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Abstract

Many organisms respond to noxious stimuli with defensive maneuvers. This is noted in the 

hornworm, Manduca sexta, as a defensive strike response. After tissue damage, organisms 

typically display sensitized responses to both noxious or normally innocuous stimuli. To further 

understand this phenomenon, we used novel in situ and in vitro preparations based on paired 

extracellular nerve recordings and videography to identify central and peripheral nerves 

responsible for nociception and sensitization of the defensive behavior in M. sexta. In addition, we 

used the in vivo defensive strike response threshold assayed with von Frey filaments to examine 

the roles N-methyl-D-aspartate receptor (NMDAR) and hyperpolarization-activated, cyclic 

nucleotide-gated (HCN) channels play in this nociceptive sensitization using the inhibitors 

MK-801 and AP5 (NMDAR), and ivabradine and ZD7288 (HCN). Using our new preparations, 

we found that afferent activity evoked by noxious pinch in these preparations was conveyed to 

central ganglia by axons in the anterior- and lateral-dorsal nerve branches, and that sensitization 

induced by tissue damage was mediated centrally. Furthermore, sensitization was blocked by all 

inhibitors tested except the inactive isomer L-AP5, and reversed by ivabradine both in vivo and in 
vitro. Our findings suggest that M. sexta’s sensitization occurs through central signal 

amplification. Due to the relatively natural sensitization method and conserved molecular actions, 

we suggest that M. sexta may be a valuable model for studying the electrophysiological properties 

of nociceptive sensitization and potentially related conditions such as allodynia and hyperalgesia 

in a comparative setting that offers unique experimental advantages.

Graphical Abstract

Using novel electrophysiological preparations we show that nociceptive sensitization in M. sexta is 

driven centrally, demonstrated here by sample recordings and force response curve where less 
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force applied (black bar) was required to elicit elevated firing rate response in the central 

connective nerve after sensitization by a noxious pinch.
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Introduction

Organisms typically exhibit defensive behaviors, termed nocifensive behaviors, when 

presented with a noxious stimulus. These behaviors provide a useful metric to quantify 

changes in the sensitivity of nociception. After tissue damage, the frequency of nocifensive 

behaviors can increase and the activation threshold can decrease (e.g. Walters et al., 1994). 

This sensitization is a type of non-associative learning, akin to clinically relevant conditions 

such as hyperalgesia and allodynia (Zigmond et al., 1999; Walters et al., 1994).

Many nociception studies focus on invertebrate models, which have been indispensable tools 

for studying the electrophysiological properties of both nociception and sensitization 

(Walters et al., 1994; Tobin and Bargmann, 2004; Kandel, 2012), but the majority of 

invertebrate studies have been on aquatic organisms. Only recently have studies been 

expanded to terrestrial invertebrates such as Drosophila melanogaster (Tracey et al., 2003; 

Hwang et al. 2007; Im and Galko, 2012; Im et al., 2015) and the hornworm, Manduca sexta 
(Waldrop and Levine, 1992; Walters et al., 2001; van Griethuijsen et al., 2013; van 

Griethuijsen and Trimmer, 2014; McMackin et al., 2016). Studies in D. melanogaster have 

revealed conservation of nociceptive signaling (Tracey et al., 2003; Hwang et al. 2007; Im 

and Galko, 2012; Im et al., 2015), and it has been suggested that they may be useful models 

for studying medical conditions (Neely et al., 2011; Babcock et al., 2011). Paralleling this, 

Walters et al. (2001) first characterized tissue damage-induced sensitization of a nocifensive 
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strike response (a rapid bending of the head to the stimulated site) in M. sexta, and found 

that the number of strikes increased after delivery of a noxious stimulus. McMackin et al. 

(2016) described a reduction in the strike threshold as well, in response to the same noxious 

stimulus and quantified this defensive behavior in vivo using a variety of methods with von 

Frey monofilaments (e.g up and down and simplified up and down methods) previously 

established in rodents (Dixon and Mood, 1948; Dixon, 1965; Chaplan et al., 1994; Bonin et 

al., 2014). Building on this work, our goal was to develop electrophysiological preparations 

to study sensitization and nociception in M. sexta to complement studies in the leech, 

Hirudo medicinalis (Ehrlich et al., 1992; Sahley et al., 1994), Aplysia californica (Walters et 

al., 1983; Clatworthy et al., 1993), and most recently in D. melanogaster (Im and Galko, 

2012; Im et al., 2015).

One common theme in the induction of sensitization, first described and later reviewed by 

Kandel (2012), is the role played by cyclic nucleotides and associated kinases. In addition, a 

growing body of evidence indicates that direct activation of ion channels by cyclic 

nucleotides also contributes to nociceptive sensitization (Beaumont and Zucker, 2000; 

Robinson and Siegelbaum, 2003; Chaplan et al., 2003; Jiang et al., 2008a, 2008b; Biel et al., 

2009; Emery et al., 2011; Young et al., 2014). In particular, hyperpolarization-activated, 

cyclic nucleotide-gated (HCN) channels are non-selective cation channels that interact 

directly with molecules such as cAMP or cGMP. These nucleotides shift the channels’ 

voltage dependence, opening the channels at resting membrane potentials to generate a 

depolarizing current known as Ih (syn. IHCN, If “funny”, Iq “queer”). These changes can 

cause the cell to reach threshold, triggering action potentials (Beaumont and Zucker, 2000; 

Craven and Zagotta, 2006; Jiang et al., 2008a, 2008b; Biel et al., 2009). If HCN channels 

prove to play a significant role in pain sensitization, it opens the door to development of a 

novel class of analgesics (Chaplan et al., 2003; Beil et al., 2009; Heine et al., 2011; Emery et 

al., 2011; Young et al., 2014). For instance, ivabradine selectively inhibits HCN channels 

and is used clinically as an antiarrhythmic and has shown promise as an analgesic in some 

pre-clinical models of nociception (Thollon et al., 2007; Jiang et al., 2008a, 2008b; Biel et 

al., 2009; Takasu et al., 2010; Emery et al., 2011; Noh et. al., 2014; Young et al., 2014).

Given the simple in vivo assay available to quantify nociceptive responses in M. sexta 
(McMackin et al., 2016), the relative simplicity of M. sexta’s nervous system, and its lasting 

viability in simple un-oxygenated saline (Waldrop and Levine, 1989 and 1992; van 

Griethuijsen et al., 2013; van Griethuijsen and Trimmer, 2014), we sought to develop an in 
vitro electrophysiological preparation to characterize nociception and nociceptive 

sensitization in this terrestrial invertebrate. To this end, we have shown that, in contrast to 

many other models in mammals and molluscs, nociceptive sensitization of the defensive 

strike response in M. sexta is associated primarily with central rather than peripheral neural 

hyperactivity. In addition, preliminary data suggest a dependence upon NMDA receptors and 

HCN channels.
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Materials and Methods

Animal Handling

Animals were raised in individual plastic cups, on an artificial diet of wheat germ (MP 

Biomedicals, Burlingame, CA, USA) with a 17h:7h, 27°C:25°C light:dark cycle (Wells et 

al., 2006). 505 animals of either sex were used on the first day of their fifth larval stage and 

typically weighed between 1.5–2.7 g. Animals receiving injections were further restricted to 

weights between 1.7–2.4 g to better control dosing. Control animals were injected with H2O 

(vehicle). Test solutions consisted of (i) selective HCN channel inhibitors ivabradine-

hydrochloride (Sigma-Aldrich St. Louis, MO, USA) or ZD7288 (Tocris Biosciences Bristol, 

UK), or (ii) NMDAR inhibitors MK-801 (Tocris Biosciences Bristol, UK) or D-AP5 (Tocris 

Biosciences Bristol, UK), and (iii) the inactive enantiomer L-AP5 (Tocris Biosciences 

Bristol, UK), all dissolved in H2O. Solution was injected into the body cavity through the 

dorsal side of the fifth abdominal segment (A5) with a shallow angle to avoid puncturing the 

gut of the animal. The volume for injection was calculated for each animal based on its body 

mass and varied between 1.7μL and 7.2 μL (1 or 3 μL per gram). Based on dye injections of 

similar volumes we estimate that the solution was rapidly pumped throughout the body by 

the aorta within seconds to a minute (Tabuena, unpublished observation). This duration was 

much shorter than the 10 min period between injection and the first test or pinch (see 

“Noxious Stimulus – Pinch”) and allowed ample time for drug circulation. For one in vitro 
preparation, animals received ivabradine via the bath recording solution, which was 

supplemented to a concentration of 160 nM. This concentration is comparable to a dosage of 

30 ng/g based on 35%–40% hemolymph to body mass ratio (g/g) for M. sexta 
(Cymborowski et al., 1982).

Electrophysiology

The recordings for all electrophysiological experiments were made in an approximately 15 

mL bath at room temperature (15–17 °C) physiological saline solution described by 

Trimmer and Weeks (1989), modified from Miyazaki (1980), containing 140 mM NaCl, 5 

mM KCl, 4 mM CaCl2, 28 mM Glucose, and 5 mM HEPES. The pH was adjusted to 7.4 

using 1 M NaOH. Voltage recordings were amplified and filtered using a differential AC 

amplifier (Model 1800, A–M Systems; Carlsborg, WA, USA) using one or two channels. 

The low and high frequency cutoff filters were set to 10 Hz and 10 kHz, respectively. The 

voltage output was sampled at 25 kHz using a Cambridge Electronic Design Micro mk-II 

converter and accompanying Spike2 v5.21 software (CED Systems; Cambridge, UK, 

RRID:SCR_000903), and stored on a PC for analysis. The signal was further processed 

offline with Spike2 software to reduce electrical noise and remove DC offset voltages. 

Spikes were identified using the Spike2 software with a minimum threshold of 3–5 μV based 

on individual recording quality, and with a spike duration of 1–2 ms. For each nerve 

recording, the spike frequency of all units was averaged in a 250 ms moving window for the 

course of the recording. Because the firing response was short with variable duration, the 

peak of the moving average during stimulation (i.e. the maximum burst rate for each 

stimulation) was taken as the response for each stimulation. The firing frequency without 

stimulation was also taken in this manner using a time period just prior to stimulation.
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Tissue Preparation

Dissections for electrophysiological experiments were performed after the animals were 

anesthetized by being placed in a −20 °C freezer for 7–10 min. Successful anesthetization 

was suggested by lack of muscle tone, immobility, and lack of response to intense physical 

stimuli such as dissection for at least 5–10 min after removal from −20 °C. When animal 

movement was to be monitored in the in situ preparation, the animal was ligated with thread 

in between A3 and A4 (Fig. 1A, black arrow; see “In Situ Preparation”) and access to the 

ventral nerve cord and individual ganglia was gained by an incision along the dorsal midline 

beginning at A8 and continuing to A4. The gut of the animal was removed from the area 

accessible through the dorsal incision. The preparation was allowed to stabilize for 5–7 min 

after electrode placement, prior to testing, unless stated otherwise.

In Situ Preparation

After anesthetization, the body of the animal was tightly ligated with thread at the junction 

of A3 and A4 (Fig. 1A, black arrowhead) to maintain body cavity pressure and preserve 

movement post dissection, but not so tight as to damage the connective. Tight ligations for 

shorter durations have been shown to not damage the connective (Fuse and Truman, 2002). 

Recordings from the connective between A5 and A6 were made in an en-passant 

configuration. Once the animal recovered from cold anesthesia and began to move and react 

to external stimuli, we used forceps to pinch the anterior body wall at A3 or A4 to elicit a 

strike response. A pinch, as opposed to von Frey filaments, was used in this preparation 

because the filament was not always reliable in producing a strike, perhaps because of 

altered sensory input during or after the dissection. Observed activity in the interganglionic 

connective was evoked by peripheral sensory input and central neurons and was not an 

experimental artifact (e.g., from movement of the preparation) because all evoked activity in 

the connective was eliminated by severing the connective between recording site and the 

striking portion of the animal. Throughout this procedure we used a Samsung SGH-I337 

camera to video record the animal’s movements. Time periods during the recording were 

referenced to the period of movement rather than the stimulation itself, as induction of 

behavioral response occasionally required multiple stimuli or appeared before complete 

delivery of the stimulus (before the forceps could be completely closed) making it an 

unreliable reference point. The variability in stimuli to induce the behavior may have been 

due to artifacts of this dissection method, resulting in some level of sensitization. Thus we 

were only concerned with correlating behaviors with electrical activity during periods of 

movement. To quantify the neural response, we measured the firing frequency in discrete 

200 ms bins. We defined the time periods as (i) early pre-strike period 5 s prior to beginning 

of movement, (ii) late pre-strike 600 ms prior to movement, (iii) mid-strike, the period 

between the start and stop of gross movement, and (iv) post-strike period, 5 s after the 

cessation of movement (see also Fig. 2).

Ganglion-Body Wall Preparation

An incision was made along the dorsal midline from A8 to the head. The gut was removed 

and the animal was pinned dorsal side up to reveal the ventral nerve cord. The fifth ganglion 

was isolated from the rest of the ventral nerve cord by severing the connectives anterior and 
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posterior to the ganglion. In addition, left peripheral nerves - transverse, dorsal, and ventral – 

were also severed to leave only the ganglion and connections to the right side of body wall 

intact (Fig. 3A). Recordings were made from the anterior connective with a suction 

electrode. We then applied force to the body wall slightly posterior to the spiracle (Fig. 3A, 

white arrowhead) using a 9.8 mN von Frey filament placed in a micromanipulator, and 

recorded the activity in the connective. We severed the right transverse, dorsal, and ventral 

nerves, and sub-branches in a systematic fashion with mechanical stimulation in between 

each cut, to observe when activity was lost and if additional cuts reduced the signal further.

Noxious Stimulus - Pinch

To induce tissue damage and sensitize the larvae, the body wall of the A5 segment slightly 

posterior to the spiracle (Fig. 1A, white arrowhead) was pinched with metal forceps 

(Dumont #5 forceps; Fine Science Tools, Foster City, CA) for five seconds. The area 

pinched was approximately 2 × 2 mm. The force was not recorded, but animals that did not 

exhibit the defensive strike for the majority of the pinch were either pinched one more time 

or excluded from the studies. The cuticle was not punctured, as assessed by a lack of 

appearance of hemolymph after the pinch. Animals with broken cuticle after the pinch were 

excluded from the study. Animals were then allowed to recover for 30 min undisturbed at 

room temperature before testing, unless otherwise stated. Sensitization has previously been 

noted as early as 5 min after pinch (Walters et al., 2001) and as long as 19 h (McMackin et 

al., 2016), thus 30 min was used to allow time for potential effects of animal handling (pinch 

or in some cases injection) to subside.

Force-Response Curve

Once the dorsal nerve was identified as the peripheral input after noxious stimulation, we 

further reduced the ganglion-body wall preparation to only leave the dorsal nerve intact to 

the body wall and ganglion. In addition, dissection in this preparation was designed to avoid 

the receptive fields being measured to minimize artifacts of dissection on sensitization. The 

cut end of the ascending ganglionic connective was suctioned with an electrode, and the 

dorsal nerve was recorded in an en-passant configuration. Pressure was applied using von 

Frey filaments to the interior of the animal slightly posterior to the right A5 spiracle (as 

previously shown in Fig. 3A) to create a force-response curve. This was done for the 

filaments delivering 0.078 mN, 0.686 mN, 9.807 mN, 98.067 mN and 980.665 mN, in that 

order. The forces were separated by full log increments to yield a curve with high resolution, 

while minimizing the potential loss in activity after repeated stimulation with forces too near 

in magnitude (wind-down). This process usually took less than 5 min. The firing rate 

response for each animal and each nerve was individually fit using the modified three 

parameter Hill equation: f(Force) = fmin + (fmax − fmin)/(1 + 10^(log(Force50) − log(Force)), 
where f (Force) was the firing rate (Hz) during stimulation with a particular force in mN 

(Force). fmin and fmax represented the maximum and minimum fit firing rates (Hz) 

respectively, and the Force50 represented the stimulation force (mN) yielding the half 

maximal increase in firing rate.

To compare the rate of incremental depression, wind-down, after repeated stimulation with a 

single force, the burst frequency for pinched and non-pinched animals was fit with the 
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exponential decay equation: f(s) = (f1 − fp)/(exp(10log(k)+log(s)) + fp, where f(s), f1, fp, k, and s 
denote: burst firing frequency (Hz) at stimulation number s, firing frequency (Hz) upon first 

stimulation, plateau firing frequency (Hz), decay rate, and stimulation number, respectively.

In Vivo Strike Threshold

Animals were assayed using the “up and down” method (Dixon and Mood, 1948; Dixon, 

1965; Chaplan et al., 1994) as modified by McMackin et al. (2016) for M. sexta. In brief, we 

used an array of von Frey filaments to apply mechanical stimulation to the animal which 

delivered forces of 0.078, 0.196, 0.392, 0.686, 1.569, 3.922, 9.804, 19.608, 39.216, or 

98.039 mN. We determined the threshold force in mN for each animal, using the modified 

equation described by McMackin et al. (2016): Threshold = 9.80665 • 10Xf + kd, where Xf 

was the final force used in log(g), k is the statistic tabulated in Dixon and Mood (1948), and 

d = 0.344 (the average difference in log(g) between each filament). A baseline response was 

determined, and less than 1 min following the baseline test, animals were pinched to incur 

tissue damage. Then animals were left undisturbed for 30 min, after which the animals were 

tested again to determine any changes in the strike response threshold. In what we termed 

the “prevention” method, animals were injected as described above 10 min before baseline 

testing and pinching. (This amounted to 40 min prior to the post-pinch test). In our 

“intervention” method the injection occurred 10 min after baseline and pinch (20 min prior 

to the post-pinch test). Effects of in vivo drug application were fit using the Hill equation: 

Threshold(Dose) = Thresholdmin + (Thresholdmax − Thresholdmin)/(1 + (IC50/Dose)HillSlope), 
where Threshold(Dose), Thresholdmin, and Thresholdmax represent the threshold forces (mN) 

to elicit a defensive strike determined using the up and down method, given a dose of 

ivabradine or MK-801 (Dose), the minimum observed and maximum observed, respectively. 

The IC50 represents the dose at which the half maximal effect of either drug was seen and is 

given in units of in ng/g (drug/animal weight).

Results

Strike response is correlated with nerve activity

M. sexta has a very distinctive defensive strike response, that has been well described by 

Walters et al. (2001) and van Griethuijsen et al. (2013). In brief, the head swings directly at 

the site of the noxious stimulus, with a rapid bending motion. After noxious stimulation such 

as a sharp pinch, M. sexta becomes sensitized, where it strikes more often in response to 

innocuous stimuli (Walters et al., 2001; Merchasin, 2009) and at a lower force threshold 

(McMackin et al., 2016). To determine an electrophysiological correlate of the defensive 

strike, we compared the firing activity in the connective with the animal’s attempts to strike 

(Supplemental Video 1). The video shows the dissected animal striking in response to a 

noxious pinch anterior to the recording and nerve sectioning site, with the synced audio 

track conveying connective activity with each spike represented by a single click. The 

activity noted is likely both ascending and descending to coordinate whole body movement 

and most likely contains a mix of sensory-, motor- and inter-neurons (Levine and Truman, 

1985; Waldrop and Levine, 1989 and 1992; Zayas et al., 2000). The average firing frequency 

for the four time periods early-pre strike, late pre-strike, mid-strike, and post-strike (5 s 

prior, 600 ms prior, during, and 5 s after strike respectively) are plotted in Figure 2 (black 
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bars). Electrical activity was significantly higher during the late pre-strike and mid-strike, 

compared to early pre-strike and post-strike levels. We found that during periods of rest the 

connective was relatively silent (Fig. 2; early pre-strike and post-strike), however 

approximately 600 ms before the strike began (Fig. 2; late pre-strike) the connective showed 

a dramatic increase in firing activity which was sustained throughout the defensive strike 

(Fig. 2; mid-strike). Within the 600 ms pre-strike period, increased firing frequency was 

noted for all three 200 ms bins (data not shown). This is an interesting contrast to the work 

by Walters et al. (2001) where the response to stimulation occurred within 100 ms. It is 

likely that in the current partially dissected preparation, competing sensory information 

delayed the whole animal reaction to individual stimuli. For instance, early activity with the 

introduction of the forceps, prior to completion of the pinch, may have contributed to an 

apparently elongated delay. There was minimal electrical activity during a strike when 

recording from the nerve after severing the connection between the ganglion being recorded 

to the striking animal (Fig. 2; white bars), suggesting that the activity during the strike was 

not an experimental artifact (e.g., from movement of the preparation).

Using the central connective activity as a marker, we then sought to determine the path of 

the peripheral signal generating firing during a noxious touch. We isolated the A5 ganglion 

such that it was only attached via peripheral nerves to the body wall. Figure 3A shows a 

micrograph of the ganglion with one side of peripheral nerves still intact and projecting from 

the body wall. In this preparation we recorded from the anterior connective while applying a 

9.8 mN von Frey filament to the interior of the body wall (white arrowhead). The connective 

response remained robust (Fig. 3B–D, ‘Intact’) despite being disconnected from neighboring 

ganglia, the anterior of which (A4) contains motor neurons innervating the A5 segment 

(Levine and Truman, 1985). A series of cuts were made to sever the peripheral nerves (Fig. 

3A, black arrows). Sample recordings from the connective are shown after each cut (Fig. 

3B,C) and average firing frequencies are plotted in Figure 3D. Loss of activity was only seen 

when the anterior and lateral branches of the dorsal nerve were cut, whether the cut was last 

(Fig. 3B,D; n = 12) or first (Fig. 3C,D; n = 11). In addition, no further loss of signal was 

observed if more were cut. We did not resolve whether anterior or lateral branches, or both, 

are necessary, because the junction of these two nerves is deep in the muscle tissue and we 

did not want to disturb the preparation by dissecting further. To confirm our hypothesis in 
vivo, we severed the dorsal nerve on one side of A6 in three otherwise intact animals 

through a 1–2 mm incision on the ventral side of the animal. The animals were allowed to 

recover for half an hour. After recovery, none of the animals responded to pinches to 

segment A6 on the denervated segment side. In contrast all three animals responded with 

strikes when pinched at innervated segments near the cut nerve, sides of segments A5 and 

A7 ipsilateral to the surgery, or contralateral sides of segments A5, A6, and A7. (3 pinches 

per segment per side; data not shown).

Sensitization occurs centrally

With the central and peripheral nerves identified, we used the isolated ganglion preparation 

with only the dorsal nerve connected to the body wall to quantify the in vitro response to 

increasing forces applied to the body wall in animals that were or were not sensitized by a 

pinch at the segment to be recorded, 30 min prior to dissection. Sample traces of the 
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simultaneous recordings of the anterior connective and right dorsal nerves are shown at two 

time scales in Figures 4A and 4B, respectively. The average burst firing rates for both the 

connective (Fig. 4C) and dorsal (Fig. 4D) nerve after sequentially increasing von Frey 

stimulation were calculated for the control (non-pinched) and sensitized (pinched) animals. 

The response from each nerve was fit with a Hill equation and showed a robust sigmoidal 

relationship, as force was increased, the firing frequency increased. Hill fit parameters were 

compared with a 1-way ANOVA and Holm-Sidak multiple comparison test. There was no 

significant difference in the Force50, minimum frequency, or maximum frequency when 

recording from the dorsal nerve after the body wall was pinched (Fig. 4D, P > 0.88, n = 15–

21), and no increase in central or peripheral spontaneous activity was noted. However, we 

cannot rule out changes in afferents with smaller spikes than our recording conditions can 

resolve. In contrast, when recording from the central connective, there was a significant 

reduction in the Force50 after the body wall was pinched (control: 1.95 mN; n = 21 vs. 

pinched: 0.54 mN; n = 26; P = 0.0101; Fig. 4C). That is, the force response curve was 

shifted to the left, indicating that less force was required to induce a given firing frequency. 

Given that we were able to measurably induce sensitization by pinch, even though 

dissection, despite anesthetization, may have induced some sensitization, these findings 

indicate a robust central sensitization response.

Central and Peripheral Incremental Depression

Repeated stimuli often lead to behavioral habituation or can cause incremental depression 

(wind-down) of the discharge of neurons (Clatworthy and Walters, 1993). For this reason, 

we looked at the burst firing frequency in the connective and dorsal nerve during five 

sequential stimulations using a constant force of 3.9mN, which was fit with an exponential 

decay equation (Fig. 5). When compared using a 2-way ANOVA with repeated measures, 

the firing rate from the connective (Fig. 5A) showed significant main effect differences for 

stimulation number (P < 0.0001) and pinch (P = 0.005), but insignificant interaction (P = 
0.549). This indicates that there was significantly elevated firing after a pinch, with a 

significant decay after multiple stimuli, but the rate of decay was similar to that seen in 

control (non-pinched) preparations. In contrast, firing activity from the dorsal nerve (Fig. 

5B) showed significant main effect differences for stimulation number (P < 0.0001) and 

pinch (P = 0.046) as well as interaction (P = 0.019), indicating a significant pinch-dependent 

resistance to incremental depression. Thus, although the initial pinch did not have a 

significant effect on firing frequency, the decay after multiple stimuli was significantly less 

compared to non-pinched controls.

Pharmacological Inhibition of Central Sensitization

As previously shown by McMackin et al. (2016) animals assayed using the up and down 

method showed a significant decrease in the force required to elicit a strike after the animal 

was pinched (6.9 ± 0.3 mN vs. 3.4 ± 0.2 mN respectively; n = 26; P < 0.0001 by two tailed 

student’s t-test; data not shown). To determine if sensitization in our model occurs by 

activation of NMDAR (via strengthened synaptic transmission or modulation of postsynaptic 

excitability), we repeated the up and down method in the presence of multiple 

concentrations of the NMDAR antagonist MK-801 (Wong et al, 1986) injected 10 min prior 

to baseline testing (prevention dosing). MK-801 was effective in attenuating sensitization of 
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the strike response with an IC50 of 0.063 ng/g, (Fig. 6A; estimated hemolymph 

concentration of 0.5 nM). We further tested the role of NMDAR function in sensitization 

with prevention dosing of 10 μg/g (~126 μM) of another inhibitor D-AP5 (Fig. 6B). D-AP5 

prevented sensitization, and the inactive isomer, L-AP5, did not. Responses to L-AP5 were 

similar to animals receiving vehicle. MK-801 was also tested in an “intervention” style 

dosing, injection 10 min after a pinch, which had no effect on sensitization (Fig. 6C).

We also assessed the actions of the HCN channel inhibitor, ivabradine, on sensitization, 

using the up and down method. Figure 6D plots the average threshold force to elicit a strike 

before a pinch (black line) and 30 min after a pinch for animals that were injected with 

vehicle or varying doses of ivabradine 10 min prior to baseline test, “prevention,” yielding 

an IC50 of 0.686 ng/g (~4.2 nM). Sensitization was also blocked with the alternate HCN 

channel inhibitor ZD7288 at 10μg/g (~82 μM) using “prevention” dosing (Fig. 6E). In 

addition, the effects of ivabradine were examined when injected 10 min after pinch in an 

“intervention” style of dosing (Fig. 6F). There was a significant difference between pre- and 

post-pinch thresholds with vehicle, which was blocked by ivabradine at both 10 and 30 ng/g 

doses.

As with the in vivo data, bath application of 160nM ivabradine to pinched in vitro 
preparations shifted the response curve back to non-pinched levels, when recording centrally 

via the connective (Fig. 7A). The force required to elicit fifty percent of the maximum 

frequency was 2.17 mN and did not differ from non-pinched controls (P > 0.8; 1-way 

ANOVA with Holm-Sidak multiple comparison test), but was significantly higher than 

pinched animals (P = 0.0386). That is, ivabradine significantly shifted the Force50 to the 

right, such that the force required to elicit a response was higher, resembling non-pinched 

animals. Ivabradine did not alter the dorsal nerve responses (Fig. 7B; P > 0.8 for all 

comparisons; 1-way ANOVA with Holm-Sidak multiple comparison test). In contrast, if 

ivabradine was injected into intact pinched animals prior to dissection, but not introduced 

into the bathing medium, it had no significant effect compared to pinched animals with 

vehicle injection, whether recorded from the connective (Fig. 7C; P > 0.9; student’s t-test) or 

the dorsal nerve (Fig. 7D; P > 0.5; student’s t-test). However, MK-801 injected prior to 

pinch, but not present in the bath solution, was effective in preventing induction of 

sensitization centrally with Force50 equal to 1.24 mN for MK-801 and 0.33 mN for vehicle 

control (Fig. 7E; P < 0.001, student’s t-test). Again, there was no effect peripherally (Fig. 

7F).

Discussion

Nociception and the Defensive Strike in M. sexta

We have developed an in vitro electrophysiological preparation to complement the in vivo 
defensive strike assay (McMackin et al., 2016). Using these two assays, we have 

characterized aspects of nociceptive sensitization in M. sexta. To our knowledge this work 

represents the first electrophysiological correlate of nociceptive sensitization in any 

arthropod to natural stimuli as opposed to artificial methods such as electric shock. 

Compared to other insect models, M. sexta’s nervous system size and robust physiology in 

surgically reduced preparations provide a unique advantage to examine the organism’s 
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electrophysiological properties in response to more natural physical stimuli. In addition, we 

have shown that it is a valuable model to easily test pharmacological properties of insect 

neurophysiology.

We have correlated elevated firing frequency in a semi-intact preparation with the defensive 

strike (Fig. 2). Elevated firing frequency is noted a short time before and during the 

defensive strike, but not during rest or with small movements. This strongly suggests that 

this firing can be used as a reliable surrogate for the defensive strike in more reduced 

preparations to evaluate nociception in M. sexta, and that some of the recorded axons are 

likely to activate neural systems that generate the strike response. Furthermore, the dramatic 

loss in firing activity in the connective and in the behavioral response when and only when 

the dorsal nerve is severed strongly suggests that the mechanosensory information driving 

the defensive strike under our experimental conditions flows from the body wall through this 

nerve to the ganglion. This is consistent with previous literature on the multi-dendritic 

complex in M. sexta (Grueber et al., 2001). It has previously been suggested that nociception 

and the initiation of the strike occur in this network of sensory cells originating on the body 

wall, whose axons extend to the ganglia through the dorsal nerve (Levine et al., 1985; 

Grueber and Truman, 1999; Grueber et al., 2001; van Griethuijsen et al., 2013; for a review 

see van Griethuijsen and Trimmer, 2014). Drosophila also shows a homologous complex of 

neurons (Grueber et al., 2012) indicating that further examination of this system in 

conjunction with other model organisms - where genetic manipulation is possible but 

electrophysiological study is less amenable - may yield insight into nociceptive sensitization 

as a conserved process. For instance, in Drosophila the multi-dendritic neurons are involved 

in nocifensive behavior and some express TRPA (painless), a channel required for thermal 

nociception (Tracey et al., 2003; Hwang et al., 2007; Neely et al., 2011; see also Shimono et 

al., 2009), which has been shown to contribute to nociceptive sensitization in mammals as 

well (Lennertz et al., 2012). Furthermore, aspects of nociceptive cytokine signaling have 

also been shown to be conserved between Drosophila and mammals (Babcock et al., 2009; 

Im et al., 2011; Im et al., 2015). It will be interesting to determine if this is the case in M. 
sexta as well in future experiments.

Central and Peripheral Sensitization

Previous studies by Walters et al. (2001) and Merchasin (2009) showed that sensitization of 

the defensive strike was generalized across the whole animal regardless of the distance 

between sensitizing and testing stimuli. Paired with this behavioral observation, our in vitro 
findings of central sensitization suggest that the changes in neuronal response that are 

responsible for sensitization of the defensive strike occur either by increased central 

excitability or enhanced synaptic transmission. The increased central network activity is 

consistent with Walters’ (2001) model of a generalized arousal rather than site-specific 

sensitization. Sensitization in M. sexta appears to be predominantly central, although we 

cannot discount the possibility that peripheral changes in activity were too small to resolve 

via our extracellular recording methods. Interestingly this differs from Drosophila in the 

setting of ultraviolet induced sensitization, where the peripheral nerves are hyperexcitable 

(Im et al., 2015). This may stem from differences in damage delivery or injury progression, 

30 min in this study vs. hours in Drosophila (Babcock and Galko, 2009). Nevertheless, in 
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our model, absence of confounding factors by prominent peripheral sensitization normally 

present in other model systems (eg. Aplysia, mammals, squid, and Drosophila; Ji et al., 

2003; Treede et al., 1992; Crook et al., 2013; Im et al., 2015), may provide new insights into 

central regulation of nociception, a significant contributor to clinical pain (Latremoliere and 

Woolf, 2009).

Interestingly, activity in the connective and dorsal nerve also winds down, and after a pinch 

this activity shows less wind down in the peripheral nerve than in the central connective. 

However, the resistance to peripheral wind-down after pinch is not reflected centrally in the 

connective. This is surprising as one might expect increased peripheral activity to have an 

effect centrally which was not observed. This suggests that while peripheral changes are 

occurring, the dominant factor in this model appears to be increased central excitability. In 

addition, it may be that the peripheral resistance to wind-down stems from a few sensitized 

efferent neurons running through the dorsal nerve causing the persistent peripheral activity 

over multiple stimulations after a pinch. Still, it is unclear as to whether these results can be 

extended to behavioral habituation, which was not observed by Walters et al. (2001). It will 

be interesting to determine whether these results with non-noxious force hold true over a 

wider range of forces.

Possible Role for NMDARs and HCN Channels

Based on genetic analysis of the recently sequenced M. sexta genome (M. Kanost, 

unpublished; available at https://i5k.nal.usda.gov/Manduca_sexta; Poelchau et al., 2015) and 

NCBI Protien (http://blast.ncbi.nlm.nih.gov/Blast.cgi; Altschul et al., 1990; 

RRID:SCR_003257) we found conserved sequences for NMDAR and HCN channels. 

Msex2.09307, hereafter referred to as MsNR1 showed 67% identity with Drosophila 
DmNR1 (NP_730940.1) and 46% identity with human NMDAR1 (NP_015566.1). Likewise, 

Msex2.0523, hereafter referred to as MsIH, showed 83.7% identity with Drosophila DmIH 

(NP_001246320.1) and 51.6% with human HCN2 (NP_001185.3). The conserved nature of 

NMDAR and HCN channel sequences in the M. sexta genome, including functional regions 

such as membrane segments, selectivity filters, and drug binding sites, voltage sensing, and 

cyclic nucleotide binding domain (Moriyoshi et al., 1991; Ferrer-Montiel et al., 1995; Marx 

et al., 1999; Bucchi et al., 2013) supports the hypothesis that these M. sexta sequences are 

most likely NMDA receptors and HCN channels.

While to our knowledge this is the first instance of ivabradine used in invertebrates, the 

ability of compounds such as MK-801, AP5, and ZD7288 to work in a number of other 

insect and invertebrate species including other Lepidoptera (Cattaert and Birman, 2001; 

Chiang et al., 2002a, 2002b; Pirtle and Satterlie, 2004; Bhatt and Cooper, 2005; Zhong and 

Zucker, 2005; Cheung et al., 2006; Geister et al., 2008; Xia and Chiang, 2009; Huang et al., 

2015) suggest that the drug actions are likely conserved in M. sexta as well. Futhermore, all 

of the inhibitors seem to selectively affect central sensitization and not mechanosensation, 

based on our in vitro and in vivo studies where the firing or strike threshold is not 

desensitized beyond control levels before or after a pinch despite doses 100–1000 fold 

higher than the IC50’s. This suggests a central mechanism for the drug actions as opposed to 

peripheral inhibition or nonspecific effects.
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The prevention of sensitization with MK-801 and AP5 when administered before the pinch 

procedure (Fig. 6AB, 7E), but not after (Fig. 6C), suggests that induction of sensitization is 

NMDAR-dependent, potentially in a manner consistent with previously described LTP-

based nociceptive sensitization in models such as Aplysia (Lin and Glanzman 1994a, 1994b, 

for a review see Ji et al., 2003). It is unclear whether this is the only mechanism for 

sensitization in our model, as most studied sensory systems in insects are cholinergic rather 

than glutamatergic (Salvcaterra and Kitamoto, 2001). Moreover, mAChR have been shown 

to play a role in sensitization of motor neurons and the proleg withdrawal (Trimmer and 

Weeks, 1989, 1991, 1993; Trimmer, 1994; see also Trimmer, 1995), putatively via NO and 

cGMP (Qazi and Trimmer, 1999; Zayas et al., 2000, 2002; Zayas and Trimmer, 2007; see 

also Trimmer, 1995). Thus, given (i) the global and non-site specific nature of sensitization 

of the strike, (ii) the fact that sensory-induced muscarinic receptor mediated effects in M. 
sexta are not seen during stimulation of single afferents (Trimmer and Weeks, 1993), and 

(iii) the expression of NMDAR – albeit less abundant – at sensory postsynaptic membranes 

(Daniels et al., 2008), suggests that a role for NMDARs in central sensitization is not 

impossible. Clearly we will want to assess the roles of muscarinic receptors in the future. 

However, given the robust response to NMDAR inhibitors, it will be very important to 

determine the neuroanatomy of our nociceptive network. For instance, it will be important to 

determine whether NMDAR are located within the brain or other second order neurons as 

suggested by work by Daniels et al. (2008), and whether these neurons function in a 

modulatory role on the cholinergic sensory neurons via interneurons within the ganglia. For 

example, work by Xia et al. (2005) demonstrated that memory in Drosophila can be 

NMDAR dependent, and that the receptors are highly expressed in the mushroom body 

suggesting that in insects, sensitization may require certain brain regions expressing 

NMDAR. This question may be resolved with further development of our in vitro 
preparation.

Block of sensitization by ivabradine and ZD7288 suggest that HCN channels also play a 

central role in sensitization. In particular, ivabradine was very effective in suppressing 

sensitization of the defensive strike with an IC50 of 0.7ng/g, or approximately 4 nM 

(Cymborowski et al., 1982). This value is strikingly smaller than reported patch clamp 

IC50’s in the low μM range for heterologously expressed channels (Thollon et al., 2007; Biel 

et al., 2009), suggesting a powerful role for Ih in this learned pain paradigm. Most likely 

only partial block is necessary to disrupt sensitization or there may be a significant effect 

due to rate- or voltage-dependent block (Thollon et al., 2007). However, it is interesting to 

note that ivabradine showed no effect when injected prior to dissection (Fig. 7C,D) and 

omitted from the bath solution (washout of the hemocoel). This result, along with the in vivo 
intervention results (Fig. 6F), suggests that HCN channels are involved more in the 

maintenance than induction of sensitization. It will be interesting to see if longer exposure or 

chronic dosing can attenuate sensitization in a manner similar to our in vivo results.

It remains unclear how HCN channels are being activated in this model. It has been shown 

that the multi-dendritic complex responds to nitric-oxide by producing cGMP, and that 

cGMP is also increased after tissue damage in the multi-dendritic complex (Grueber and 

Truman, 1999; Grueber et al., 2001). Sensitization of motor neurons and of proleg 

withdrawal appears to arise via NO and cGMP (Qazi and Trimmer, 1999; Zayas et al., 2000, 
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2002; Zayas and Trimmer, 2007; see also Trimmer, 1995). Interestingly, cGMP may also 

have an antinociceptive action in vivo in M. sexta (Merchasin, 2009; Fuse et al., 2013; 

Arreola, unpublished observations). This is not necessarily incongruent since cGMP is 

reported to have both sensitizing and antinociceptive roles in mammals, depending upon the 

conditions (larger cGMP responses are more likely to be sensitizing) and the locus (central 

cGMP signaling is mainly antinociceptive, intense peripheral cGMP signaling is sensitizing; 

Kawabata et al., 1994; Aley et al., 1998; Sousa and Prado, 2001; Tegeder et al., 2002; 

Vivancos et al., 2003; Patil et al., 2005; Hucho and Levine, 2007). Under certain conditions 

cGMP even has a role alongside cAMP in nociceptive sensitization in Aplysia, rodents, and 

primates (Lin et al., 1997; Lewin and Walters, 1999; Levy and Strassman, 2004; Heine et al., 

2011; Luo et al., 2014). It will be important to determine what the activation factor(s) for Ih 

is in this model.

Several vertebrate models examining Ih inhibition in pain are based on the hypothesis that 

sensitization occurs via hyperexcitability in peripheral sensory neurons (Chaplan et al., 

2003; Lee et al., 2005; Sun et al., 2005; Luo et al., 2007; Jiang et al., 2008b; Cho et al., 

2009; Takasu et al., 2010; Yeon et al., 2011; Weng et al., 2012; Acosta et al., 2012), however 

others also suggest that the major effect may be synaptic transmission (Jiang et al., 2008b; 

Papp et al., 2010; Takasu et al., 2010). Due to the primarily central sensitization, M. sexta 
may provide a useful setting to differentiate between the varied central and peripheral 

aspects of Ih and other site-specific players such as cGMP. Moreover, despite the 

evolutionary distance between these models, M. sexta may yield interesting evolutionary 

insights into the conserved nature of sensitization mechanisms like Ih and NMDAR function. 

This may be particularly significant given the very different sensory transmission 

mechanisms (cholinergic vs. glutamatergic) between insects and mammals.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Manduca sexta Anatomy. A: Whole animal with solid black arrowhead (between segments 

A3 and A4) indicating the site of radial ligation for defensive strike correlation, and white 

arrowhead (segment A5) indicating the site of pinch and von Frey stimulation for all 

experiments unless otherwise noted. Each hash mark on the ruler in the background 

represents 1 mm. Anterior is to the right. B: Micrograph of the ganglion from abdominal 

segment A5. The connective contains central axons that allow the segments to communicate 

with each other. The transverse, dorsal, and ventral nerves contain the peripheral sensory and 

motor axons. Scale bar represents 0.5 mm.

Tabuena et al. Page 20

J Comp Neurol. Author manuscript; available in PMC 2018 April 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 2. 
Firing in the Connective Precedes the Defensive Strike. Plot of the average firing frequency 

before, during, and after the defensive strike, when recording from the intact nerve (black 

bars) and after the nerve was been severed (white bars) from the striking portion of the 

animal. Bars with dissimilar letters denote significant differences within the intact 

preparations (P < 0.0002), while asterisks indicate significant differences between intact and 

severed groups at each time point (P < 0.0001) determined by a 2-way ANOVA with Holm-

Sidak multiple comparison test (n = 8). (See also Supplemental Video 1).
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Figure 3. 
Dorsal Nerve Branches Convey Afferent Information from Noxious Pinch and Test Stimuli 

Used in this Study. A: Micrograph of the isolated ganglion and body wall with right 

peripheral nerves and sub branches emanating from the body wall. Black arrows denote the 

various cuts: ‘a’ (transverse nerve), ‘b’ (ventral nerve), ‘c’ (posterior-dorsal nerve branch), 

and ‘d’ (anterior- and lateral-dorsal nerve branches). White arrowhead indicates the site of 

mechanical stimulation, just posterior to spiracle (dashed circle). Scale bar represents 1 mm. 

A significant portion of fat body and trachea has been removed in this preparation for clarity 

B: A sample recording from the connective during stimulation with cuts in the forward 

direction (Intact→a→b→c→d). C: Sample recordings from cuts made in reverse order 

(Intact→d→c→b→a). The black bars above all traces represent the time during which 9.8 

mN of force was applied to the body wall. D: Average burst firing frequency during 

stimulation for all animals tested. Different letters indicate significant differences (P < 

0.0001) between groups determined by a one-way ANOVA with a Holm-Sidak multiple 

comparison test.
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Figure 4. 
Pinch Induces Central Sensitization. A, B: Sample traces at two scales from a single animal 

recorded simultaneously, from the connective and dorsal nerve, respectively. A strong 

increase in firing rate is noted upon von Frey stimulation (black bar). C, D: Hill fit of the 

burst firing frequency in the connective and dorsal nerve, respectively, with respect to the 

force applied to the body wall for animals that were non-pinched (black dashed lines) or 

pinched (black solid lines).
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Figure 5. 
Sensitized Dorsal Nerve is Resistant to Incremental Depression. A, B: The burst firing rates 

for each of five stimulations (Stim 1–5) for Pinched and Not Pinched animals when 

recording from the connective and dorsal nerve respectively (n = 16–20). Exponential decay 

lines are overlaid for not pinched (solid) and pinched (dashed lines).
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Figure 6. 
Sensitization of the Strike Response is Attenuated by NMDAR and HCN Channel Inhibitors. 

A, B: ‘Prevention’ style dose response plots of MK-801 (n = 3–12) and AP5 (n = 5–9), 

respectively. The Threshold is displayed 10 min after injection of drug (Pre-Pinch), and 

30min after pinch (Post-Pinch). C: ‘Intervention’ style dosing of MK-801 injected 10 min 

after the pinch (n = 8–9). D, E: ‘Prevention’ style dose response plots of Ivabradine (n = 4–

22), and ZD7288 (n = 6–9) respectively. F: ‘Intervention’ style dosing of ivabradine injected 

10 min after the pinch (n = 12–18). In all panels pharmacological effects were compared 

with using 2-Way ANOVAs with Holm-Sidak multiple comparison tests where “*”, “**”, 

“***”, and “****” denote P < 0.05, P < 0.01, P < 0.001 and, P < 0.0001 respectively 

between pre- and post-pinch. In A and D the dashed black line (All Pre-Pinch) represents the 

mean pre-pinch Thresholds of all animals regardless of dose.
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Figure 7. 
Central Sensitization is Reversed by Ivabradine and Prevented by MK-801. A, B: Force 

response curves of the burst firing frequency in the connective and dorsal nerve, respectively, 

with bath-applied ivabradine (orange). Curves of pinched and non-pinched controls from 

Figure 4 are replotted for clarity (n = 8 for both). C, D: Force response curves of the burst 

firing frequencies in the connective and dorsal nerve, respectively, while stimulating the 

body wall when 30 ng/g ivabradine or vehicle (H2O) was injected prior to dissection, and not 

presented in the bath solution (n = 14–17). E, F: Force response curves of firing frequency 

in connective and dorsal nerve, respectively, in animals injected with MK-801 or vehicle 

(H2O) prior to pinching (n = 16 for both).
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