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HIGHLIGHTS

® Von Frey filaments were used to quantify the defensive strike response in M. sexta.
® The first response, up-and-down and SUDO methods were assessed and compared.
e All 3 methods measured changes in threshold sensitivity after a noxious pinch.

® Nociceptive sensitization after the pinch was determined to last 19 h.
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ABSTRACT

Background: The hornworm Manduca sexta exhibits a defensive strike to noxious assaults, a response that
is robust and is easily observed by experimenters. Von Frey filaments and methods typical for studying
nociception in other animals were used to assess the strike response in M. sexta.
New methods: A series of von Frey filaments was applied to the body wall in ascending order and the
data generated were used to determine the strike threshold by (i) the up-and-down method, (ii) the first
response method, and (iii) the simplified up-and-down order method (SUDO). The effect of a noxious
pinch on strike threshold was assessed.
Comparison with existing methods: To our knowledge none of these methods has been used on M. sexta
previously, making the use of the up-and-down and SUDO methods the first in an invertebrate. The use
of the first response method has been used in other invertebrates, and the method appears equally suited
to M. sexta.
Results: All three methods were successful in monitoring the threshold sensitivity to touch, which was
lowered (sensitized) by tissue damage induced with a pinch. Sensitization lasted 19 h.
Conclusions: All three methods of assessing nociception were successfully applied to quantify the defen-
sive strike response in M. sexta, although the SUDO method required empirical assessment of which
filament to start the test sequence with. The results revealed both short- and long-term sensitization.
These methods should prove to be useful for quantifying sensitization in M. sexta.

Published by Elsevier B.V.

1. Introduction

Nociception, which includes the perception and processing of
noxious stimuli, is a response to potential or actual tissue damage.

Abbreviations: L5, fifth larval stage; Fso, force threshold for 50% chance to strike;

SUDO, simplified up-and-down order method; Filament #, filament number.
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The nervous system may then be sensitized in response to noxious
stimuli, as a form of non-associative learning that may last days to
months (e.g., Castellucci et al., 1986; Woolf and Walters, 1991). This
presumably serves to heighten the ability of individuals to respond
to and protect themselves from potentially harmful events and pro-
tect injured areas during healing. In humans, such noxious stimuli


dx.doi.org/10.1016/j.jneumeth.2015.09.015
http://www.sciencedirect.com/science/journal/01650270
http://www.elsevier.com/locate/jneumeth
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jneumeth.2015.09.015&domain=pdf
mailto:mzmcmackin@gmail.com
mailto:mlewin@calacademy.org
mailto:dennis.r.tabuena2@gmail.com
mailto:arreola.eric85@gmail.com
mailto:moffatt@sfsu.edu
mailto:fuse@sfsu.edu
dx.doi.org/10.1016/j.jneumeth.2015.09.015

140 M.Z. McMackin et al. / Journal of Neuroscience Methods 257 (2016) 139-146

manifest in the subjective experience of pain (reviewed by Walters,
1994; Rahn et al., 2013), and the result of abnormally persis-
tent nociceptive sensitization includes conditions such as allodynia
(such as that experienced on the surface of a scar long after an oper-
ation or wound), where normally innocuous stimuli are interpreted
as noxious or painful), or hyperalgesia, where painful stimuli are
perceived as more painful than normal. These neuropathic condi-
tions can occur following a single insult or after repeated injury,
chronic inflammation and in some genetic conditions (Binder et al.,
2011).

In humans, the severity of pain a person is experiencing is
typically ascertained through verbal or other subjective ratings
of discomfort, although quantitative sensory testing (QST) may
become the standard clinically and in clinical research (reviewed
by Backonja et al., 2009; Cruz-Almeida and Fillingim, 2014). In
this case, von Frey filaments, which provide a calibrated force to
a portion of the subject’s body, are used to test the mechanical
sensitivity. In fact, the use of these filaments has been exploited
for the precise measurement of mechanosensitivity in most verte-
brates in pain research. In models such as rats, defensive behaviors
are monitored by a number of different assays. For instance, the
tail flick, hind paw withdrawal and jump-flinch are all responses
to noxious stimuli that may be sensitized after formalin injection,
high-intensity light beams, hot plates or after spinal nerve ligation
surgery (e.g., Juszkiewicz-Donsbach and Levy, 1962; Bonnet and
Peterson, 1975; Pitcher et al., 1999; Kim et al., 2014; reviewed by
Bannon, 2001; Bannon and Malmberg, 2007; Gregory et al., 2013).
These responses are quantified by assessing either the latency to
respond to the noxious stimulus or the intensity of the stimulus
causing a response (the threshold response).

For years, most threshold response measurements using von
Frey filaments recorded the “first response” to stimulation, with
an ascending series of increasingly stiff filaments (e.g., Illich and
Walters, 1997; Alupay et al., 2014). The “up-and-down” method,
that was originally designed to estimate the stability of explosives,
was first used in animal models to estimate lethal doses of drugs
(Dixon and Mood, 1948; Dixon, 1965) and has since become the
standard for assessing vertebrate nociception (Crocker and Russell,
1984; Chaplan et al., 1994). This method starts with a mid-range
filament, and increases or decreases linearly, depending on the
response of the animal. A defensive response results in a lower
filament force being used next, while lack of a response dictates
that a higher strength filament be used for the next test. This is
repeated a number of times, and a table of probability thresholds
was developed in rodents, depending on the sequence of responses
and a maximum likelihood model (Dixon and Mood, 1948; Dixon,
1965; Chaplan et al., 1994). More recently, a simplified up-down
order (“SUDO”) method was developed, where only five stimuli
are required to determine nociceptive threshold, without the need
for a look-up table. In this method, each animal receives the same
number of touches from von Frey filaments. If the last touch by
the filament yields a response, a set value is added to the filament
force, whereas if no response is noted, a set value is subtracted
from that filament force (Bonin et al., 2014; see also methods Sec-
tion 2.5). This method, however, requires empirical determination
of a suitable starting force.

A number of invertebrate nociceptive models exist, the most
well studied being Aplysia californica (reviewed by Walters and
Moroz, 2009). The breadth of invertebrate studies has provided
evidence of the relationship of invertebrate sensitization mecha-
nisms to mammalian pain and memory mechanisms (e.g., Walters
and Moroz, 2009; Crook and Walters, 2011; Crook et al., 2013). In
many of these studies, the “first response” method of assessment
was used to show nociceptive sensitization of behavior (e.g., Lewin,
2003; Alupay et al., 2014) and of mechanosensory neurons (Illich
and Walters, 1997). Short and long-term sensitization of the siphon

gill and tail withdrawal in A. californica paired with electrophysi-
ology led to a fundamental understanding of the enhancement of
synaptic transmission between sensory and motor neurons, which
were important building blocks in the evolution of learning and
memory (e.g., Carew et al., 1983; Walters, 1987; Schacher et al.,
1988; Lewin and Walters, 1999). In Caenorhabditis elegans, thermal
avoidance behavior was characterized through video monitoring of
whole worm movements (e.g., Wittenburg and Baumeister, 1999).
In insects, Drosophila was monitored visually for thermal avoidance
behaviors after a variety of genetic manipulations (Tracey et al.,
2003; Neely et al., 2010; Babcock et al., 2011; reviewed by Kim
etal, 2011).

The hornworm, Manduca sexta, is another possible model
organism for such research. It has conspicuous and reproducible
defensive behaviors that include proleg withdrawal (Wiel and
Weeks, 1996) and defensive strike and thrashing responses
(Walters et al., 2001) to predators such as birds. The change in
the number of defensive strikes for a set stimulus was the original
method used for assessing nociceptive sensitization (Walters et al.,
2001).In this case, the behavioral change associated with sensitiza-
tion was recorded for less than an hour, whereas sensitization has
been noted for much longer periods in many other invertebrates
(e.g., Gasull et al., 2005). Moreover, this assay depended on an all-
or-none response, and subtle changes in nociceptive sensitivity
were not noted. Finally, a sequence of 16 applications of the von
Frey filaments was required, leaving the possibility of habituation
as a confounding factor.

Developing an invertebrate model using the first response,
up-and-down and SUDO methods should prove important in
understanding the conservation of pain signaling in animals, but
may also alleviate ethical issues associated with testing vertebrates.
The conserved nature of pain receptors such as the TRP receptors
(e.g., Kimetal., 2012; Saito et al., 2012; Sardar et al., 2012; Palovcak
et al., 2015), and associated signal transduction machinery (e.g.,
Lin et al., 1997; Lewin and Walters, 1999; Nikitin and Kozyrev,
2000) suggest that such a model will be invaluable in this field of
research. Using an organism such as M. sexta is cheap and currently
unregulated, allowing rapid and large scale testing of signaling
mechanisms and pharmaceuticals. The goal of our research was
to adapt and test the first response, up-and-down and SUDO meth-
ods to quantify the defensive strike response in M. sexta. To our
knowledge, the use of the up-and-down and SUDO methods has
not yet been incorporated into the quantification of any inverte-
brate defensive responses. M. sexta may thus provide a valuable
tool for studying the signal transduction mechanisms inducing sen-
sitivity after injuries leading to hyperalgesia or allodynia as well as
the role of long-term memory in providing nocifensive behaviors
in animals.

2. Materials and methods
2.1. Animals

M. sexta L. were raised under a 17:7 h photoperiod with a ther-
moperiod of 27 °C:25°C as described previously (Fuse and Truman,
2002). Free feeding was allowed on an artificial diet (MP Biomedi-
cal Irvine CA USA: based on Bell and Joachim, 1976). Animals were
individually housed in small plastic cups with lids. Pharate fifth
instar larvae were staged using external morphological markers
(Truman et al., 1980; Copenhaver and Truman, 1982). Each ani-
mal was observed and timed for ecdysis and allowed to feed ad
libitum and rest in the incubator for 24 h. Larvae were tested and
provided stimuli 24 h after ecdysis to the fifth larval stage (L5)
and then retested 1 and 19 h after the presentation of the noxious
stimulus.
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Fig. 1. Manduca sexta resting tree apparatus. (A) A tree apparatus for testing mul-
tiple larvae is shown. The center dowel has numerous holes for placement of thin
wooden rods. These rods provide a base for M. sexta to rest, with a grip surface for
the prolegs. When the larvae assume the upside down “sphinx” position (*), they are
ready to be tested. (B) Manduca being tested at proleg 6 with a von Frey monofila-
ment (arrow). If the pinch occurs on the same proleg, the site of testing is ipsilateral
to noxious stimulation. If the pinch occurs on the opposite proleg, the site of testing
is contralateral to noxious stimulation.

2.2. Strike response and its measurement by von Frey filaments

The behavior being monitored was called a “defensive strike
response” whereby an animal rapidly bent, bringing its head and
mouth close to the site of insult as a defensive response (Walters
etal., 2001; van Griethuijsen et al., 2013). Although other responses
have been observed in M. sexta, such as thrashing (Walters et al.,
2001) or proleg withdrawal (Wiel and Weeks, 1996), the strike
response is optimum for behavioral testing due to its robust and
objectively distinct nature. The defensive strike response by M.
sexta was videotaped using a digital camcorder (Cannon ZR-40
and Sony DCR-TRV250) and was also assessed subjectively in real
time for the duration of the experiment (Merchasin, 2009). All
video images were imported onto a Macintosh G4 PowerBook
or a MacBook Pro using the application iMovie. The number of
strikes elicited was assessed from the video footage in a blind man-
ner. Subjective scoring (no video) and blind scoring (video) were
assessed statistically to determine if a difference in scoring tech-
nique (ability to recognize a defensive strike) existed. Since no
significant differences were noted (p > 0.5; data not shown)all stud-
ies were conducted with subjective assessment of the defensive
strike response.

Animals were removed from their housing and allowed to accli-
mate to the wooden tree apparatus and settle for at least 15 min.
Animals settled on a “branch” of the tree apparatus and assumed the
sphinx position (Fig. 1A). Animals that did not settle were excluded
from the study. In this resting position the abdominal prolegs were
clearly visible and accessible for testing. Abdominal proleg 6 was
typically chosen for testing because the more anterior prolegs were
often involved in the defensive responses, while proleg 6 stayed
firmly gripped to the horizontal wooden rod that the caterpillar
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Fig.2. Test sequence template. A test sequence shows responses starting at filament
#1 (F no. 1). When there is no response “O” is inserted and the next higher filament
is used. When there is a response “X” is inserted and the next lower filament is used.
After the first positive response (X) 5 more responses are recorded. The dashed box
indicates the data used to test the SUDO method starting at filament #6 (range 3-10).

attached to. However, other prolegs could be tested to yield similar
results. The proleg contralateral to the site of noxious stimulation
was assessed for nociceptive sensitivity unless otherwise noted
(Fig. 1B).

Following a baseline test of sensitivity, each animal of the exper-
imental group was provided a noxious pinch as described in Section
2.3. Each animal was tested again anywhere from 15min to 1h
after the noxious stimulus, to observe any changes in sensitivity.
After testing at the acute time point the animals were weighed and
then returned to their home containers in temperature and light-
regulated incubators (see Section 2.1). They were again allowed to
feed ad libitum. Before testing a second time 19 h after the noxious
stimulus, larvae were again placed on the wooden tree apparatus
and allowed to settle for 15 min. The animals were tested to assess
the long-term change in sensitivity following the noxious insult. If
larvae did not settle on the apparatus this second time, they were
still excluded from the data.

2.3. Application of a noxious pinch

Blunt forceps were used to pinch an abdominal proleg for 2s.
The proleg contralateral to the site of nociceptive monitoring was
used for pinching. This was typically proleg 6, since larvae rarely
lost their grip with this proleg. Cuticle was not ruptured by the
pinch, as assessed by alack of hemolymph leakage. During the pinch
the animal could be seen rapidly bending to strike precisely at the
stimulus (see also Fig. 2 of Walters et al., 2001). On some occasions
opposite striking and back and forth thrashing were also noted. For
controls, the proleg was touched gently by the forceps for 2 s rather
than pinched.

2.4. Threshold estimation by “up-and-down” method

The animal was first tested for sensitivity to mechanical stim-
ulation using a series of von Frey filaments (Stoelting, Wood Dale,
Illinois, USA), which are soft nylon filaments calibrated to known
forces, providing discrete units of pressure (Table 1). They are used
to measure the threshold of sensitivity at which an animal finds
a stimulus noxious and withdraws its body part (Chaplan et al.,
1994). The smaller filament sizes are not noxious to M. sexta but
at larger filament diameters the stiffness (bending force) of the
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Table 1
Properties of von Frey filaments used to test withdrawal reflex. Forces based on
www.stoeltingco.com.

Filament # Fiber label Bending force (mN)
1 1.65 0.078
2 2.36 0.196
3 2.44 0.392
4 2.83 0.686
5 3.22 1.569
6 3.61 3.922
7 3.84 5.882
8 4.08 9.804
9 4.17 13.725
10 4.31 19.608
11 4.56 39.216
12 4.74 58.824
13 4.93 78.431
14 5.07 98.039

" Indicates filaments omitted with the up-and-down method.

filament increases and becomes noxious to the insect (personal
observation).

Each filament was applied by approaching the body wall very
slowly, placing the filament in the center of the proleg and then
pressing at a 90° angle until it bent. Thus a known amount of
force was applied for each filament. Further bending would not
apply additional force. Subtle changes in positioning or velocity of
positioning of the filament did not appear to alter responses signif-
icantly in M. sexta (Walters et al., 2001). Each filament was applied
for 2's and then withdrawn. The response was recorded as an “X”
for a defensive strike or an “O” for no strike. For each test fiber, if
the response was a strike, the force of the fiber was lowered by one
increment for the next test, whereas if there was no strike, the force
was increased by one increment. This process was repeated until
the first transition from striking to not striking - or vice versa - was
reached, after which force was applied to the animal an additional
four times following the up and down paradigm (see Fig. 2).

This up and down pattern is what gives this assay its name.
It allows the experimenter to narrow in on the exact nocicep-
tive sensitivity of each animal as defined by the force required
to elicit a behavioral response. The pattern elicited by touches
determined the final sensitivity of the animal based on the pat-
terns previously described (Dixon and Mood, 1948; Dixon, 1965;
Chaplan et al., 1994). To modify this method for M. sexta we used
10 von Frey filaments that applied 0.078 mN, 0.196 mN, 0.392 mN,
0.686 mN, 1.569 mN, 3.922 mN, 9.804 mN, 19.608 mN, 39.216 mN,
and 98.039 mN (identified as filaments #1, 2, 3,4, 5,6, 8,10, 11 and
14; see Table 1). These filaments were chosen such that the base
ten logarithm of the force values are nearly equally spaced with an
average increase of 0.344 in log units. In other words, the millinew-
ton forces increase geometrically with a common ratio roughly
equal to 2.208 (109344), This was done to satisfy the equal spacing
condition set forth by Dixon and Mood (1948) and Dixon (1965)
and is the value of constant d following notation in his and other
publications. The initial force to begin the sequences was chosen to
be 0.392 mN (filament #3). This force was chosen as it was near to
the predicted force that has a 50% probability of eliciting a strike,
another condition imposed in the original up-down method (Dixon
and Mood, 1948; Dixon, 1965). This value was based on empiri-
cal observation in our lab. The log of the force of the last filament
tested was also recorded as “Xf”. The entire “XO” sequence was then
used to find the value k in the lookup table by (Dixon and Mood,
1948; Dixon, 1965). However if the sequence exceeded nine tests,
the maximum allowable by the table, the responses at the begin-
ning of the sequence were omitted until the length of the sequence
was nine tests long. It has been stated that these initial responses
are of minimal consequence as they are at intensities far from the

threshold of interest (Dixon and Mood, 1948; Dixon, 1965; Chaplan
et al., 1994). The recorded values were then entered into the equa-
tion F5o = 10Xf*kd where F5y was the threshold force for 50% chance
to strike. If the animal did not respond to the highest filament
(98 mN; #14) before the sequence could be completed then the
animal was assigned an Fsg value of 98 mN, a conservative esti-
mate. Likewise, if the animal did respond to the lowest filament
(0.078 mN; #1) an Fsg value of 0.078 mN was given.

2.5. Threshold estimation by simplified up-and-down order
(SUDO) method

Following Bonin et al. (2014), filament numbers were assigned
to the lower 14 fibers of a 20 von Frey filaments set that ranged
from 0.078 mN to 2940 mN, where filament #1 was 0.078 mN and
filament #14 was 98.039 mN (Table 1). The highest 6 fibers were
not used. The simplified up-and-down (SUDO) method requires an
empirically determined filament force range and starts at the mid-
range filament for five consecutive touches (Bonin et al., 2014). If a
strike is observed on the first touch then the next lowest filament
is chosen as described for the up-and-down method above (Section
2.4 and also see boxed region of Fig. 2). If no strike is noted then
the next higher filament is used. This continues for a total of five
rounds. If the final filament causes a strike, the final filament value
is that filament number minus 0.5 stimulus intervals. If no strike
occurs the final filament number has 0.5 stimulus intervals added
to it and is designated as SUDO result. Then given the logarithmic
nature of the filament number relative to the force applied (Stoelt-
ing operating manual; Stoeltingco www.stoeltingco.com) the force
can be determined from the newly designated SUDO result (see
Eq. (1)). This equation is based on two correlation equations. Fil-
ament number was converted to manufacturer filament label fit
using a binomial regression (Eq. (1a)), and manufacturer label was
converted to force by a logarithmic regression (Eq. (1b)).

Filament force (mN)
=0.0016- exp (2.184 (~0.012(SUDO result)’
+0.429 (SUDO result) + 1.359)) (1)

Filament label = —0.012(filament number)2

+0.429(filament number) + 1.359 (1a)
R%? =0.99183
Force (mN)=0.0016-exp(2.184(filament label)) (1b)
R? = 0.9945

In the current study we determined a mid-range force for 24 h
5th stage (L5) larvae empirically by using the data obtained from
the up-and-down method, starting at filaments #3, 4, 5, 6 or 7. An
example of the data used when starting at filament #6 (3.61 mN;
Table 1) is seen in Fig. 2. In this case the final filament size was
determined to be filament #5.5 yielding a force of 2.41 mN.

2.6. Threshold estimation by “first response” method

To evaluate the threshold response by the first response method
(“1st X”), we analyzed the data used to calculate SUDO values (see
Section 2.5) and identified the force required to elicit the first strike
before and after noxious stimulation. Briefly, beginning with the
lowest force von Frey filament, animals were tested for a response.
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Fig. 3. The up-and-down method to assess the defensive strike response. The up-
and-down method was used to assess the sensitivity to touch after a noxious pinch
to contralateral proleg A6. The test was conducted at baseline (black bars) and 1h
after the pinch and compared to animals only receiving a light touch, as controls
(white bars). Bars are average forces required to elicit a strike per g wet weight of
eachanimal (mN/g wet wt). The error bars represent the standard errors of the mean.
The sample size is 16 for the touch group and 18 for the pinch group. Letters indicate
similarities between groups (p > 0.1), based on Two-Way Repeated Measures ANOVA
with the Holm-Sidak Pairwise Multiple Comparison Method. The pinch results in a
significantly lower strike threshold (p <0.005).

If the animal did not respond then the force was increased by
using the next fiber. The force at which animals first responded
was recorded as the threshold force. Thus not all SUDO data was
used, if no strike was ever elicited at the highest filament.

2.7. Statistical analysis

Statistical analyses were conducted with Sigmastat or Graph-
Pad Prism 6 and are described in the figure legends for each
experiment. Data are presented as averages with error bars rep-
resenting the standard errors of the mean (SEM) unless stated
otherwise.

3. Results

3.1. Up-and-down method reveals short-terms sensitization after
a pinch

The up-and-down method revealed that on average, larvae ini-
tially responded to touch with approximately 1 mN of force (Fig. 3)
and became sensitized to a pinch within 1 h, responding to a force
of approximately 0.25mN. This was not the case after a light
touch, suggesting that the noxious stimulus elicited the change
in threshold sensitivity. That is, all baseline and touch data were
not significantly different from one another (p>0.1) while the
pinched group was significantly lower than all other groups, one
hour later (p <0.005). Use of the up-and-down method resulted in
as few as 3 touches with von Frey filaments (typically occurring
after sensitization) and as many as 12 touches (typically occurring
prior to sensitization). Therefore, since baseline responses gener-
ally required more touches, there could have been some level of
habituation. However, this would have yielded values closer to
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Fig. 4. Comparing First response and SUDO methods. Various methods were
assessed from a common data set to determine strike thresholds prior to a pinch
(baseline), and 15 min after a pinch to contralateral proleg A6 (pinch). Methods
included the first response to a filament (1st X) and SUDO methods starting at
filaments #3 through #7 (SUDO3 to SUDO7). Bars are average force required to
elicit a strike (mN). The error bars represent the standard errors of the mean. The
sample sizes range from 27 to 43. Letters indicate similarities within the baseline
groups (p>0.05), based on Two-Way ANOVA with the Holm-Sidak Pairwise Multi-
ple Comparison Method. Pinched groups were not significantly different from one
another (p>0.1), but were all significantly lower than their baseline counterparts
(p<0.05).

the sensitized values, and since there were significant differences,
the up-and-down method appeared robust enough to withstand
potential habituation effects.

3.2. Comparison of first response and SUDO methods to estimate
strike threshold before and after noxious pinch

Bonin et al. (2014) have suggested that 5 touches with increas-
ing and/or decreasing filaments is sufficient to replicate data from
the up-and-down method. We looked at similar effects on the sen-
sitivity before and after a pinch in M. sexta (Fig. 4). We compared
baseline data using the first response to touch (“1st X”) with SUDO
methods starting at filaments #3, 4, 5, 6 or 7 (see Table 1 for force
values). There were no significant differences in baseline levels
from the 1st X method, or SUDO methods 5-7 (p>0.1). In con-
trast, baseline levels of SUDO3 and 4 were significantly different
from the other baseline values (p <0.05). Sensitization was noted
15 min after a pinch using all methods, since all white bars were
significantly lower than their counterpart baseline bars (p <0.05).
These results suggest that as with the up-and-down method, the
1st X method can be utilized with M. sexta larvae, as can the SUDO
method, when the starting filament is determined empirically, as
it has been here.

3.3. A noxious pinch induces long-term sensitization

Larvae were assessed for sensitization before and at 1 hand 19h
after receiving a pinch (Fig. 5). When control larvae were tested
over a 19 h period, their baseline sensitivity decreased significantly
as they aged and grew (p<0.0001). That is, the overall sensitivity
of older animals (19 h after initiation of the testing, or 43 h after
ecdysis to the 5th larval stage) was reduced compared to young 5th
stage larvae, requiring a significantly higher force to elicit a strike.
Nevertheless, after a pinch, the pinched larvae became sensitized
within 1h, and remained sensitized 19 h later compared to their
control counterparts (p<0.001).
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Fig. 5. Average threshold of nociceptive sensitivity in Manduca sexta over 19 h. Ani-
mals were assessed using the SUDO method before (no pinch) and 1 and 19 h after
a pinch (pinch) to the abdominal proleg 6. Bars are average force required to elicit
a strike (mN). The error bars represent the standard errors of the mean. The sam-
ple size is 10 per group. Letters indicate similarities within groups (p >0.1), based
on Two-Way Repeated Measures ANOVA with the Holm-Sidak Pairwise Multiple
Comparison Method.

4. Discussion

Although M. sexta show a number of nocifensive responses to
noxious stimuli (Wiel and Weeks, 1996; Walters et al., 2001) the
strike response was chosen for this assay because of its reliable
and robust nature. This behavior is observed as a midline bend-
ing of the animal to bring the head toward the noxious stimulus.
The strike response occurs as a defense against noxious stimuli
such as might occur during predation by birds or parasitic wasps
(Walters et al., 2001; van Griethuijsen et al., 2013). To measure
this response, researchers originally applied a single von Frey fila-
ment (1.5mN, exerting a pressure of 15gmm~2 or approximately
1.5 x 10°Pa) to a sensitized animal, to measure changes in the
frequency of defensive strikes, among other behaviors, after nox-
ious stimulation. This resulted in an increased number of strikes
and the response was short-lived, only being detectable for about
30 min after the stimulus. This change in behavior is reminiscent of
hyperalgesia where pain increases without increasing the force of
a touch.

Our results demonstrate that changes in the threshold to elicit
a strike behavior can also be measured, using three classical meth-
ods, namely the up-and-down method (Crocker and Russell, 1984;
Chaplanetal., 1994), the simplified up-down order method (SUDO;
Bonin et al., 2014), and the first response method (1st X; Illich
and Walters, 1997). All three methods yielded similar results in
M. sexta, where we showed that the strike threshold was reduced
after application of a noxious pinch. And while sensitivity was
reduced in older larvae, perhaps in part due to a thicker cuticle and
thicker girth as the insect aged, a single noxious pinch maintained
a reduced strike threshold for at least 19 h. The reduced sensitiv-
ity of older larvae is not entirely surprising given that 48 h after
ecdysis the body weights are nearly doubled compared to fresh
L5 larvae (M. Fuse; personal observation), and larvae have been
shown to increase their body mass 10,000 fold in only 2 weeks (Lin
et al., 2011). Nevertheless, their nociceptors still appear to become
sensitized after a noxious insult.

To our knowledge this is the first use of the up-and-down and
SUDO methods in an invertebrate. Each method has some strengths
and weaknesses. The use of the up-and-down and first response
(1st X) methods require variable numbers of touches (from 1 to 15),
which could induce some level of habituation, although they cap-
ture all larval responses within the broad range of filament forces. In
contrast, SUDO requires only 5 touches for each animal but requires
an empirically determined starting point, eliminating habituation
as an issue, but also producing conservative estimates at the low
and high end forces, if the correct starting filament is not used. For
instance, with the SUDO 3 method, the highest the 5th test will
measure is the force induced by filament #7, and this occurs in 50%
of the animals, whereas only 15% score at filament # 7 for SUDO 6
(where the test sequence begins at filament #6 and can go up or
down from there). This suggests that SUDO 3 will produce a con-
servatively low baseline value, where strikes that might normally
occur at filaments 8 and up are ignored. Thus both SUDO 6 and SUDO
7 appear to be appropriate for this stage larva, which emphasizes
the need to empirically determine a SUDO starting value for differ-
ent staged larvae. This is strengthened by the fact that the baseline
data for SUDO 6 and SUDO 7 are not significantly different from
baseline data with the 1st X method. This also suggests that habit-
uation is not an issue with the 1st X method, where the number of
tests is often greater than 5.

Using either the up-down or SUDO method, we have shown
that mechanical trauma (a pinch) results in sensitization. That is,
after tissue damage the threshold sensitivity to a simple touch is
decreased much as is noted in allodynia, where otherwise non-
noxious stimuli produce painful responses. It will be interesting to
determine if these nociceptors can also detect other stimuli such
as cold or capsaicin. Polymodal nociceptors are common in ver-
tebrates and invertebrates (e.g., Reviewed by Kumazawa, 1996;
Kahn-Kirby and Bargmann, 2006).

The use of these three methods also appears to be substan-
tially more effective at detecting subtle changes in behavioral
sensitivity than the previous 16-poke sequence method of Walters
etal.(2001). Previously sustained behavioral changes were demon-
strated for only 1 h after a noxious stimulus induced by a forceps
pinch. With the current methods, a change in the nociceptive
threshold after a noxious stimulus was noted for at least 19h.
We suggest that this is long-term sensitization, and can verify it
in the future, using protein synthesis inhibitors. Sensitization for
19h in M. sexta is a significant portion of the larva’s life and pro-
vides a large window for assessing the cellular correlates of this
neuronal plasticity. Perhaps even more significant is the fact that
long-term sensitization occurred with only a single pinch to the
body wall. Thus, while this is a relatively short time for long-
term sensitization, which has been shown to last days to months
(Lewin and Walters, 1999; Gasull et al., 2005) or even a lifetime
(Cadet et al., 1995; Walters, 2012), most experimental paradigms
required multiple stimuli to transition from short-term to long-
term memory (Pinsker et al., 1973; Frost et al., 1985; Castellucci
et al., 1989). We have not yet measured responses to a series of
noxious stimuli, although the duration of our pinch may result
in repetitive firing. Alternatively, the response we note may be
an intermediate stage effect, since long-term facilitation is sup-
pressed by both protein and RNA synthesis inhibitors (IMontarolo
et al., 1986; Gregory et al., 1995; Nikitin and Kozyrev, 1993 - as
cited in Nikitin and Kozyrev, 2005), while the intermediate stage
relies only on translation (Gregory et al., 1995). It will be interest-
ing to look at the role of RNA synthesis inhibitors in M. sexta, in this
regard.

Being able to assess nociceptive sensitization in another ter-
restrial insect (e.g., Babcock and Galko, 2009) is a nice bridge to
the work conducted in marine invertebrates (e.g., Pinsker et al.,
1973; Nikitin and Kozyrev, 2004; Crook et al., 2011) and terrestrial
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mammals (reviewed by Woolf and Walters, 1991). It is imperative
to assess whether similar mechanisms are at work in nocicep-
tive sensitization of invertebrates and vertebrates to understand
which mechanisms have been conserved across the more than 500
million years since the ancestors of insects and humans diverged.
Moreover, if invertebrates are to become models of human chronic
disorders such as allodynia and hyperalgesia, having a quantifiable
method of assessing this, similar to the QST methods in humans
(reviewed by Backonja et al., 2009; Cruz-Almeida and Fillingim,
2014) s significant. For instance, it will be interesting to determine
whether M. sexta larvae respond to classic analgesics using the three
methods described here.
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