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Abstract 32 
Neurons operate within defined activity limits, and feedback control mechanisms 33 
dynamically tune ionic currents to maintain this optimal range. This study describes a 34 
novel, rapid feedback mechanism that uses SUMOylation to continuously adjust ionic 35 
current densities according to changes in activity. Small Ubiquitin-like MOdifier (SUMO) 36 
is a peptide that can be post-translationally conjugated to ion channels to influence their 37 
surface expression and biophysical properties. Neuronal activity can regulate the extent 38 
of protein SUMOylation. This study on the single, unambiguously identifiable lateral 39 
pyloric neuron (LP), a component of the pyloric network in the stomatogastric nervous 40 
system of male and female spiny lobsters (Panulirus interruptus), focused on dynamic 41 
SUMOylation in the context of activity homeostasis. There were four major findings: 42 
First, neuronal activity adjusted the balance between SUMO conjugation and 43 
deconjugation to continuously and bi-directionally fine-tune the densities of two 44 
opposing conductances: the hyperpolarization activated current (Ih) and the transient 45 
potassium current (IA). Second, tonic 5nM dopamine (DA) gated activity-dependent 46 
SUMOylation to permit and prevent activity-dependent regulation of Ih and IA, 47 
respectively. Third, DA-gated, activity-dependent SUMOylation contributed to a 48 
feedback mechanism that restored the timing and duration of LP activity during 49 
prolonged modulation by 5 M DA, which initially altered these and other activity 50 
features. Fourth, DA modulatory and metamoduatory (gating) effects were tailored to 51 
simultaneously alter and stabilize neuronal output. Our findings suggest that modulatory 52 
tone may select a subset of rapid activity-dependent mechanisms from a larger menu in 53 
order to achieve homeostasis under varying conditions.  54 
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Significance 55 
Post-translational SUMOylation of ion channel subunits controls their interactions. When subunit 56 
SUMOylation is dysregulated, conductance densities mediated by the channels are distorted, 57 
leading to nervous system disorders, like seizures and chronic pain. Regulation of ion channel 58 
SUMOylation is poorly understood. This study demonstrated that neuronal activity can regulate 59 
SUMOylation to reconfigure ionic current densities over minutes; and, this regulation was gated 60 
by tonic nM DA. Dynamic SUMOylation was necessary to maintain specific aspects of neuronal 61 
output while the neuron was being modulated by high (5 M) concentrations of DA, suggesting 62 
the gating function may ensure neuronal homeostasis during extrinsic modulation of a circuit. 63 
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Introduction 64 
Neuron and network activity are robust despite their constant modulation. Stability is provided 65 
by compensatory processes that operate over multiple time courses. Slow negative feedback 66 
mechanisms act at the level of transcription to coordinate ionic current densities and thereby 67 
effect activity homeostasis  (Driscoll et al., 2013; Golowasch et al., 1999a; Golowasch et al., 68 
1999b; Kirchheim et al., 2013; Linsdell and Moody, 1994; O'Leary et al., 2014; Olypher and 69 
Prinz, 2010; Peng and Wu, 2007; Pozzi et al., 2013; Swensen and Bean, 2005; Temporal et al., 70 
2014). These slow mechanisms can stabilize neuronal output over the long-term but cannot 71 
offset fast positive feedback (Zenke et al., 2017). Although there are several examples of 72 
activity-dependent, post-translational processes that rapidly reconfigure ionic currents (Dupuis 73 
et al., 2014; Heubl et al., 2017; Misonou et al., 2004; Mohapatra et al., 2009; Romer et al., 2016; 74 
Romer et al., 2014), their roles in activity homeostasis remain largely unexplored. The work 75 
presented here identified a rapid, post-translation mechanism that contributes to activity 76 
homeostasis. 77 

The pyloric network in the crustacean stomatogastric nervous system is a premiere model 78 
system for investigating activity homeostasis. Studies employing this motor central pattern 79 
generator (CPG) have notably contributed to our current understanding of how stabilizing 80 
mechanisms generate component variability by producing compensatory changes in synaptic 81 
strengths and ionic current densities in response to altered activity (LeMasson et al., 1993; 82 
Marder, 2011; O'Leary et al., 2014; Prinz et al., 2004; Schulz et al., 2006; Zhao and Golowasch, 83 
2012). This study focuses on a component of the pyloric circuit, the single, unambiguously 84 
identifiable lateral pyloric neuron (LP). The pyloric CPG produces a continuous rhythmic output 85 
with a cycle period of approximately 0.5-2 seconds (Marder and Bucher, 2007). LP fires a single 86 
burst of action potentials once within each cycle. The fraction of the cycle period in which LP 87 
remains active is termed LP duty cycle (LP burst duration divided by cycle period). While cycle 88 
period varies within and across individuals, LP duty cycle is invariant (Bucher et al., 2005b; 89 
Goaillard et al., 2009a). These data suggest that a feedback mechanism(s) adjusts LP burst 90 
duration to compensate for changes in cycle period. This study sought to identify that 91 
mechanism. 92 

If a feedback mechanism senses changes in LP duty cycle, and rapidly reconfigures current 93 
densities to restore duty cycle over minutes, then those conductances must be continuously 94 
regulated according to duty cycle. Bi-directional alterations in LP duty cycle produce 95 
corresponding changes in the hyperpolarization-activated current (Ih) with a time constant of 96 
~10min, but only in the presence of tonic 5nM dopamine (DA), which by itself does not modify 97 
the current (Krenz et al., 2013; Krenz et al., 2015). LP Ih activity-dependence required PKA, the 98 
Ca2+-calmodulin-dependent phosphatase, calcineurin, and it likely relied on calcium-induced-99 
calcium-release (Krenz et al., 2015). We speculate that Small Ubiquitin-like MOdifier (SUMO) 100 
may also be involved, as SUMOylation of Hyperpolarization-activated, Cyclic-Nucleotide-gated 101 
(HCN) channels that mediate Ih can regulate their surface expression (Parker et al., 2016). 102 

SUMO is an ~11kDA peptide that can be conjugated to lysine residues on target proteins. 103 
SUMOylation influences protein-protein interactions (Flotho and Melchior, 2013), and thereby 104 
shapes ion channel biophysical properties and surface expression (Benson et al., 2017; Henley 105 
et al., 2014; Qi et al., 2014; Xiong et al., 2017). Target protein SUMOylation states are 106 
dynamically regulated by the opposing actions of conjugating and deconjugating enzymes. 107 
Target protein phosphorylation status gates SUMO conjugation (Dustrude et al., 2016). 108 
Neuronal activity and activation of G-protein coupled receptors can alter the location of the 109 
SUMOylation machinery (Jaafari et al., 2013; Loriol et al., 2014; Loriol et al., 2013), and target 110 
protein SUMOylation states can be adjusted in an activity-dependent manner (Chamberlain et 111 
al., 2012; Sun et al., 2014). Potentially, activity-dependent feedback could rapidly reconfigure 112 
numerous current densities by eliciting coordinated changes in the SUMOylation profile of 113 
multiple ion channels.  114 
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SUMOylation of the HCN channels that mediate Ih and the Kv4 channels that mediate IA can 115 
influence their surface expression and biophysical properties (Parker et al., 2016; Welch et al.). 116 
We hypothesize that LP duty cycle regulates the SUMOylation status of Kv4 and HCN channels 117 
to adjust their current densities in order to maintain duty cycle. Moreover, tonic 5nM DA gates 118 
activity-dependent ion channel SUMOylation. The experiments herein begin to test these 119 
hypotheses. 120 
 121 
Materials and Methods 122 
Animals 123 

California spiny lobsters, Panulirus interruptus, were purchased from Marinus Scientific 124 
(Long Beach, CA) and Catalina Offshore Products (San Diego, CA). Lobsters were maintained 125 
at 16°C in aerated and filtered seawater. Animals were anesthetized on ice before dissection. 126 
Male and female lobsters were used in these studies. 127 
 128 
Chemicals 129 

Tetrodotoxin (TTX) was purchased from Tocris Bioscience (Bristol, UK), Tween20 was 130 
purchased from Thermo Fisher Scientific (Waltham, MA) and all other chemicals were 131 
purchased from Sigma-Aldrich (St. Louis, MI, USA). Dopamine (DA) was made fresh every 132 
30min to minimize oxidation.  133 
 134 
SUMO cloning 135 

A complete Panulirus interruptus SUMO cDNA was isolated using a combination of 136 
degenerate PCR and RACE (GenBank accession: MF770707). Total RNA was isolated from 137 
lobster nervous system tissue with Trizol and used as the template in a reverse transcription 138 
reaction with Superscript according to manufacturer’s instruction. The resulting cDNA served as 139 
a template in a degenerate PCR and RACE reactions as previously described (Clark et al., 140 
2004). Degenerate primers (Table 1) were designed based on an alignment of Drosophila 141 
melanogaster Smt3 (GenBank accession: NM058063), Mus musculus SUMO 2 (GenBank 142 
accession: NM133354), and Mus musculus SUMO 3 (GenBank accession: BC115488). The 143 
predicted ~180bp PCR product was gel isolated and cloned into a pDrive vector (Qiagen) and 144 
sequenced. Lobster specific RACE primers (Table 1) were designed. The 3’ end of the SUMO 145 
transcript was obtained using lobster specific forward primers (Table 1; Specific For1 and For2) 146 
and a SMARTer RACE kit (Clontech), following the manufacturer’s instructions. The 5’ end of 147 
the SUMO transcript was obtained using lobster specific reverse primers (Table 1; Specific 148 
Rev1 and Rev2) and a FirstChoice RLM RACE Kit (Ambion). All sequencing was performed by 149 
the GSU DNA core facility, and sequences were analyzed and manipulated with the Lasergene 150 
10 suite of DNASTAR software. 151 
 152 
Construction of a Human Embryonic Kidney (HEK) cell line stably expressing a lobster HCN-153 
GFP fusion protein for antibody validation 154 

HCN was cloned and sequenced from Panulirus interruptus nervous system tissue using 155 
standard previously described techniques (Clark et al., 2004). RNA was isolated and reverse 156 
transcribed into cDNA. A combination of degenerate PCR and RACE was used to isolate a full-157 
length sequence. This sequence was novel and represented the 11th HCN channel isoform 158 
identified (GenBank accession: MH368784). Specific primers containing HCN start and stop 159 
sequences were then used in a standard PCR to amplify a full-length cDNA. The 5’ and 3’ 160 
primers also contained BglII and EcoRI sites, respectively. The PCR product was digested with 161 
BglII and EcoRI, gel isolated and cloned into a BglII and EcoRI digested pAcGFP1-C3 162 
expression vector (Clontech) using standard techniques. The plasmid was transfected into HEK 163 
cells using Lipofectamine (Invitrogen). A clonal cell line stably expressing the lobster GFP-HCN 164 
fusion protein was obtained using previously described techniques (Parker et al., 2016).  165 
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 166 
Tat-SUMO peptide synthesis 167 

A PCR product representing the activated form of lobster SUMO, i.e. ending in diglycine, 168 
was obtained using lobster nervous system cDNA, lobster specific primers (Table 1; Tat-SUMO 169 
For and Rev) and Titanium Taq (Takara) as described by the manufacturer. Standard 170 
recombinant DNA techniques were used to clone the predicted 274bp gel isolated PCR product 171 
into the EcoRI site of the pcDNA3 Tat HA vector (a gift from Matija Peterlin (Cujec et al., 1997); 172 
Addgene plasmid #14654), thereby creating an N-terminal Tat-HA-His tagged SUMO construct. 173 
In order to synthesize the Tat-SUMO peptide, the plasmid was transformed in BL21-CodonPlus 174 
(DE3)-RIPL E. coli (Agilent). A single isolated colony was grown overnight in 200ml of broth 175 
containing ampicillin (100μg/ml) at 37°C with agitation. The 200ml overnight culture was then 176 
added to 1L of broth containing 500μM isopropyl β-D-1-thiogalactopyranoside (IPTG) to induce 177 
expression of the peptide, and further incubated for 5hr. Cells were pelleted at 8,000rpm for 178 
10min at 4°C, and the pellet was washed with ice cold PBS (137mM NaCl, 2.7mM KCl, 10mM 179 
Na2HPO4, 1.8mM KH2PO4, pH7.4). Pelleted cells were resuspended in 20ml of Buffer Z (8M 180 
Urea, 100mM NaCl, 20mM HEPES, pH8) and sonicated on ice using a 10sec “on” 30sec “off” 181 
protocol at 15% amplitude for a total of 10min. Sonicate was cleared by centrifuging at 182 
12,000rpm for 10mins at 4°C. Cleared sonicate was equilibrated with 10mM imidazole and 183 
incubated with 10ml of Ni-NTA agarose resin (Qiagen) at 4°C for 1hr. Resin was washed with 184 
100ml of Buffer Z equilibrated with 10mM imidazole. Peptide was eluted with incrementally 185 
increasing concentrations of imidazole (100, 250, 500mM, and 1M; 10ml each) and the buffer 186 
was exchanged for PBS with 10% glycerol using PD-10 desalting columns (GE Healthcare). 187 
Peptide concentration was determined by BCA assay (Pierce). The same strategy was used to 188 
obtain a second recombinant Tat-SUMO peptide to serve as a negative control. This second 189 
version of the peptide did not end in diglycine, and could not be conjugated to a target protein. 190 
The non-conjugatable Tat-SUMO (NC-Tat-SUMO) was created using a PCR reverse primer in 191 
which the terminal di-glycine was mutated to di-alanine (Table 1, NC-Tat-SUMO Rev).  192 

 193 
Immunoprecipitation from lobster nervous system lysates and western blots  194 

Lobster nervous system lysates were prepared by homogenizing lobster nervous system 195 
tissue in NP-40 lysis buffer (50mM Tris HCl pH7.4, 150mM NaCl, 1% NP-40, 20mM NEM, 196 
protease inhibitor cocktail at 1:100). Homogenate was incubated at 4°C with agitation and then 197 
centrifuged at 12,000rpm for 20min to pellet cell debris. Protein concentration was determined 198 
by BCA assay (Pierce). Immunoprecipitation (IP) was performed using Dynabeads Protein G 199 
(Invitrogen). Briefly, 10μg of antibody was incubated with the beads in 0.1M Na acetate pH 5.3 200 
for 1hr at room temperature with agitation. Beads were washed three times with 0.1M Na 201 
acetate pH 5.3 plus 0.01% Tween-20, 2mg of cell lysate was added to the beads and the 202 
mixture was incubated for 90min at room temperature with agitation. Finally, the beads were 203 
washed three times with PBS plus 0.01% Tween-20 and eluted in 20μl of 50mM Glycine pH 2.8 204 
by heating to 70°C for 10min. Western blot experiments were as previously described (Parker et 205 
al., 2016). Primary antibody concentrations used for western blots were as follows: anti-HCN, 206 
1:5000, anti-ORF-J, 1:4000, anti-SUMO, 1:4000. 207 
 208 
Antibodies  209 

All secondary antibodies were obtained from Jackson ImmunoResearch Laboratories (West 210 
Grove, PA).  211 

An antibody against the lobster HCN channel (anti-HCN) was custom made. PCR was used 212 
to obtain a fragment of DNA corresponding to amino acids 362-390 in the Panulirus interruptus 213 
HCN channel. The gel isolated PCR product was cloned into a PGex vector (Amersham) and 214 
the recombinant peptide was isolated from E. coli according to the manufacturer’s instructions. 215 
The peptide served as an immunogen and was injected into a rabbit. Serum obtained from an 216 
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immunized rabbit was affinity purified on a column containing the antigenic peptide using 217 
previously described techniques (Baro et al., 2000). The specificity of the antibody was 218 
validated as described in Results.  219 

Bethyl Laboratories (Montgomery, TX) was contracted to produce a custom made affinity 220 
purified goat polyclonal antibody against a peptide corresponding to a specific segment of the 221 
Kv4 (shal) protein termed ORF-J (5’-CVGGPPLHPSAITTTNTNTAT-3’) (Baro et al., 2001). The 222 
specificity of the antibody was validated as described in Results. 223 

The primary antibody against mouse SUMO-1 was obtained from Santa Cruz Biotechnology 224 
(Dallas, TX) #sc-9060. SUMO is highly conserved across species, and a commercially 225 
available, affinity purified, rabbit polyclonal antibody against mouse SUMO1 (anti-SUMO1) was 226 
used at 1:4000. The specificity of the antibody was validated as described in Results. 227 

The primary antibody against HIV Tat (anti-Tat) was obtained from Abcam (Cambridge, MA) 228 
#ab63957. The specificity of Anti-Tat was validated by the company. Immunohistochemistry 229 
experiments on wholemount stomatogastric ganglia (STG) were performed as previously 230 
described (Baro et al., 2000; Oginsky et al., 2010).  231 

The primary antibody against GFP (anti-GFP) was obtained from Abcam (Cambridge, MA) # 232 
ab290. The specificity of anti-GFP was validated by the company. IP experiments with HEK cell 233 
lysates were as previously described (Parker et al., 2016). 234 
 235 
STNS dissection, LP identification and quantification of activity features 236 

The stomatogastric nervous system (STNS) was dissected and pinned into a Sylgard dish 237 
(Selverston et al., 1976). The STG was desheathed and isolated with a Vaseline well. The STG 238 
was constantly superfused with aerated Panulirus saline (479mM NaCl, 12.8mM KCl, 13.7mM 239 
CaCl2, 39mM Na2SO4, 10mM MgSO4, 2mM glucose, 4.99mM HEPES, 5mM TES at pH 7.4). 240 
Extracellular recordings were obtained by placing stainless-steel pin electrodes, connected to a 241 
differential AC amplifier (A-M Systems, Everett, WA, USA), directly against the pyloric dilator 242 
nerve (pdn) and lateral ventricular nerve (lvn) and insulating them with Vaseline. Intracellular 243 
somatic recordings were obtained using a high resistance electrode filled with 3M KCl (20–30 244 
MΩ) and an Axoclamp 900A amplifier (Axon Instruments, Foster City, CA, USA). Neurons were 245 
identified by correlating action potentials from somatic intracellular recordings with 246 
extracellularly recorded action potentials on identified motor nerves, and by their characteristic 247 
shape and timing of oscillations. The LP neuron is recognizable on the lvn by the pattern and 248 
amplitude of its spikes (see Results). Measurements from the lvn were used for quantification of 249 
LP activity as described in Results. Twenty cycles were used for each time point. Note that LP 250 
on-delay was measured as the time between the last PD spike and the first LP spike.   251 
  252 
Somatic two-electrode voltage clamp (TEVC) 253 

All experiments were performed at 19–22°C as measured with a temperature probe in the 254 
bath. Temperature changed by less than 1°C during an experiment. For TEVC experiments LP 255 
was impaled with two low resistance glass microelectrodes filled with 3M KCl (7-10MΩ) 256 
connected to an Axoclamp 900A amplifier. The STG was superfused with Panulirus saline 257 
containing TTX (100nM) to block voltage-dependent Na+ channels. No other ion channel 258 
blockers were included. TEVC was used to implement voltage protocols described in results 259 
and to measure LP Ih and IA. 260 

LP Ih was elicited using a series of 4sec voltage steps from the holding potential of -50mV to 261 
-120mV in 10 mV increments with 6sec between each step (Figure 1A). LP Ih steady state peak 262 
current was measured by subtracting the initial fast leak current from the slowly developing Ih at 263 
the end of each voltage step. Current was converted to conductance using Erev=-35mV (Kiehn 264 
and Harris-Warrick, 1992) and fitted to a first order Boltzmann equation (Figure 1B) to obtain 265 
maximal conductance (Gmax) and the voltage of half activation (V1/2). This current could be 266 
completely blocked by the specific HCN channel blocker, ZD7288 (Figure 1C). In addition, 267 
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preliminary experiments showed that blocking K+ inward rectifier currents (Kir) with 200 M Ba2+ 268 
had no significant effect LP Ih Gmax. 269 

LP IA is usually measured as a difference current. A depolarizing testpulse is preceded by a 270 
hyperpolarizing prepulse to either -90mV, where Kv4 channels are fully de-inactivated, or -40mV 271 
where Kv4 channels are largely inactivated. When the two traces are digitally subtracted, non-272 
inactivating currents are removed from the difference current. In the past, Cd2+ was included in 273 
the saline to block Ca2+ currents and G/V plots were always well-fitted by Boltzmann equations 274 
to obtain IA Gmax (Baro et al., 1997; Zhang et al., 2010). Ca2+ channel blockers were omitted 275 
here in order to examine activity-dependent processes. As a result, a previously described 276 
small, transient Cav2-mediated Ca2+ current with a steady-state inactivation profile highly similar 277 
to IA was represented in the difference current (Ransdell et al., 2013), and G/V plots were not 278 
well-fitted with a Boltzmann equation. Addition of Cd2+ to the saline restored the fit. Since IA Gmax 279 
could not be obtained by the usual method, LP IA was measured as the peak difference current 280 
at +40mV where the effect of the Cav2 current was minimal (Johnson et al., 2003; Ransdell et 281 
al., 2013). The length of the testpulse used was either 500ms or 60ms. Preliminary experiments 282 
showed that the activity- and DA-dependent changes studied here represented alterations in 283 
peak IA, as opposed to contaminating currents. Previous work showed 4mM 4-AP could block IA 284 
in spiny lobster pyloric neurons (Tierney and Harris-Warrick, 1992). Here, 4mM 4-AP largely 285 
blocked the peak difference current at +40mV (Figure 2A). The residual current that remained in 286 
4-AP was not modulated by activity (Figure 2B). 287 

TEVC was used to deliver a series of voltage steps to mimic or alter LP duty cycle as 288 
described in Results. Protocols to exactly mimic, increase or decrease duty cycle were applied 289 
sequentially. In these cases, the order of the protocols was deliberately switched from one 290 
experiment to the next. This did not affect the results. In previous studies on Ih (Krenz et al., 291 
2013; Krenz et al., 2015), and in preliminary studies on IA, protocols were not sequentially 292 
applied and each preparation received a single protocol. The results were the same for both 293 
types of applications. 294 
 295 
Experimental Design and Statistical Analysis 296 
 No statistical methods were used to compute sample size. All data were analyzed using 297 
Prism 7 (Graphpad Software Inc.). Each data set was checked for normality and homogeneity of 298 
variance and unless otherwise stated data were analyzed using parametric statistical tests. In all 299 
cases, the significance threshold was set at p< 0.05. Values that were greater than two 300 
standard deviations from the mean were considered statistical outliers and were excluded from 301 
the data set. ANOVA’s were followed by post hoc tests as indicated. All values are presented as 302 
the mean±SEM. Complete results of all statistical tests for each experiment are presented in the 303 
Figure Legends. 304 
 305 
Results 306 
DA reconfigures the activity-dependence of LP IA 307 

LP undergoes constant ~20mV oscillations in membrane potential that traverse the ~ -60 to 308 
-40mV range with a plateau of variable duration at the most depolarized potential (Figure 3A). 309 
This slow wave activity is generated in the somatodendritic compartment. Spiking activity is 310 
generated at the spike initiation zone located at the beginning of the axon. Spikes emerge from 311 
a flat baseline and do not actively propagate into the somatodendritic compartment; rather, they 312 
passively spread and can be seen riding on the depolarized plateau in somatic intracellular 313 
recordings. Slow wave activity can be described by duty cycle, defined here as plateau duration 314 
divided by cycle period. Thus, duty cycle represents the fraction of the cycle period for which LP 315 
is maximally depolarized, and presumably, Ca2+ influx into the somatodendritic compartment is 316 
greatest. We previously demonstrated that changes in duty cycle could bi-directionally regulate 317 
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LP Ih, but only in the presence of tonic nM DA, which by itself had no effect on the current 318 
(Krenz et al., 2015). Here we tested whether or not duty cycle could also regulate LP IA.  319 

The experiment is diagrammed in Figure 3A. The preparation was dissected, continuously 320 
superfused with saline and the LP neuron was electrophysiologically identified. At t=-10min, we 321 
measured peak and nadir voltages of the LP oscillation, plateau duration and cycle period. The 322 
measured parameters were then used to construct three Clampex voltage protocols to 323 
manipulate the duty cycle of that particular neuron. Duty cycle was maintained using a 0% DC 324 
protocol that generated a repeating voltage step with characteristics that exactly mimicked the 325 
measurements obtained at t=-10min (Figure 3A). Duty cycle was increased by 50% using a 326 
+50% DC protocol that increased the duration of the depolarized step by 50% and decreased 327 
the time between steps to maintain a constant cycle period. Duty cycle was decreased using the 328 
-100% DC protocol that abolished slow waves by holding LP at its resting potential in TTX with 329 
no voltage step applied (-59mV on average). TTX was applied at t=-5min to block spontaneous 330 
LP slow wave and spiking activity, and the three voltage protocols were sequentially 331 
implemented as depicted in Figure 3A. LP IA was measured at time points indicated by red 332 
asterisks in Figure 3A. Current traces from a single exemplar experiment in the absence of DA 333 
showed how LP IA was sculpted as duty cycle was sequentially altered (Figure 3B). Stable, bi-334 
directional changes in current density were elicited by 20min alterations in duty cycle. As duty 335 
cycle was increased by switching from the 0% DC protocol to the +50% DC protocol, IA was 336 
reduced. Next, switching back to the 0% DC protocol returned IA toward baseline. Finally, 337 
reducing duty cycle with the -100% DC protocol increased IA. These data illustrated that LP IA 338 
was continuously regulated by duty cycle. Results were the same regardless of the order of the 339 
voltage step protocols. The percent change in peak IA resulting from the -100% DC and 340 
+50% DC protocols relative to the preceding 0% DC voltage protocol were plotted (Figure 3C). 341 
Reducing duty cycle with the -100% DC protocol produced an average 13±2.2% increase in 342 
peak LP IA, whereas increasing duty cycle with the +50% DC protocol produced an average 343 
14±3.3% decrease in peak LP IA. Note that preliminary studies showed the same effect was 344 
obtained when duty cycle was increased by reducing period rather than increasing plateau 345 
duration (n=3). 346 

In order to test the effect of tonic 5nM DA, a separate series of experiments was performed 347 
exactly as described (Figure 3A) except that 5nM DA was added to the superfusate immediately 348 
after the first measure of LP IA (t=0). Previous work showed tonic 5nM DA does not obviously 349 
alter LP IA Gmax over the short-term (Rodgers et al., 2013; Zhang et al., 2010). The addition of 350 
5nM DA to the superfusate abolished duty-cycle-dependent changes in LP IA (Figure 3C).  351 

In sum, LP duty cycle had similar effects on IA (Figure 3) and Ih (Krenz et al., 2015). 352 
Decreases in duty cycle enhanced the peak IA and Ih over minutes whereas increases in duty 353 
cycle diminished the peak IA and Ih. Interestingly, the gating effect of tonic 5nM DA was opposite 354 
for the two currents. Tonic 5nM DA permitted duty cycle to regulate LP Ih (Krenz et al., 2015), 355 
but it prevented activity-dependent regulation of LP IA (Figure 3C). 356 

 357 
LP IA and Ih are dynamically shaped by the balance between SUMO conjugation and 358 
deconjugation  359 

The role of SUMO in dynamically shaping LP ionic conductances was next investigated by 360 
examining the effect of enhancing or reducing SUMOylation during constant activity. Previous 361 
work showed that increasing the availability of activated SUMO peptide enhanced target protein 362 
SUMOylation (Parker et al., 2016), most likely by increasing the forward conjugation reaction 363 
(target + SUMO → SUMOylated target) and by reducing the reverse deconjugation reaction. 364 
Activated SUMO peptide concentration was increased in the LP neuron using bath application 365 
of membrane permeable SUMO. Lobster SUMO cDNA was cloned (Figure 4A) and two 366 
recombinant SUMO peptides were generated (Figure 4B). Both peptides were tagged at their N-367 
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terminus with an HIV-Tat sequence to allow cellular uptake (Figure 4C) (Fawell et al., 1994). 368 
One version of the peptide, termed Tat-SUMO, represented the activated form of SUMO and 369 
possessed a C-terminal di-glycine (GG); it required no further proteolytic processing before 370 
post-translational addition to a target protein (Mukhopadhyay and Dasso, 2007). For the second 371 
peptide, NC-Tat-SUMO, the two C-terminal glycines were replaced with alanines (AA). This 372 
version of SUMO could enter the cell but could not be conjugated to target proteins; thus, it 373 
served as a negative control. The experiment was as diagrammed in Figure 5A. A 30min bath 374 
application of 100nM Tat-SUMO during a 0% DC voltage protocol significantly decreased LP IA 375 
by 10.1+1.4% and significantly increased LP Ih by 11.2+1.5% (Figure 5B). On the other hand, 376 
100nM NC-Tat-SUMO had no significant effect on LP IA or Ih (Figure 5B). Similarly, there were 377 
no significant changes in LP IA or Ih in the absence of peptide (Wilcoxon test, p>0.1, n=3 each 378 
for Ih and IA). 379 

Target protein SUMOylation was next reduced using cell permeable anacardic acid. Post-380 
translational modifications are dynamic and depend on the balance between ongoing SUMO 381 
conjugation and deconjugation. Anacardic acid blocks one of the enzymes involved in SUMO 382 
conjugation (Fukuda et al., 2009). This shifts the balance of activity in favor of SUMO 383 
deconjugation so target protein SUMOylation continuously decreases over time in anacardic 384 
acid. The experiment was as diagrammed in Figure 5A. After a 1hr bath-application of 10 M 385 
anacardic acid during a 0% DC voltage protocol, the mean peak IA significantly increased by 386 
9.7±2.8% and the mean LP Ih Gmax significantly decreased by 14±4.5% (Figure 5C).  387 

In sum, the data show that LP IA and Ih were dynamically shaped by the balance between 388 
the ongoing processes of SUMO conjugation and deconjugation. SUMOylation has contrasting 389 
effects on the two conductances. Enhancing target protein SUMOylation simultaneously 390 
decreased LP IA and increased LP Ih. Reducing SUMOylation has the opposite effect.  391 
 392 
SUMO is necessary for activity-dependent changes in LP IA 393 

Our hypothesis is that changes in duty cycle adjust Kv4 channel SUMOylation to fine-tune 394 
LP IA amplitude. We next asked if SUMOylation was necessary for LP IA activity-dependence. 395 
Experiments similar to those diagrammed in Figure 3A were repeated except that Tat-SUMO or 396 
anacardic acid was added to the superfusate 30 or 60 min prior to the addition of TTX, 397 
respectively, and remained throughout the experiment. Enhancing SUMOylation for 30min prior 398 
to changing activity prevented the decrease in LP IA normally elicited by the +50% DC voltage 399 
protocol (Figure 6B). Note that enhanced SUMOylation decreased IA in the absence of a change 400 
in activity (Figure 5B). Thus, enhanced SUMOylation both mimicked and occluded the activity-401 
dependent decrease in LP IA elicited by the +50% DC protocol. On the other hand, enhanced 402 
SUMOylation had no effect on the increase in LP IA elicited by the -100% DC protocol (Figure 403 
6B), which was consistent with the idea that the increase was due to deconjugation of SUMO.  404 

We next examined the effect of anacardic acid, which blocks SUMO conjugation and 405 
promotes deconjugation. After a 1hr bath-application of anacardic acid, subsequent changes in 406 
duty cycle could no longer elicit changes in the peak IA (Figure 6C). Note that anacardic acid 407 
increased LP IA in the absence of a change in activity (Figure 5C). Thus, the 1hr anacardic acid 408 
application both mimicked and occluded the increase in LP IA elicited by the -100% DC 409 
protocol. It also blocked the decrease in LP IA elicited by the +50% DC protocol, which was 410 
consistent with the idea that SUMO conjugation was necessary for that decrease. These data 411 
suggested that dynamic changes in SUMOylation were necessary for activity-dependent 412 
changes in peak LP IA.  413 
 414 
Tonic 5nM DA prevents SUMO deconjugation from and conjugation to the target protein(s) 415 
conferring LP IA activity-dependence  416 
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Thus far, the data are consistent with our hypothesis that duty cycle regulates the level to 417 
which LP Kv4 channels are decorated with SUMO, which in turn influences IA amplitude. Tonic 418 
5nM DA disabled LP IA activity-dependence (Figure 3C). If our hypothesis is correct, then one 419 
possibility is that tonic 5nM DA blocks the dynamic processes of SUMO conjugation and/or 420 
deconjugation associated with LP IA activity-dependence.  421 

The experiment diagrammed in Figure 7A tested if DA could block the effect of anacardic 422 
acid, which promotes SUMO deconjugation and produces an increase in LP IA (Figure 5C) that 423 
mimics and occludes the effect of the -100% DC voltage protocol (Figure 6C). LP was 424 
superfused with saline that did or did not contain 5nM DA. After 5min, LP IA was measured, 425 
anacardic acid was added to the superfusate and a 0% DC voltage protocol was implemented. 426 
LP IA was re-measured after 1hr. Tonic 5nM DA blocked the effect of anacardic acid on LP IA 427 
(Figure 7A).  428 

The experiment diagrammed in Figure 7B tested if DA could block the effect of Tat-SUMO, 429 
which promotes SUMO conjugation and produces a reduction in peak LP IA (Figure 5B) that 430 
mimics and occludes the effect of the +50% DC voltage protocol (Figure 6B). The preparation 431 
was superfused with saline that did or did not contain 5nM DA. After 5min, LP IA was measured 432 
with TEVC, Tat-SUMO or NC-Tat-SUMO was added to the superfusate and a 0% DC voltage 433 
protocol was implemented. IA was re-measured every 10min throughout the SUMO wash-in. 434 
The data showed that Tat-SUMO had no effect on LP IA in the presence of 5nM DA.  435 

In sum, the data indicated that DA can prevent the changes in SUMOylation that are 436 
necessary for LP IA activity-dependence.  437 
 438 
Dynamic SUMOylation is also necessary for DA-enabled LP Ih activity-dependence 439 

Alterations in duty cycle produced changes in LP Ih Gmax that were very similar to those 440 
observed for peak IA; however, Ih activity-dependence only occurred in the presence of tonic 441 
5nM DA (Krenz et al., 2015). Here we tested the hypothesis that DA enables LP Ih activity-442 
dependence by permitting SUMO conjugation to and deconjugation from HCN channels.  443 

Bath application of 5nM DA permitted duty-cycle-dependent regulation of LP Ih by eliciting 444 
two simultaneous PKA-dependent events that could be pharmacologically uncoupled. Event 1 445 
was a ~12% activity-independent increase in LP Ih Gmax with a time constant ( ) of ~10min. 446 
Event 2 was a calcineurin-mediated decrease in LP Ih Gmax. Bi-directional activity-dependence 447 
was achieved through the additive effects of events 1 and 2. Since event 1 was activity-448 
independent, it was constant in all three voltage protocols (~12% increase in Ih Gmax). On the 449 
other hand, event 2 (Ca2+-dependent decrease in Ih Gmax) was minimal, maximal and 450 
intermediate during the -100% DC, +50% DC, and 0% DC protocols, respectively. The 451 
addition of events 1 and 2 produced an increase and a decrease in LP Ih Gmax, respectively, 452 
during the -100% DC and +50% DC protocols relative to the 0% DC protocol. 453 

The experiment to test if event 1 represented an activity-independent increase in HCN 454 
channel SUMOylation that occurred with a time constant of ~10min is diagrammed in Figure 8A 455 
(left panel). Increasing SUMO conjugation with a 30min wash-in of activated Tat-SUMO 456 
produced a stable and significant 11±1.5% increase in the average LP Ih Gmax in the absence of 457 
DA with a mean  of 7.1min (Figure 8A, right panel). The same result was obtained when the 458 
Tat-SUMO peptide was applied during a 30min -100% DC or 0% DC voltage protocol (Figure 459 
8A), indicating that an activity-independent process transduced enhanced activated SUMO 460 
availability into an increase in LP Ih Gmax. Enhancing SUMO conjugation not only mimicked DA-461 
enabled event 1, but it also occluded it. After the 30min Tat-SUMO wash-in was completed, 462 
5nM DA was or was not added to the superfusate and the standard voltage protocols were 463 
implemented (Figure 3). The DA-enabled activity-independent increase in LP Ih normally 464 
observed during the -100% DC protocol was now absent (Figure 8B). On the other hand, Tat-465 
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SUMO had no effect on DA-enabled event 2. An activity-dependent decrease in LP Ih was still 466 
elicited by the +50% DC protocol, but only in the presence of 5nM DA (Figure 8B). 467 

Event 2 represents a calcineurin mediated decrease in LP Ih, and its effect is largest during 468 
the +50% DC protocol, where the duration of LP depolarization is maximal and presumably 469 
where Ca2+ levels are highest (Krenz et al., 2015). Reducing SUMOylation with anacardic-acid 470 
also decreased LP Ih Gmax (Figure 5C), and to approximately the same extent as the +50% DC 471 
protocol in the presence of DA (Krenz et al., 2015). We next asked if anacardic acid occluded 472 
event 2. Experiments similar to those diagrammed in Figure 3 were repeated except that 473 
anacardic acid was or was not added to the superfusate for 1hr prior to the addition of TTX and 474 
remained in the superfusate throughout the experiment. After anacardic acid application, the 475 
+50% DC protocol no longer elicited a decrease in LP Ih Gmax in the presence of 5nM DA 476 
(Figure 8C). Thus, increasing SUMO deconjugation with anacardic acid both mimicked and 477 
occluded event 2. Blocking SUMO conjugation with anacardic acid also blocked the increase in 478 
LP Ih Gmax normally observed during the -100% DC voltage protocol, suggesting that an 479 
increase in SUMO conjugation underpins event 1, which is consistent with our findings from 480 
experiments using TAT-SUMO (Figure 8B). 481 

In sum, the data presented here are consistent with the hypothesis that DA enables LP Ih 482 
activity-dependence by permitting activity-independent conjugation and activity-dependent 483 
deconjugation of SUMO.  484 
 485 
Lobster HCN and Kv4 channels are SUMOylated in vivo 486 

Our hypothesis predicts that LP duty cycle dynamically adjusts HCN and Kv4 channel 487 
SUMOylation levels to fine-tune Ih and IA amplitudes, respectively. To determine if lobster HCN 488 
and Kv4 channels were SUMOylated in vivo, we performed immunoprecipitation (IP) 489 
experiments with lobster CNS lysates followed by western blotting. The specificity of the 490 
antibodies was first validated. Control experiments showed that an antibody against mouse 491 
SUMO1 (Anti-SUMO1) recognized the recombinant lobster TAT-SUMO peptide (Figure 9A), as 492 
well as SUMO and SUMOylated proteins in lobster nervous system protein lysates (Figure 9B). 493 
A second series of experiments showed that a custom made, affinity purified antibody against 494 
lobster HCN channels (anti-HCN) recognized a lobster HCN-GFP fusion protein stably 495 
expressed in HEK cells (Figure 9C). A third series of control experiments showed that a custom 496 
made, affinity purified antibody against lobster Kv4 channels (anti-ORFJ) and a previously 497 
validated antibody against a conserved region of the lobster Kv4 protein (Baro et al., 2000) 498 
recognized the same ~75kD band on western blots containing lobster nervous system protein 499 
lysates (Figure 9D). Thus, anti-ORFJ specifically recognizes lobster Kv4 channels. 500 

After validating the specificity of all antibodies, IP experiments were carried out using anti-501 
HCN, anti-ORF-J and IgG (negative control). Western blots containing the resulting IP products 502 
were probed with anti-SUMO1 and either anti-HCN (Figure 9A) or anti-ORFJ (Figure 9B). Both 503 
HCN and Kv4 channels appeared to be SUMOylated in vivo. The anti-HCN and anti-SUMO1 504 
antibodies recognized multiple matching bands in the anti-HCN but not the IgG IP product. The 505 
bands were in the correct size range for post-translationally modified alternately-spliced HCN 506 
channel isoforms (Ouyang et al., 2007). The anti-ORFJ and anti-SUMO1 antibodies recognized 507 
a single, appropriately sized, matching band in the anti-ORFJ but not the IgG IP product. The 508 
SUMO signal was weak compared to the Kv4 signal. This may indicate that steady-state levels 509 
of Kv4 SUMOylation are low. The anti-SUMO1 antibody recognized additional bands not 510 
recognized by the channel antibodies in both the anti-HCN and anti-ORFJ but not the IgG IP 511 
products. These may represent SUMOylated proteins that non-covalently interact with the 512 
channels. Both antibodies also recognized proteins that non-specifically associate with IgG 513 
antibodies. In sum, the data are consistent with our hypothesis that lobster Kv4 and HCN 514 
channels are SUMOylated in vivo. 515 



 

 13 

 516 
Dynamic SUMOylation is necessary for duty cycle and phase recovery in 5 M DA 517 
 If SUMOylation-mediated, duty-cycle-dependent regulation of IA and Ih contributes to a 518 
feedback mechanism that maintains duty cycle, then when LP cycle frequency is continuously 519 
increased, duty cycle should initially be disrupted but should recover over time, and blocking 520 
dynamic SUMOylation with anacardic acid should prevent this recovery. Previous studies 521 
showed that 100 M DA altered pyloric network output by directly modulating synaptic properties 522 
and ionic conductances in all pyloric neurons (Harris-Warrick, 2011; Harris-Warrick et al., 1998), 523 
and 5 M DA produced similar changes in output that were of a smaller magnitude (Rodgers et 524 
al., 2011). Therefore, bath application of 5 M DA to the STG should both modulate LP 525 
conductances and gate their activity-dependence; the latter can be considered a 526 
metamodulatory effect (see Krenz et al., 2015).  527 

In the next set of experiments, the preparation was superfused with 5 M DA with or without 528 
anacardic acid, and LP activity was monitored with extracellular recordings from the lvn. By 529 
10min, 5 M DA increased cycle frequency, LP burst duration and LP duty cycle (Figure 10A-B). 530 
Mean cycle frequency remained elevated throughout the experiment, but burst duration was 531 
slowly scaled to exactly compensate for the increase in cycle frequency so that by 50min duty 532 
cycle was restored. Anacardic acid abolished duty cycle recovery (Figure 10C). In DA + 533 
anacardic acid, cycle frequency increased to the same extent as occurred in DA alone. Burst 534 
duration also increased, but it remained elevated. There was no scaling of burst duration with 535 
cycle frequency, and duty cycle did not recover. By 10 min in DA + anacardic acid, the increase 536 
in burst duration and duty cycle were noticeably higher than in DA alone, suggesting the 537 
compensatory mechanism may have been initiated before this time point. Anacardic acid alone 538 
produced only small changes in circuit output that could not explain the effects of anacardic acid 539 
in 5 M DA (Figure 10D).   540 

LP phase is also invariant (Bucher et al., 2005a; Goaillard et al., 2009b; Hooper, 1997; 541 
Hooper et al., 2009a). Phase characterizes the timing of the burst within the cycle. LP-on phase, 542 
which is the point where the first LP spike occurs in a given cycle period, was measured from 543 
the lvn (Figure 10A). 5 M DA initially produced an LP phase advance and caused the first spike 544 
to occur earlier in the cycle period, but phase recovered over the course of 1hr (Figure 10E). 545 
Anacardic acid blocked this recovery in 5 M DA. Anacardic acid alone produced a small, 546 
steadily increasing phase advance that could not account for a total lack of phase recovery. In 547 
the absence of a change in activity, anacardic acid increased IA and decreased Ih (Figure 5C), 548 
which should produce a phase delay. This was most likely not observed because anacardic acid 549 
blocked SUMO conjugation to all cellular proteins in all network neurons, making its actions on 550 
circuit output unpredictable. 551 
 552 
Discussion 553 

Homeostatic processes stabilize neuronal output by producing compensatory changes in 554 
synaptic strengths and ionic current densities in response to altered activity (Davis, 2013; 555 
O'Leary and Wyllie, 2011). Most models of activity homeostasis concentrate on slow feedback 556 
mechanisms, such as activity-dependent regulation of ion channel transcription (Khorkova and 557 
Golowasch, 2007; Krenz et al., 2014; Mizrahi et al., 2001; O'Leary et al., 2014; Thoby-Brisson 558 
and Simmers, 1998), but rapid compensatory processes are also necessary for stabilization 559 
over briefer time scales (Zenke et al., 2017). The major findings of this study were that rapid, 560 
activity-dependent regulation of SUMOylation states continuously adjusted ionic current 561 
densities over minutes, and disrupting dynamic SUMOylation prevented short-term activity 562 
homeostasis; moreover, tonic 5nM DA gated this regulation and could permit or prevent ionic 563 
current activity-dependence. The gating function may ensure that the appropriate mechanisms 564 
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are enabled to correctly compensate for modifications driven by higher ( M) concentrations of 565 
DA.  566 

 567 
Activity-dependent SUMOylation underpins duty-cycle-dependent regulation of LP ionic 568 
currents that supports short-term activity homeostasis 569 

The LP neuron in the crustacean pyloric network is rhythmically active and continuously fires 570 
a burst of spikes at a frequency of~0.5-2Hz. Two characteristics of LP activity are invariant: duty 571 
cycle (burst duration/cycle period), which characterizes the fraction of the period in which LP is 572 
active, and phase (LP on-delay/cycle period), which characterizes when in the cycle LP is 573 
active. Several other aspects of neuronal activity can vary, including cycle period. This suggests 574 
that feedback mechanisms exist to maintain and/or restore duty cycle and phase by scaling 575 
burst duration and LP on-delay as cycle period varies. Relatively fast synaptic and intrinsic 576 
mechanisms act to maintain phase (Hooper, 1997; Hooper et al., 2009b; Mouser et al., 2008; 577 
Nadim et al., 2003; Rabbah and Nadim, 2005). Here we investigated a novel feedback 578 
mechanism that operated with a time constant of ~10min to restore duty cycle and phase.  579 

We discovered that duty cycle can continuously fine-tune LP IA and Ih. Increases in duty 580 
cycle reduced both currents; decreases in duty cycle enhanced both currents. Duty cycle 581 
regulated dynamic post-translational SUMOylation, which in turn controlled LP IA and Ih 582 
densities. Tonic 5nM DA gated duty-cycle-dependent SUMOylation; it permitted the SUMO 583 
conjugation and deconjugation necessary for LP Ih activity-dependence, and it prevented the 584 
SUMO conjugation and deconjugation necessary for LP IA activity-dependence.  585 

DA-gated SUMOylation was necessary to restore LP duty cycle and phase when they were 586 
disrupted during a 1hr bath application of 5 M DA. Bath applied DA (>5 M) modulates the 587 
intrinsic and synaptic properties of all pyloric neurons to alter circuit output (Flamm and Harris-588 
Warrick, 1986; Harris-Warrick et al., 1995; Rodgers et al., 2011). Here we showed that by 589 
10min, 5 M DA increased cycle frequency, LP burst duration and LP duty cycle. Cycle 590 
frequency remained elevated throughout the 1hr application, but LP burst duration was slowly 591 
scaled to compensate for the ~20% increase in cycle frequency so that LP duty cycle was 592 
restored by 50min.  Similar to what we previously showed (Krenz et al., 2013; Rodgers et al., 593 
2011), 5 M DA also produced an LP phase advance by 10min that slowly recovered over the 594 
hour. Blocking dynamic SUMOylation with anacardic acid prevented the scaling of burst 595 
duration and on-delay with cycle frequency and thereby abolished activity homeostasis; neither 596 
phase nor duty cycle recovered in 5 M DA + 10 M anacardic acid. We previously used dynamic 597 
clamp to remove duty-cycle-dependent regulation of LP Ih in 5 M DA and found that this also 598 
prevented phase recovery (Krenz et al., 2013). The most parsimonious interpretation of these 599 
data is that DA-gated, SUMOylation-mediated, duty-cycle-dependent regulation of LP ionic 600 
conductances contributes to a feedback mechanism that supports activity homeostasis.  601 

How might DA-gated, duty-cycle-dependent regulation of LP IA and Ih restore LP on-phase?  602 
LP on-phase depends, in part, upon the balance between IA and Ih (Harris-Warrick et al., 1995; 603 
Zhao and Golowasch, 2012). LP IA and Ih peak current amplitudes vary across individuals, but 604 
the LP IA:Ih ratio does not (Temporal et al., 2012), suggesting that the ratio is actively 605 
maintained. Bath application of 5 M DA distorts the ratio. By 10min in 5 M DA, LP IA was 606 
reduced by ~20%, but Ih was decreased by <5% (Krenz et al., 2013; Zhang et al., 2010). This 607 
will produce an LP phase advance (Harris-Warrick et al., 1995). However, the accompanying 608 
increase in duty cycle will produce an activity-dependent decrease in LP Ih over time, which will 609 
restore the IA:Ih ratio and LP on-phase (Krenz et al., 2013). If LP IA activity-dependence was not 610 
turned off by DA, then the initial increase in duty cycle would also produce a further reduction in 611 
LP IA. This could potentially create a positive feedback loop if the decrease in LP IA also 612 
contributes to the increase in duty cycle. In sum, the modulatory effects of 5 M DA and the 613 
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metamodulatory (gating) effects of 5nM DA appear to be complimentary and tailored to 614 
simultaneously alter and stabilize distinct activity features.  615 

Ionic current correlations underlie several activity features, and Ih is dominant in many of 616 
these relationships (Zhao and Golowasch, 2012). It is important to identify the correlation 617 
specifying burst duration and the activity-dependence of the conductances involved in order to 618 
gain insight into how duty cycle and phase restoration are coordinated.  619 

DA permits duty cycle to regulate LP Ih through the fast mechanism described here and 620 
through a slow mechanism that relies on microRNA, polymerase II transcription and translation 621 
(Krenz et al., 2014; Krenz et al., 2015). Interestingly, both mechanisms similarly tune LP Ih, 622 
suggesting that slow compensatory processes may serve to consolidate the effects of post-623 
translational modifications. Important future directions will be to investigate whether other 624 
modulators also gate activity-dependence, and if fast and slow mechanisms of modulator-gated 625 
activity homeostasis diverge at the level of SUMOylation targets. 626 

 627 
The mechanism mediating activity-dependence 628 

The protein(s) whose SUMOylation status was reconfigured in response to a change in duty 629 
cycle was not unambiguously identified in these experiments. The most parsimonious 630 
interpretation of the existing data is that duty cycle fine-tunes LP Ih and IA by altering the 631 
SUMOylation status of HCN and Kv4 channels. Ion channels can be SUMOylated to influence 632 
both their surface expression and biophysical properties (Benson et al., 2017; Parker et al., 633 
2016; Plant et al., 2016). We demonstrated that HCN and Kv4 channels were SUMOylated in 634 
lobster nervous system lysates. Increased ion channel SUMOylation in HEK cells over 635 
expressing HCN or Kv4 enhanced Ih (Parker et al., 2016) and diminished IA  (Welch et al.), 636 
respectively. Similarly, increasing SUMOylation in LP enhanced Ih and diminished IA. Reducing 637 
SUMOylation had the opposite effects. For ease of discussion, we will assume HCN and Kv4 638 
channels are the targets of activity-dependent SUMOylation, but we cannot rule out that duty 639 
cycle regulates the SUMOylation of another target protein(s) in addition to, or instead of, ion 640 
channel -subunits. 641 

The SUMOylation of multiple proteins involved in a given process is often co-regulated 642 
(Flotho and Melchior, 2013). Duty cycle could regulate the SUMOylation of additional ion 643 
channels to achieve LP activity homeostasis. In the simplest case, a single site on each channel 644 
would be SUMOylated in an activity-dependent fashion, but prediction software indicates HCN 645 
and Kv4 channels have the potential to be SUMOylated at multiple sites. Each site could 646 
regulate a different aspect of channel function by controlling -subunit interactions with distinct 647 
auxiliary proteins that influence channel surface expression and biophysical properties. We did 648 
not discern if SUMOylation regulated LP HCN and Kv4 channel surface expression and/or 649 
biophysical properties in this study. 650 

Activity-dependent changes in SUMOylation profiles can be mediated by altering the activity 651 
of the SUMOylation machinery and/or its location and/or abundance (Craig et al., 2012; Feligioni 652 
et al., 2009; Hickey et al., 2012; Jaafari et al., 2013; Loriol et al., 2014; Loriol et al., 2013; 653 
Mendes et al., 2016; Nayak and Muller, 2014; Watts, 2013). The targets of the Ca2+-dependent 654 
enzymes involved in LP duty-cycle dependent SUMOylation are unknown, but it is possible that 655 
these enzymes act on the LP SUMOylation machinery. 656 

 657 
The gating mechanism 658 

Bi-directional, activity-dependent regulation of ion currents relies on two simultaneous 659 
processes (Dittmer et al., 2014; Krenz et al., 2015). One process increases the conductance; 660 
the other decreases it; and only one of the processes is activity-dependent. DA acts at LP type 661 
1 DA receptors to gate both processes through PKA (Clark and Baro, 2006; Clark et al., 2008; 662 
Krenz et al., 2015; Zhang et al., 2010).  663 
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DA most likely gates the activity-independent process by regulating the phosphorylation 664 
status of HCN and Kv4 channels. The potential for a target protein to be SUMOylated is often 665 
determined by its phosphorylation state (Flotho and Melchior, 2013). Different phosphorylation 666 
sites on the same protein can permit or prevent SUMOylation (Dustrude et al., 2016; Dustrude 667 
et al., 2013). Thus, by altering the phosphorylation state of HCN and Kv4 channels, DA could 668 
permit or prevent their SUMOylation, respectively. 669 

DA appears to gate the second process by altering the targets of Ca2+-dependent enzymes 670 
(Krenz et al., 2015). The enzyme involved in IA activity-dependence is not yet known, but we 671 
have shown calcineurin mediates Ih activity-dependence. Calcineurin decreases LP Ih in a duty-672 
cycle-dependent fashion, but only in the presence of tonic nM DA (Krenz et al., 2015). Here we 673 
showed that a decrease in LP Ih was associated with SUMO deconjugation. Thus, we 674 
hypothesize calcineurin orchestrates SUMO deconjugation from HCN channels. It is not clear if 675 
calcineurin acts on the SUMOylation machinery and/or the HCN channel. Calcineurin, PKA and 676 
Kv4 can be co-localized in multi-protein complexes by A-Kinase anchoring proteins (AKAPs) 677 
(Lin et al., 2011; Woolfrey and Dell'Acqua, 2015). Potentially, DA could cause the release of 678 
calcineurin from an AKAP complex, simultaneously making it unavailable to Kv4 but available to 679 
HCN channels.  680 
 681 
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Table 1 – Lobster SUMO Primers  972 
 973 
Primer description Sequence 5’ to 3’ 
Degenerate For1 CAYATHAAYYCIAARGCISYIGG 
Degenerate For2 GTIGTICARTTYAARATHAARMRICAYAC 
Degenerate Rev1 GTRTCIKTYTCRTTDATNGGYTG 
Degenerate Rev2 TTDATNGGYTGICCRTCRAAICKRAA 
Specific For1 CTCAAAAAGCTCATCAATGCCTACTG 
Specific For2 ATCAAAACTTGTCCAGACTACAGTGAG 
Specific Rev1 CTCACTGTAGTCTGGACAAGTTTTGAT 
Specific Rev2 CAGTAGGCATTGATGAGCTTTTTGAG 
Tat-SUMO For TTTTGAATTCGATGTCCGAGGAAGCCAAGAA 
Tat-SUMO Rev GGGGGAATTCTCACCCACCAGTTTGCTGCTGGAACAC 
NC-Tat-SUMO Rev GGGGGAATTCTCATGCAGCAGTTTGCTGCTGGAACAC  
  974 
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Figure Legends 975 
 976 
Figure 1: TEVC of LP Ih. (A) Typical LP Ih recording. Top panel: current traces; Bottom panel: 977 
voltage protocol; scale bars, 1s and 10nA. (B) Ih Voltage dependence of activation. Plots of 978 
peak conductance versus voltage were fitted with a Boltzmann equation to obtain Ih Gmax. (C) Ih 979 
is not contaminated with other inward currents. Representative traces measured before and 980 
after application of the selective inhibitor, ZD7288; scale bars, 1s and 10nA. 981 
 982 
Figure 2: The difference current at +40mV largely represents LP IA. (A) A residual current 983 
remains when LP IA is blocked with 4mM 4AP. Difference current traces elicited by a +40mV 984 
testpulse from a single LP sequentially superfused with saline containing TTX followed by 985 
TTX+4AP. A small residual net outward current remained when IA was blocked; scale bars, 986 
100nA and 100ms. (B) The residual current is not regulated by activity. The experiments 987 
diagrammed in Figure 3A were performed in 4AP. Changes in duty cycle did not alter the 988 
residual current.  989 
 990 
Figure 3: Duty cycle continuously regulates LP IA density, and tonic 5nM DA gates this 991 
regulation. (A) Experimental protocol for examining the activity-dependence of LP IA. The 992 
diagram on the left depicts LP slow wave activity at t=-10min. Plateau duration (250ms), peak (-993 
40mV) and nadir (-60mV) voltages, and cycle period (850ms) were measured and used to 994 
create three voltage protocols: -100% DC, 0% DC, +50% DC. Note that voltage protocols 995 
were always specifically designed for each cell based on measurements from that cell. The 996 
protocols were used in the experiments diagramed on the right. At t=-5min, TTX was bath 997 
applied and the 0%∆DC protocol was initiated. At t0 the current was measured (red asterisk) and 998 
one of the two series of voltage protocols shown was implemented in the presence or absence 999 
of 5nM DA. Note that each voltage protocol lasted 20min and the current was measured at the 1000 
end of each protocol as indicated by the red asterisks. The order of the voltage protocols was 1001 
varied between experiments as shown in the two timelines. (B) LP IA traces from a single 1002 
exemplar experiment show that LP IA is continuously regulated by duty cycle. Difference 1003 
current traces are shown for the indicated time points; scale bars, 100nA and 100ms. Note that 1004 
20min alterations in duty cycle produced bi-directional alterations in peak IA. (C) Increasing LP 1005 
duty cycle reduces IA, decreasing LP duty cycle enhances IA and 5nM DA blocks LP IA 1006 
activity-dependence. The experiment diagrammed in 4A was performed in the presence or 1007 
absence of 5nM DA. The plot shows the mean percent change in peak IA produced by a given 1008 
change in duty cycle [(t60÷t40 or t20÷t0)-1x100]. Green asterisks, significant difference within a 1009 
treatment group using paired t-tests (t0 vs. t20, or t40 vs. t60), p≤0.05. Black asterisks, significant 1010 
differences using a One-way ANOVA with Bonferroni’s multiple comparisons post hoc tests to 1011 
compare selected pairs, as indicated, F(3,31)= 8.512; p=0.0003. 1012 
 1013 
Figure 4: Generating a tool to globally increase SUMOylation in LP. (A) Comparison of 1014 
lobster and mouse SUMOs. SUMO was cloned from spiny lobster, Panulirus interruptus 1015 
(GenBank accession: MF770707). Aligning the amino acid sequence showed that Panulirus 1016 
SUMO shares ~47% identity with mouse SUMO1(GenBank accession: P63166) and ~67% 1017 
identity with mouse SUMO2 and 3 (GenBank accession: P61957 and Q9Z172 respectively).  1018 
Highlighted areas represent regions of conservation. Arrowhead indicates the site where SUMO 1019 
is cleaved to generate the mature peptide ending in di-glycine. (B) Tat-HA-His-SUMO 1020 
Construct. Activated Panulirus SUMO (C-terminal di-glycine) was subcloned into a Tat-HA-His 1021 
vector. As a negative control, a plasmid encoding a non-conjugatable Tat-SUMO (NC-Tat-1022 
SUMO) ending in a di-alanine was also constructed. (C) Tat-SUMO is efficiently taken up by 1023 
pyloric neurons. Recombinant Tat-SUMO peptide was isolated using the plasmid in Figure 4B 1024 
and standard techniques as detailed in Materials and Methods. Varying concentrations of the 1025 
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peptide (0nM, 10nM, 100nM, and 1μM) were bath applied to stomatogastric ganglia (STG), 1026 
which contain the pyloric circuit. STG were fixed and immunostained with anti-Tat. Tat 1027 
immunoreactivity was not visible in the absence of bath applied Tat-SUMO (0nM). When Tat-1028 
SUMO was bath applied, immunoreactivity was clearly visible in the nucleus and cytoplasm of 1029 
the neurons as well as in the surrounding glial cells. Tat-SUMO uptake appeared to increase in 1030 
a concentration-dependent manner; 100nM appeared to be optimal with no detectable 1031 
improvement at a higher concentration. scale bar, 50μm. 1032 
 1033 
Figure 5: Dynamic SUMOylation continuously sculpts LP IA and Ih during constant 1034 
activity. (A) Experimental Protocols. The diagrams depict the experiments used to obtain the 1035 
data presented in B and C; red asterisks indicate points where either LP IA or Ih was measured. 1036 
(B) Increased SUMOylation reduced LP IA and enhanced LP Ih. Plot shows the mean percent 1037 
change in each current [(t30÷t0)-1x100] elicited by a 30min bath application of Tat-SUMO or NC-1038 
Tat-SUMO. Asterisk, significantly different using a paired t-test (IA, p=0.0031; Ih, p=0.0007). NS, 1039 
no significant difference (C) Decreased SUMOylation increased LP IA and reduced LP Ih. The 1040 
plot shows the mean percent change in each current [(t60÷t0)-1x100] elicited by a 60min bath 1041 
application of anacardic acid (AA). Asterisk, significantly different using a paired t-test (IA, 1042 
p=0.0239; Ih, p=0.0487). 1043 
 1044 
Figure 6: Dynamic SUMOylation is necessary for LP IA activity-dependence. The effect of 1045 
SUMOylation on IA activity-dependence was determined. (A) Results of experiments 1046 
implementing the standard series of voltage protocols described for Figure 3A are shown for 1047 
comparison. (B-C) In order to determine if a given change in SUMOylation blocked or occluded 1048 
LP IA activity-dependence, experiments described for Figure 3A were repeated after a 30min 1049 
Tat-SUMO (B) or 60min anacardic acid (AA) wash-in (C). Upper panels: Overlay of difference 1050 
current traces elicited by the -100% DC (purple) and +50% DC (cyan) protocols from a single 1051 
representative experiment; scale bars, 100nA and 40ms. Dotted line represents the peak 1052 
current elicited by the preceding 0%∆DC protocol. Note that in the experiments pictured here 1053 
and described in subsequent figures, the testpulse was reduced to 60ms. Lower panels: Plots of 1054 
the mean percent change in peak LP IA following a 20min -100% DC or +50% DC protocol 1055 
relative to the preceding 0% DC protocol. Green asterisks in B, significant difference between 1056 
the -100% or +50% DC and its preceding 0% DC protocol using a paired t-test (p<0.05). Black 1057 
asterisks, significant difference between treatment groups using an unpaired t-test, p=0.0218. 1058 
NS, no significant difference. 1059 
 1060 
Figure 7: Tonic 5nM DA blocks the dynamic SUMOylation necessary for LP IA activity-1061 
dependence. (A) Tonic nM DA blocks the SUMO deconjugation associated with IA 1062 
activity-dependence. In order to determine if DA could block SUMO deconjugation, the 1063 
preparation was or was not superfused with 5nM DA prior to the addition of anacardic acid (AA) 1064 
during a 0% DC voltage protocol. Upper Panel: Diagram of the experiment; red asterisks 1065 
indicate points where LP IA was measured. Lower Panel: The percent change in peak IA at t60 1066 
relative to t0 is plotted. Green asterisks, significant difference between t0 and t60 using a paired t-1067 
test, p=0.0239. Black asterisks, significant difference between treatment groups using an 1068 
unpaired t-test, p=0.0027. NS, no significant difference. (B) Tonic 5nM DA blocks the SUMO 1069 
conjugation associated with IA activity-dependence. In order to determine if DA could block 1070 
SUMO conjugation, the preparation was superfused with 5nM DA prior to the addition of Tat-1071 
SUMO during a 0% DC voltage protocol. The experiment is diagrammed in the upper panel; 1072 
red asterisks indicate points where LP IA was measured. The percent change in peak IA at t10, 1073 
t20, and t30 relative to t0 is plotted in the lower panel. Asterisks, significantly different using 1074 
Repeated Measures ANOVA with Dunnett’s post-hoc that compared each data point to t0; 1075 
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0%∆DC: F(4,12)=0.1682; p=0.7381, n=5; 0%∆DC + Tat-SUMO: F(10,30)= 13.65; p=0.0011, 1076 
n=11; 0%∆DC + Tat-SUMO + DA: F(5,15)= 0.3438; p=0.7086, n=6; 0%∆DC + NC-Tat-SUMO: 1077 
F(3,9)=0.7537; p=0.5060, n=4.  1078 
 1079 
Figure 8: Dynamic SUMOylation is necessary for DA-enabled LP Ih activity-dependence. 1080 
(A) Enhancing SUMO conjugation mimics the increase in Ih associated with a decrease in 1081 
duty cycle in the presence of 5nM DA.  LP Ih was measured before and during a (NC)-Tat-1082 
SUMO wash-in while a voltage protocol was implemented.  The diagrams on the left depict the 1083 
experiments; red asterisks indicate points where LP Ih was measured. The plot on the right 1084 
shows the percent change in LP Ih Gmax at t10, t20, and t30 relative to t0. Asterisks, significantly 1085 
different using Repeated Measures ANOVAs with Dunnett’s post-hoc tests that compared each 1086 
data point to t0. 0%∆DC + Tat-SUMO: F(4,12)= 21.03; p=0.0026, n=5; -100%∆DC + Tat-SUMO: 1087 
F(5,15)=23.01; p=0.0002, n=6; 0% DC + NC Tat-SUMO: F(3,9)=0.5305; p=0.5792, n=4. (B) 1088 
Enhancing SUMO conjugation occludes the DA-enabled, activity-dependent increase in 1089 
LP Ih Gmax but does not alter the DA-enabled activity-dependent decrease. After a 30min 1090 
activated Tat-SUMO wash-in, LP Ih was measured; DA was or was not added to the superfusate 1091 
containing activated Tat-SUMO; and, the standard series of voltage protocols was applied and 1092 
LP Ih was measured at the end of each protocol as diagrammed in Figure 3A. The percent 1093 
change in LP Ih Gmax elicited by the +50% DC or-100% DC protocol relative to the preceding 1094 
0% DC protocol was plotted. Green asterisk, significantly different using a paired t-test 1095 
(p=0.0074). Black asterisk, significant difference using a One-way ANOVA with Bonferroni’s 1096 
multiple comparisons post hoc tests to compare selected pairs, as indicated, F(3,16)= 7.101; 1097 
p=0.003. NS, no significant difference. (C) SUMO deconjugation mimics and occludes the 1098 
decrease in LP Ih elicited by an increase in duty cycle, and blocking SUMO conjugation 1099 
abolishes the increase in LP Ih elicited by a decrease in duty cycle. Anacardic acid (AA) 1100 
was or was not washed in for 1hr and LP Ih was measured. DA was added to the superfusate, 1101 
the standard series of voltage protocols was applied and Ih was measured at the end of each 1102 
protocol as diagrammed in Figure 3A. Upper panel: Overlay of two current traces elicited by a 1103 
hyperpolarizing test-pulse to -120mV from a representative experiment; scale bars, 10nA and 1104 
1s. Lower panel: Plot of the percent change in LP Ih Gmax elicited by the +50% DC or-100% DC 1105 
protocol relative to the preceding 0% DC protocol. Green asterisks, significant differences 1106 
within a treatment group (p<0.05) using a paired t-test (-100% DC vs. 0% DC; +50% DC vs. 1107 
0% DC); NS, no significant difference. Black asterisk significant difference between the four 1108 
treatment groups using a One-way ANOVA with Bonferroni’s multiple comparisons post hoc 1109 
tests to compare selected pairs, as indicated, F(3,17)= 7.814; p=0.0017. NS, no significant 1110 
difference. 1111 
 1112 
Figure 9: Panulirus interruptus HCN and Kv4 channels are SUMOylated.  1113 
(A) Anti-SUMO1 recognizes a recombinant lobster SUMO peptide. Recombinant lobster 1114 
Tat-SUMO peptide was purified using Ni-NTA agarose resin and was eluted from the resin with 1115 
incrementally increasing concentrations of imidazole (100mM, 250mM, 500mM). Eluted 1116 
fractions were used in western blot experiments with anti-SUMO1. The strong band at ~25kDa 1117 
in the 100mM and 250mM fractions represents Tat-SUMO peptide (arrow). (B) Anti-SUMO1 1118 
recognizes lobster SUMO and SUMOylated lobster proteins. A western blot containing 1119 
lobster nervous system protein lysate was probed with anti-SUMO1. The antibody successfully 1120 
recognized the ~11kDa free SUMO (arrowhead) in addition to other higher molecular weight 1121 
bands representing SUMOylated lobster proteins. (C) Immunoprecipitation experiments (IPs) 1122 
were performed using anti-GFP and lysates from HEK cells that did (HEK-HCN) or did not 1123 
(HEK) express a lobster HCN channel fused to GFP. Western blots (WB) containing the IP 1124 
products were probed with anti-HCN. The strong signal at ~110kDa represents the channel 1125 
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(double-head arrow). (D) Anti-ORFJ recognizes the lobster Kv4 channel in lobster nervous 1126 
system lysates. WB containing lobster nervous system protein lysates were probed with anti-1127 
ORFJ or anti-shal, a previously validated antibody against the lobster Kv4 channel. Both 1128 
antibodies recognized the same ~75kDa band (arrow).  (E) Lobster HCN channel are 1129 
SUMOylated in vivo. Lysates prepared from lobster nervous system tissue were used in IP 1130 
experiments with anti-HCN or IgG (negative control). WB containing the IP products were 1131 
probed with anti-HCN or anti-SUMO1 as indicated. The SUMO modified HCN channels are 1132 
bracketed. Asterisks indicate unknown SUMOylated proteins that potentially interact with the 1133 
immunoprecipitated channel. (F) Lobster Kv4 channels are SUMOylated in vivo. Lobster 1134 
nervous system lysates were used in IP experiments with anti-ORF-J or IgG (negative control). 1135 
WB containing the IP products were probed with anti-ORFJ or anti-SUMO1 as indicated. The 1136 
SUMO modified Kv4 channels are indicated with an arrow. Asterisk indicates an unknown 1137 
SUMOylated protein that potentially interacts with the immunoprecipitated channel. Arrowheads 1138 
indicate proteins that nonspecifically associate with IgG in the IP reactions. Immunoprecipitation 1139 
experiments were repeated with at least three animals for each channel. 1140 
 1141 
Figure 10: Dynamic SUMOylation is necessary for activity homeostasis. (A)  Blocking 1142 
dynamic SUMOylation with anacardic acid (AA) alters circuit output in 5 M DA. 1143 
Preparations were continuously superfused with 5 M DA, 10 M AA or both. Extracellular 1144 
recordings from the lateral ventricular nerve (lvn) were maintained throughout the experiment, 1145 
and three time points from a representative experiment in DA (upper panel) or DA + AA (lower 1146 
panel) are shown. The continuous, spontaneous triphasic output of the pyloric circuit is 1147 
represented by the rhythmic spiking of three cell types on the lvn: LP, pyloric constrictor (PY) 1148 
and pyloric dilator (PD). The lvn recordings were used to measure LP burst duration (a), LP on- 1149 
delay (b), period (c), and to calculate LP duty cycle (a÷c) and LP on-phase (b÷c). Note that cycle 1150 
frequency is increased and LP burst duration is reduced over time in 5 M DA. AA specifically 1151 
prevents the reduction in burst duration, but not the ~20% increase in cycle frequency. Scale 1152 
bar, 200msec. (B-D) Scaling LP burst duration with cycle frequency to restore duty cycle 1153 
requires dynamic SUMOylation. Changes in mean cycle frequency, burst duration and duty 1154 
cycle over the course of 1hr are plotted, n >5 experiments for each indicated experimental 1155 
treatment. (E) Dynamic SUMOylation is necessary for LP on-phase recovery. Mean 1156 
changes in LP on-phase over time are plotted for the three experimental conditions 1157 
(n>5/treatment). 1158 
 1159 
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