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Abstract

Endocannabinoids are traditionally thought to have an analgesic effect. However, it has been
shown that while endocannabinoids can depress nociceptive signaling, they can also enhance
non-nociceptive signaling. Therefore, endocannabinoids have the potential to contribute to non-
nociceptive sensitization after an injury. Using Hirudo verbana (the medicinal leech), a model of
injury-induced sensitization was developed in which a reproducible piercing injury was delivered
to the posterior sucker of Hirudo. Injury-induced changes in the non-nociceptive threshold of
Hirudo were determined through testing with Von Frey filaments and changes in the response to
nociceptive stimuli were tested by measuring the latency to withdraw to a nociceptive thermal
stimulus (Hargreaves apparatus). To test the potential role of endocannabinoids in mediating
injury-induced sensitization, animals were injected with tetrahydrolipstatin (THL), which inhibits
synthesis of the endocannabinoid transmitter 2-arachidonoylglycerol (2-AG). Following injury, a
significant decrease in the non-nociceptive response threshold (consistent with non-nociceptive
sensitization) and a significant decrease in the response latency to nociceptive stimulation
(consistent with nociceptive sensitization) was observed. In animals injected with THL a decrease
in non-nociceptive sensitization in injured animals was observed, but no effect on nociceptive
sensitization was observed.
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Introduction

Pain is a critical neurobehavioral function that involves both sensory and emotional
components (Kuner and Kuner 2021). The sensory component is often referred to as
nociception, the detection of damaging or potentially damaging stimuli (Smith and Lewin
2009). Sensitization, or amplification of a response to stimuli, as a result of injury can be an
adaptive process that prevents further damage to the injured area of the body. In the context
of pain, sensitization can manifest as hyperalgesia, increased sensitivity/responsiveness

to painful stimuli, or as allodynia, increased sensitivity/responsiveness to non-painful
stimuli (Anderson 2015). Nociception exhibits considerable evolutionary conservation, so
studies of invertebrates can lead to important insights relevant to the nociceptive processes
throughout the animal kingdom, including modulation due to sensitization (Walters 1994;
Smith and Lewin 2009; Im and Galko 2012; Burrell 2017). The terms hyperalgesia and
allodynia imply both the sensory and affective components of pain, and it is not clear if
emotional components of pain apply to invertebrates (Anderson and Adolphs 2014; Perry
and Baciadonna 2017). Therefore, in studies using invertebrates we have restricted ourselves
to the terms nociception rather than pain, nociceptive sensitization in place of hyperalgesia,
and non-nociceptive sensitization in place of allodynia.

The present studies of injury—induced sensitization were conducted using Hirudo verbana,
the medicinal leech. The advantages of Hirudo include a well-described central nervous
system (CNS) in which the neurons that make up several functional neural circuits are
known. This allows researchers to link the cellular properties of identifiable neurons and/or
synapses to contributions at the behavioral level (Kristan et al. 2005; Wagenaar 2015). In
particular the somatosensory neurons in Hirudo are well-characterized and have a number

of properties similar to those found in the vertebrate CNS (Smith and Lewin 2009; Burrell
2017; Walters and Williams 2019). Non-nociceptive mechanical input is detected by rapidly-
adapting touch-sensitive (T cells) and slow-adapting pressure-sensitive (P cells) neurons
(Nicholls and Baylor 1968). Hirudo also possess mechanical and polymodal nociceptors (N
cells) (Nicholls and Baylor 1968; Blackshaw et al. 1982; Pastor et al. 1996). N cells elicit a
rapid withdrawal reflex, whole body shortening, when activated. P cells can also elicit whole
body shortening when activated at sufficiently high frequencies (Shaw and Kristan 1995).

Previous work by our group has focused on the role of endocannabinoids in

modulating nociceptive and non-nociceptive synapses. Endocannabinoids are lipid-based
neurotransmitters, primarily 2-arachidonoylglycerol (2-AG) and anandamide, that are
synthesized on-demand (Katona and Freund 2012). They are most often involved in
retrograde signaling, where the neurotransmitter is released by the postsynaptic neuron
and then binds to presynaptic receptors. These receptors include both metabotropic (e.g.,
cannabinoid or CB1/2) and ionotropic (transient receptor potential vanilloid or TRPV1)
receptors. 2-AG, anandamide, and the enzymes involved in their synthesis and metabolism
are well-represented throughout the animal kingdom (Elphick 2012; Paulsen and Burrell
2019). Therefore comparative studies of neurobehavioral modulation by endocannabinoids
can help to inform the use of potential cannabinoid-based therapies, e.g. the treatment of
pain.
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In prior experiments, we have found that endocannabinoids had opposing effects related to
nociception. They depressed transmission by nociceptive N cell synapses, but potentiated
non-nociceptive P cell synapses (Yuan and Burrell 2010; Higgins et al. 2013; Wang and
Burrell 2016). These opposing effects were observed at the behavioral level in vivoand
using semi-intact preparations, with endocannabinoids reducing responses to nociceptive
stimuli or N cell activation and potentiating responses to non-nociceptive stimuli or P cell
activation (Yuan and Burrell 2013; Summers et al. 2017; Wang and Burrell 2018). The goal
of this project was to develop a method for producing a persistent sensitized state in Hirudo
as a result of injury /n vivo and to test whether endocannabinoid signaling contributed to
this injury-induced sensitization. We hypothesized that while endocannabinoids contributed
to injury-induced non-nociceptive sensitization, they did not contribute to nociceptive
sensitization.

The animals used are medicinal leeches, Hirudo verbana, that are ordered from Niagara
Medicinal Leeches (Niagara Falls, ON) and each weigh approximately 3g. The animals are
sustained in an artificial pond water (0.5g sea salt per L of Barnstead water) and kept in a
15°C incubator with a 12 hour light/dark cycle to imitate a natural setting. The needed drugs
are prepared from frozen stocks that are added to HJrudo saline solution (in mM: 114 NacCl,
4 KCl, 1.8 CaCly, 1 MgCl,, 5 NaOH, and 10 HEPES; pH = 7.4) just prior to the injection
period. Lipopolysaccharide (LPS) from E. coli, dimethyl sulfoxide (DMSO), fast green, and
tetrahydrolipostatin (THL) were obtained from Sigma-Aldrich, St. Louis, MO. Both LPS
and THL were dissolved in DMSQO prior to being frozen. 1% by weight fast green was also
dissolved into the LPS final solution just prior to injection. Vehicle control experiments were
performed in saline containing equivalent levels of DMSO (0.025%) and fast green when
necessary.

The timeline of the experiments can be seen in Fig. 1a. To begin an experiment, 50mL

of pond water is poured into a 14 cm diameter petri dish at room temperature (22-23°C).
Next, one animal is placed in each petri dish and the lid is then placed on top of the petri
dish to prevent the animal from crawling out of the dish. Following a period of 30 minutes
to allow the animals to acclimate, a baseline measure of threshold for the non-nociceptive
stimulus is taken. This is done using Von Frey Filaments (Fig. 1b), which are monofilaments
of varying thicknesses that each bend at a different set amount of force and deliver only
that amount of force. The initial method that was used to determine the non-nociceptive
threshold through Von Frey testing was the ascending method, in which the filament of

the lowest force is tested first, followed by increasing levels of force until a response (a
localized shortening reflex) occurs. The first filament that elicits the localized shortening is
recorded as the threshold. This method was used for the cut, crush, and LPS injuries. After
examining additional literature on von Frey methods, the simplified up and down (SUDQ)
method began to be used as described by McMackin et al. (McMackin et al. 2016). In the
SUDO method a mid-range level of stimulus is identified and is the first stimulus that the
animal receives, determined to be filament number 2.83, which applies 0.07g of force. The
filament is applied to the posterior sucker of the leech, as seen in Fig. 1b. The response to
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this stimulation was either a local shortening of the posterior sucker or no response at all.

If there is no response, after 60 seconds the filament of the next larger amount of force is
applied. If there is movement in response to the stimulus, after 60 seconds, the filament of
the next smallest amount of force applied is used. This pattern is continued until the Hirudo
responds to two differing filament numbers in a row. The amount of force applied by these
two filaments is averaged and recorded as the baseline threshold for the animal.

Once the non-nociceptive threshold for the animal is determined and recorded, the animal’s
nociceptive latency is determined and recorded. The nociceptive latency of the animal

is determined using a Hargreaves apparatus, which emits an infrared light that produces

a thermal stimulus of increasing heat to the target of interest, eventually reaching the
nociceptive heat threshold of the animal (Yeomans and Proudfit 1994). The stimulus is
applied to the posterior sucker of the leech, as shown in Figure 1b, and the apparatus
measures the amount of time (in seconds) that the stimulus is applied before the leech
responds with a whole-body movement, in which the animal removes its sucker from the site
of the stimulus. The apparatus will display the amount of time that it took for the animal

to withdraw, and this measure is considered to be the nociceptive heat threshold of the
animal. This initial measurement is recorded. After 20 minutes or longer if the animal was
still moving (no more than 30 mins), an additional measurement is taken using the same
procedure. To minimize potential variability from a single behavioral response, a second
response latency is measured 20 mins later and the two latencies are averaged and recorded
as the baseline nociceptive latency for the animal (Carey et al. 2016). Once all baseline data
measurements have been completed, the animals are sorted into the control (no injury) and
experimental (injury) groups. Each animal assigned a unique identifier so that the person
collecting subsequent behavioral data was blind to the animal’s control vs. experimental
group status.

Prior to the testing of the effects of endocannabinoids, four different protocols were
evaluated for inducing an injury that results in both non-nociceptive and nociceptive
sensitization (summarized in Fig. 1di-iv). For all of these procedures, each animal was first
placed in ice-cold pond water for one minute to anesthetize, reduce movement, and make
the animal easier to handle. The first injury type that was tested was a cut to the posterior
sucker. After baseline data was recorded, the portion of the posterior sucker was cut using
a FST 14094-11 Stainless 25R scissors (Fig. 1di). The second type of injury tested was a
20 second crush to the posterior sucker with a 13 cm long hemostat (Fig. 1dii) (Summers
et al. 2017). The third type of injury was injection of lipopolysaccharide (LPS), a known
inflammatory agent, into the dorsal surface of the posterior sucker (Fig. 1diii). Animals were
injected with 50 pL of 3 uM LPS solution along with 0.1% Fast Green to ensure that the
injection was effectively entering the sucker. Control animals were injected in the posterior
sucker with the vehicle control solution that included Fast Green. The final injury method
that was tested was a piercing to the posterior sucker with a 4.6 cm length T pin (Fig. 1div).

For drug injections each animal in the control group was placed in ice cold pond water for
one minute in order to slow their movements. Next, the vehicle control solution of 0.025%
DMSO is injected into the ventral side of the leech, directly medial to the posterior sucker.
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The animal is then placed into a jar containing pond water. Animals in the experimental
groups were injected with 50 uM of THL on their ventral side, directly medial to the
posterior sucker. THL is an inhibitor of diacylglycerol lipase, and thereby prevents synthesis
of the 2-AG endocannabinoid. After the injection, animals were placed back into the ice-
cold pond water for one minute and then underwent the piercing injury protocol described
above. Once testing was completed the animals were placed back into individual jars with
pond water and held in a 15°C incubator until subsequent testing either that day or 24 hrs
later. This was done so that both the pre- and post-injury tests were conducted following a
similar “warm-up” period.

Approximately 3 hours and 15 minutes later, the animals are removed from the incubator
and placed back into petri dishes containing 50 mL of pond water at room temperature.
They are again allowed 30 minutes to adapt to the dish and to discontinue any movements.
After this, the non-nociceptive threshold of each animal is re-measured, and then the
nociceptive latency of each animal is re-measured through the steps described above. The
measurements of the non-nociceptive threshold and nociceptive latency should be taking
place at approximately four hours after the injury was delivered. This process is repeated
again so that these measurements are taken at approximately 24 hour intervals after injury.

Once the final measurements have been recorded after the last day of testing after the injury,
the experimenter is un-blinded to the identity of the animals, and the baseline data for each
animal is compared to the data after the injury. Data for the non-nociceptive stimulus is
compared using the difference between the pre- and post-injury values (delta) to analyze
how the values following the injury change over time compared to the baseline values.

Data for the nociceptive stimulus is compared using a percent change between pre- and
post-injury values. The data from these comparisons is entered into SigmaPlot software to
be graphed and for statistical analysis to be performed. Results of the behavioral data were
normalized relative to baseline test results for both the non-nociceptive and nociceptive tests
and are presented as means * standard error. Statistical analyses through the use of either
two-way or three-way analysis of variance (ANOVA) were performed to determine the main
effects. Student-Newman-Keuls post hoc tests were used to confirm the ANOVA results. All
significance was determined with an a level of at least < 0.05.

Assessment of methods for injury-induced sensitization

The emphasis in these experiments was to generate a reproducible method for producing
injury-induced sensitization that approximated the types of injuries that Hirudo might
normally obtain in encounters with potential predators, e.g. fish, amphibians and reptiles.
The first injury method tested was a cut to the posterior sucker using dissecting scissors. In
terms of responses to non-nociceptive stimuli, a decrease in the response threshold to von
Frey filament stimulation was observed in injured animals, but it was quite variable over the
seven day testing period (Fig. 2a). Nevertheless, a two-way ANOVA showed a significant
decrease in non-nociceptive threshold in the cut-injured (N = 4) compared to the non-injured
(N =9) animals (F1 gg = 8.817, P < 0.01). No significant effect was observed of testing
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day (F7gg = 1.491, P > 0.05) or day-injury interaction (F7 gg = 1.081, P > 0.05). In terms

of nociceptive sensitization, a decrease in the response latency to the thermal nociceptive
stimuli delivered by the Hargreaves apparatus was observed in the injured animals (Fig. 2b).
Two-way ANOVA showed a significant difference between the nociceptive sensitization of
the cut-injured (N = 4) and non-injured animals (N = 14) (F1 136 = 7.964, P < 0.01), but

no significant effect of day of testing (F7 136 = 0.733, P > 0.05) or day-injury interaction
(F7,136 = 0.596, P > 0.05). Despite these initial results, this approach was discarded because
the effect on non-nociceptive stimuli was highly variable. This may be due, in part, because
the cut to the posterior sucker actually reduced the available area for applying the Von Frey
filaments. In addition, the extent of the cut to the sucker was difficult to control between
animals, leading to different animals having differing levels of injury. These technical issues
discouraged us from increasing the sample size of the cut injury group.

The next approach was a crush to the posterior sucker using a hemostat. The crush injury
produced a robust sensitization to non-nociceptive stimuli (Fig. 3a). A two way ANOVA
showed a significant decrease in von Frey response threshold in the crush-injured (N = 10)
compared to the non-injured (N = 9) animals (F1 13 = 102.536, P < 0.001). There was no
significant effect of day (F7 136 = 0.175, P > 0.05), and no significant day-injury interaction
effect (F7 136 = 0.145, P > 0.05). There was also evidence of nociceptive sensitization
following crush injury (Fig. 3b). Two-way ANOVA showed a significant decrease in the
response latency between the-crush injured (N = 10) and non-injured (N=14) animals (F1 154
=7.195, P < 0.01), but no significant effect of testing day (F7 1g4 = 0.864, P > 0.05), and

no significant injury-day interaction effect (F; 14 = 0.524, P > 0.05). Despite the robust and
consistent non-nociceptive sensitization effect and the significant nociceptive sensitization
effect, this approach was also discarded. This was because the nociceptive sensitization
effect was not especially robust and may have been an artifact of an increase in response
latency of the non-injured, control animal, leading to questions about reproducibility of

this approach. Another concern was that while it was possible to control the pressure and
duration of the crush, it was difficult control for the crush area between animals.

Injections of lipopolysaccharide (LPS) are often used to in pain studies given its capacity
to produce inflammation that can occur as a result of injury and/or infection. The effects of
LPS were tested in Hirudo via an injection into the posterior sucker. LPS injection (N = 9)
produced significant decrease in response threshold to von Frey filaments compared to the
vehicle control injected animals (N = 11) indicating non-nociceptive sensitization (Fig. 4a).
A two-way ANOVA showed a significant effect of treatment (F1 179 = 8.585, P < 0.01), but
no significant effect of testing day (Fg 119 = 0.463, P > 0.05) nor treatment-day interaction
effect (Fg 119 = 0.0977, P > 0.05). No differences were observed in the response latency

to thermal nociceptive stimuli between the LPS-injected (N = 9) and vehicle-injected (N

= 10) animals, indicating that this treatment did not produce nociceptive sensitization (Fig.
4b). Two-way ANOVA showed no significant effect of treatment (F1 117 = 0.472, P > 0.05),
testing day (Fe 111 = 0.254, P > 0.05), and treatment-day interaction (Fg 111 = 0.254, P >
0.05). The control injection group also showed a decrease in response threshold. Therefore,
even though there was a statistically significant effect of LPS, we chose to not continue with
this injury-producing procedure.
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The last injury approach tested was use of a T-pin to pierce the posterior sucker. This
produced a much smaller wound compared to the cut injury used in in Figure 2. In fact

it was difficult to visually find the site of injury more than a few minutes after piercing,
which allowed for effective blinding of experiments. This injury was also more reproducible
between animals than the cut and crush injury. Piercing injury (N = 9) did result in a
significant decrease in response threshold to von Frey filaments compared to control animals
(N = 14) indicating non-nociceptive sensitization (Fig. 5a). A two-way ANOVA showed a
significant effect of injury (F1 184 = 27.442, P < 0.001), but no significant effect of testing
day (F7 184 = 0.134, P > 0.05), nor injury-day interaction effect (F7 184 = 0.225, P > 0.05). In
terms of nociceptive sensitization, there was evidence of reduced response latency compared
to control animals on the same day as injury (day 1), with response latency returning to
control levels over days 2-8 (Fig. 5b). Two-way ANOVA showed no significant effect of
injury (Fq 188 = 2.311, P > 0.05), testing day (F7,18s = 0.715, P > 0.05), and injury-day
interaction (F7 1gg = 0.918, P > 0.05). A comparison of the changes in behavior on Day

1 between the injury and control groups showed that 78% (7 of 9) from the injury group
exhibited a decrease in response latency consistent with sensitization, but only 47% (7 of 15)
of the control group exhibited increases in response latency.

Role of endocannabinoid signaling

In earlier experiments it was observed that endocannabinoids had opposing effects on both
the behaviors elicited by non-nociceptive vs. nociceptive stimuli and the non-nociceptive
and nociceptive synapses themselves. Endocannabinoids potentiated non-nociceptive P cell
synapses and enhanced responses to non-nociceptive stimuli (Higgins et al. 2013; Summers
et al. 2017; Wang and Burrell 2018). However, endocannabinoids depressed nociceptive N
cell synapses and reduced response to nociceptive stimuli (‘Yuan and Burrell 2010, 2013;
Summers et al. 2017). In the following experiments the potential role of endocannabinoids
to injury-induced sensitization was examined. The piercing injury approach was used
given that it produced a robust and reliable sensitization to non-nociceptive stimuli as

well as transient sensitization to nociceptive stimuli. To test the potential role of 2-AG

in mediating injury-induced sensitization, animals were injected with tetrahydrolipstatin
(THL), an inhibitor of diacylglycerol lipase, the main 2-AG synthesizing enzyme.

A pilot set of experiments were carried out testing a range of THL concentrations injected
into uninjured Hirudo at 100, 50, and 25 UM plus vehicle control (0.025% DMSO; see
Supplemental Fig. 1a). No significant differences were observed between the three THL
concentrations and the control group over five days of testing responses to von Frey
filaments based on a 2-way ANOVA which detected no effect of THL concentration
(F3,90=0.895, p>0.05), testing day (F4 99=1.469, p>0.05), nor concentration-day interaction
(F12,00=0.413, p>0.05). There was some evidence of a decrease in response threshold in
animals injected with 100 uM THL, but this did not reach statistical significance. In terms of
responses to thermal nociceptive stimuli (Supplemental Fig. 1b), the pilot data did indicate
that 100 M THL did affect response latency on its own (F3 19 = 28.43, p<0.001). Based on
these preliminary findings, we chose to use 50 UM THL in subsequent injury experiments.
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Following injection with either 50 pM THL or 0.025% DMSO as a vehicle control, Hirudo
were separated into no-injury and injury groups, with piercing of the posterior sucker

used to induce injury. Injury was found to induce a decrease in response threshold to von
Frey filaments in the DMSO-injected animals over a five day period, characteristic of non-
nociceptive sensitization (Fig. 6a; Injury+DMSO, N=12). DMSO injection without injury
had no effect on response threshold (No Injury+DMSO, N=6). However, injured animals
that were injected with THL (Injury+THL, N=10) did not exhibit a decrease in response
threshold, indicating that non-nociceptive sensitization was blocked. THL did not affect
response thresholds in non-injured animals (No Injury+THL, N=4). These results were
confirmed by a three-way ANOVA that detected a significant effect of injury (F1 165=5.543,
p<0.05), a significant effect of drug treatment (F 165=13.642, p<0.001), and a significant
injury-drug interaction effect (F1 165=7.458, p<0.01). No significant effect of testing day
was observed (F4,165=0.699, p>0.05). A post-hoc analysis of the injury-drug interaction
effect showed a significant difference between the Injury+THL and Injury+DMSO groups
(p<0.001) and a significant difference between the Injury+DMSO and the No Injury+DMSO
groups (p<0.001). No significant differences were observed between the No Injury+THL
and No Injury+DMSO groups nor between the No Injury+THL and Injury+THL groups.

Responses to nociceptive thermal stimuli were also analyzed in the Injury+DMSO, No
Injury+DMSO, Injury+THL and No Injury+THL groups (Fig, 6b). A decrease in response
latency was observed in the two injury groups (DMSO+Injury and THL+Injury) on day

1. Here a statistically significant decrease in response latency was observed on the day 1

in the injury groups, indicating nociceptive sensitization. A two-way ANOVA detected a
significant effect of injury (F1 23=6.922, p<0.05). No effect of THL injections (F1 23=0.167,
p>0.05) nor an injury-drug interaction effect (F; 23=0.062, p>0.05) were observed. These
findings suggest that inhibition of 2-AG synthesis does not have an effect on nociceptive
sensitization.

Discussion

This study examined multiple methods of inducing a persistent form of injury-induced
sensitization in Hirudo and the role of 2-AG signaling in mediating this sensitization. Of
the multiple methods used to induce nociceptive and non-nociceptive sensitization, the
piercing injury to the posterior sucker was judged to produce the most reliable results

as summarized in Table 1. A cutting injury to the posterior sucker produced nociceptive
sensitization, but not non-nociceptive sensitization (Fig. 2). Furthermore, this approach was
judged to be difficult to reproduce between animals owing to the fact that Hirudo were
only lightly anesthetized by cold and it was difficult to adequately control the animal during
the cut. This procedure also likely cut multiple nerves (Fig. 1di) that may have impacted
sensory and motor function during the post-injury testing period. Injection of LPS to the
posterior sucker produced non-nociceptive sensitization, but not nociceptive sensitization
(Fig. 4). Furthermore, vehicle control injections to the posterior sucker may have also
produced a degree of non-nociceptive sensitization, based on the observed reduction in
response threshold. This may be due to the injection process itself, e.g., either as a result

of piercing injury by the injection needle or swelling due to the DMSO injection volume.
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A crush injury produced non-nociceptive sensitization and nociceptive sensitization (Fig.
3), but the increase in response latency in the non-injured animals made it unclear if this
protocol would produce a reproducible nociceptive sensitization effect. The piercing injury
to the posterior sucker produced non-nociceptive sensitization that lasted several days and a
nociceptive sensitization that was only observed within 4 hours of injury (Fig. 5).

The most consistent form of sensitization that was observed was to non-nociceptive
mechanosensory stimuli. In Hirudo, the von Frey filaments are most likely activating the

P cells, which can initiate local (meaning restricted to a few body segments) withdrawal
reflexes, the whole body shortening withdrawal reflex, and locomotory behaviors that could
be used to escape noxious stimuli (Kristan et al. 1982; Shaw and Kristan 1995; Kristan et
al. 2005). Previous studies using semi-intact preparations have shown that noxious stimuli
or direct activation of the N cells elicits long-term potentiation of P cell synapses that is
accompanied by an increase in the whole-body shortening produced by P cell stimulation
(Wang and Burrell 2018). Increased signaling by non-nociceptive afferents is thought to be
a major feature of a number of pain conditions in humans, referred to as allodynia, and is
also observed experimental animal models (Liu et al. 2000; Sandkuhler 2009). Furthermore,
there is considerable evidence that these sensory neurons can also have access to what

are normally nociceptive-specific neural circuits in the spinal cord (Arcourt and Lechner
2015; Petitjean et al. 2015). It is not clear why, in general, non-nociceptive sensitization
was more persistent and relatively easier to elicit across all of the injury procedures tested.
One possibility is that when signaling by lower threshold sensory neurons is enhanced

by injury, there is little adaptive need for the nociceptors to be equally facilitated at least

in the methods that we used to elicit injury. This is not to say that increased signaling

by nociceptors is not a critical component of injury-induced sensitization since there is
considerable evidence of this being the case (Woolf and Ma 2007; Babcock et al. 2009;
Smith and Lewin 2009; Crook et al. 2013). It is possible that a more extensive injury and/or
an injury that produces substantial damage to the CNS is necessary to elicit nociceptive
sensitization in Hirudo.

A piercing injury resulted in both non-nociceptive and nociceptive sensitization (Fig. 5).
When 2-AG signaling was disrupted with an injection of THL, non-nociceptive sensitization
did not occur (Fig. 6a). Nociceptive sensitization, however, was not affected by disruption of
endocannabinoid signaling (Fig. 6b). Together, these results suggest that endocannabinoids
do contribute to non-nociceptive, but not nociceptive sensitization. The pro-nociceptive
effects of endocannabinoids are thought to be due to depression of inhibitory input to

the P mechanosensory afferents, resulting in disinhibition of P synapses (Higgins et al.
2013; Wang and Burrell 2016). A similar effect on cannabinoid signaling has also been
observed in the mammalian spinal cord (Pernia-Andrade et al. 2009) and disinhibition

of non-nociceptive pathways is a well-recognized mechanism for mediating allodynia/non-
nociceptive sensitization (Baba et al. 2003; Torsney and MacDermott 2006; Kim et al.

2012; Lu et al. 2013; Petitjean et al. 2015). Endocannabinoid-mediated disinhibition of
non-nociceptive synapses may therefore represent an important, evolutionarily-conserved
mechanism for injury-induced sensitization of afferent synaptic circuits.

J Comp Physiol A Neuroethol Sens Neural Behav Physiol. Author manuscript; available in PMC 2023 March 01.
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N cell synapses are directly depressed by endocannabinoids (Yuan and Burrell 2010; Wang
and Burrell 2016), explaining why injury-induced nociceptive sensitization was not affected
by drugs inhibiting 2-AG synthesis. One question that could be posed is why N synapses

are not subject to the same endocannabinoid-mediated disinhibition effects observed in P
synapses. The answer seems to be that the N cells themselves have a more depolarized CI
equilibrium potential and are actually depolarized by GABA(Sargent et al. 1977; Wang et al.
2015). In this way, N synapses are thought to be “protected” from disinhibition.

This study provides a useful template for studying injury-induced sensitization in Hirudo
with future studies investigating the cellular mechanisms in more detail or examining how
injury affects other behaviors in Hirudo, e.g., feeding, hunting, or learning and memory.
The fact that Hirudo studies at both the synaptic physiological and the behavioral level
show opposing effects of endocannabinoids on nociceptive vs. non-nociceptive signaling
has potential comparative relevance to understanding cannabinoid-based modulation in
mammals. The opposing effects of endocannabinoids we have observed in Hirudo have also
been observed in rodents (Pernia-Andrade et al. 2009; Kato et al. 2012; Carey et al. 2016).
Understanding these pro- and anti-nociceptive effects of endocannabinoids is critical for the
effective use of cannabinoid-based therapies to treat pain. While there is clinical evidence
supporting the cannabinoid-suppression of pain (Hill et al. 2017; Habib et al. 2019), the
actual clinical efficacy of cannabinoids in treating pain has been seriously questioned
(Kraft 2012; De Vita et al. 2018; Miicke et al. 2018; Stockings et al. 2018). A likely

reason for this controversy is that cannabinoid-based therapies are applied in ways that can
potentially elicit both the pro- and anti-nociceptive effects. A more complete understanding
of how the nervous system endogenously uses cannabinoids to modulate nociceptive vs.
non-nociceptive pathways is necessary to development of more effective cannabinoid-based
therapeutics. Perhaps there are specific patterns of activity that normally elicit pro- vs.
anti-nociceptive effects. Alternatively, different cannabinoid receptors or compliments of
receptors may be responsible for these distinctive effects on nociception. Addressing these
questions can be best accomplished by using comparative approaches to understanding the
effects of endocannabinoid signaling at the cellular, physiological, and behavioral level.
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N cell nociceptive cell
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T cell touch cell
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Figure 1:
Experimental methods for studying injury-induced sensitization in Hirudo. (a) Timeline

for experimental protocol. (b) Example of application of a von Frey filament to the
posterior sucker of Hirudo. (c) Example of Hirudo in a petri dish set over the Hargreaves
apparatus (indicated by the dashed plus sign). (d) Graphics illustrating basic anatomy of
the posterior sucker and the four injury-inducing protocols in the posterior sucker. The
sucker is innervated by 14 local nerves (only three are labeled) that radiate from the fused
tail ganglion. The tail ganglion is in the portion of the leech body that terminates just
before the posterior sucker and this ganglion is connected to anterior segmental ganglia
via the connective nerve (Muller et al. 1981). The terminal portion of the leech body also
includes musculature and elements of the vascular system and rectum (not shown) and this
is the region where the THL injections were carried out. (i) Cut protocol using surgical
scissors. (ii) Crush protocol using a hemostat. (iii) LPS injection protocol. (iv) Piercing
injury protocol using a T-pin.
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Figure 2:

Effects of cut injury to the posterior sucker. (a) Changes in response threshold to von
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Frey filament stimulation in injured (cut) and non-injured animals. (b) Changes in response
latency to thermal stimuli in injured (cut) and non-injured animals. Data is represented as the

average + the standard error.
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Figure 3:
Effects of crush injury to the posterior sucker. (a) Changes in response threshold to von Frey

filament stimulation in injured (crushed) and non-injured animals. (b) Changes in response
latency to thermal stimuli in injured (crushed) and non-injured animals. Data is represented
as the average + the standard error.
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Figure 4:

Effects of LPS injection to the posterior sucker. (a) Changes in response threshold to von
Frey filament stimulation in LPS-injected and vehicle-injected animals. (b) Changes in
response latency to thermal stimuli in LPS-injected and vehicle-injected animals. Data is
represented as the average + the standard error.
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Figure 5:
Effects of piercing injury to the posterior sucker. (a) Changes in response threshold to

von Frey filament stimulation in injured (injury) and non-injured animals. (b) Changes in
response latency to thermal stimuli in injured (injury) and non-injured animals. Data is
represented as the average + the standard error.
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Figure 6:
Effects 50 uM THL injection on injury-induced sensitization elicited by piercing of the

posterior sucker. (a) Injury+DMSO animals did experience a decrease in response threshold
indicative of non-nociceptive sensitization. However, this effect of injury was not observed
in the Injury+THL animals indicating that THL injection prevented injury-induced non-
nociceptive sensitization. No changes in response threshold were observed in the No
Injury+DMSO and No Injury-THL groups. (b) Injury+DMSO animals did experience a
decrease in response latency indicative of nociceptive sensitization. This effect of injury was
also observed in the Injury+THL animals indicating that THL injection had no effect on
injury-induced nociceptive sensitization. No changes in response threshold were observed in
the No Injury+DMSO and No Injury-THL groups. Data is represented as the average + the
standard error.
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Table 1.

Summary of experimental methods for inducing posterior sucker injury in Hirudo.

Page 20

Posterior Sucker cut Posterior Sucker crush Posterior Sucker LPS Posterior
injection Sucker
pierce
Non-nociceptive
sensitization Yes (but see below) Yes Yes Yes
Nociceptive Yes
sensitization Yes Yes (but see below) No (transient)
« Level of non-nociceptive « Differences in injured vs. « No nociceptive sensitization
Reason for sensitization was highly non-injured groups may have « Non-nociceptive sensitization
rejection of injur variable day-to-day. been due to an increase in was not robust
7/ methadj 4 « Extent of cut difficult to the response latency in the non- « Control-injected animals

standardize

injured (control) group

exhibited decrease in response
threshold to von-Frey
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