

significant difference between the groups (X2 = 660.15, p = 6.3x10-95)j. 1057 

Figure 4-4.  Statistical comparisons among n2 neurons for Figure 4.  The organization 1058 

of the table is the same as Figure 4-1.  The Kruskal-Wallis test indicated a significant 1059 

difference between the groups (X2 = 913.19, p = 8.1x10-145)k. 1060 

Figure 4-5.  Statistical comparisons among n3 neurons for Figure 4.  The organization 1061 

of the table is the same as Figure 4-1.  The Kruskal-Wallis test indicated a significant 1062 

difference between the groups (X2 = 707.03, p = 4.9x10-104)l. 1063 

Figure 5-1. Table summarizing the statistical comparisons for Figure 5.  The neuron 1064 

subgroup indicated in the first column and the treatment groups being compared are in 1065 

the second column: LV represents Low vs. Veh, LH represents Low vs. High, VH 1066 

represents Veh vs. High.  A separate Kruskal-Wallis (four total) was done on each 1067 

variable is indicated in the first row.  The first row of each comparison is the rank-sum z 1068 

statistic.  The second row for each comparison is the Bonferroni adjusted p value.  p 1069 

values were capped at one.  * p < 0.05,  ** p < 0.01, and *** p<0.001.  1070 



 

 1 

 Data Structure Type of Test Statistical 
value (X2) 

P-value Power 

a Normality not assumed Kruskal Wallis 11.513 0.003 NA 
b Normality not assumed Kruskal Wallis 11.359 0.034 NA 
c Normality not assumed Kruskal Wallis 16.145 3.1x10-4 NA 
d Normality not assumed Kruskal Wallis 65.499 5.9x10-15 NA 
e Normality not assumed Kruskal Wallis 65.232 6.9x10-15 NA 
f Normality not assumed Kruskal Wallis 1.789 0.409 NA 
g Normality not assumed Kruskal Wallis 6.264 0.044 NA 
h Normality not assumed Kruskal Wallis 859.92 1.3x10-133 NA 
i Normality not assumed Kruskal Wallis 1575.30 4.4x10-280 NA 
j Normality not assumed Kruskal Wallis 660.15 6.3x10-95 NA 
k Normality not assumed Kruskal Wallis 913.19 8.1x10-145 NA 
l Normality not assumed Kruskal Wallis 707.03 4.9x10-104 NA 
m Normality not assumed Kruskal Wallis 0.998 0.607 NA 
n Normality not assumed Kruskal Wallis 0.800 0.670 NA 
o Normality not assumed Kruskal Wallis 0.236 0.889 NA 
p Normality not assumed Kruskal Wallis 1.051 0.591 NA 
q Normality not assumed Kruskal Wallis 1.628 0.443 NA 
r Normality not assumed Kruskal Wallis 144.63 8.5x10-24 NA 
s Normality not assumed Kruskal Wallis 217.68 1.3x10-38 NA 
t Normality not assumed Kruskal Wallis 133.82 1.2x10-21 NA 
u Normality not assumed Kruskal Wallis 165.54 5.4x10-28 NA 
v Normality not assumed Kruskal Wallis 12.192 0.0023 NA 

 
























