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Simple Summary: Analgesia and anesthesia in aquatic animals can be challenging, and are excep-
tionally difficult to implement and evaluate in invertebrate species. In this study we test multiple
analgesic candidates in the small Hummingbird Bobtail Squid, to identify drugs that may be effec-
tive at enhancing welfare in cephalopods. Cephalopods are growing in popularity as comparative
neuroscience models, and there is a pressing need to refine procedures to permit their ethical use.
In addition to identifying analgesic candidates for cephalopods for the first time, we also validate a
general anesthesia protocol for E. berryi that has been tested in other cephalopods.

Abstract: Cephalopods' remarkable behavior and complex neurobiology make them valuable com-
parative model organisms, but studies aimed at enhancing welfare of captive cephalopods remain
uncommon. Increasing regulation of cephalopods in research laboratories has resulted in growing
interest in welfare-oriented refinements, including analgesia and anesthesia. Although general and
local anesthesia in cephalopods have received limited prior study, there have been no studies of
systemic analgesics in cephalopods to date. Here we show that analgesics from several different
drug classes may be effective in E. berryi. Buprenorphine, ketorolac and dexmedetomidine, at doses
similar to those used in fish, showed promising effects on baseline nociceptive thresholds, excitabil-
ity of peripheral sensory nerves, and on behavioral responses to transient noxious stimulation. We
found no evidence of positive effects of acetaminophen or ketamine administered at doses that are
effective in vertebrates. Bioinformatic analyses suggested conserved candidate receptors for dexme-
detomidine and ketorolac, but not buprenorphine. We also show that rapid general immersion an-
esthesia using a mix of MgCland ethanol was successful in E. berryi at multiple age classes, similar
to findings in other cephalopods. These data indicate that systemic analgesia and general anesthesia
in Euprymna berryi are achievable welfare enhancing interventions, but further study and refine-
ment is warranted.
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1. Introduction

Welfare refinements for cephalopod molluscs are necessary to improve ethical treatment
of invertebrate animals in research. Increasing interest in cephalopods as comparative
models of complex brains and behaviors has resulted in explosive growth in cephalopods,
both in terms of raw numbers and in the variety of different species, present in research
labs worldwide [1]. Regulations governing the use of cephalopods in research have also
expanded considerably in the past 20 years, such that cephalopods are now regulated at
or near equivalent levels to those of vertebrate animals in the European Union (under
Directive 2010/63/EU; [2]), the United Kingdom (under the newly-created Animal Sen-
tience Bill; [3]), Canada (Canadian Council on Animal Care; (1996), Australia (National
Health and Medical Research Council, 2013); and New Zealand (NZ Animal Welfare Act,
1999), but notably, at the time of writing no such laws govern the use of cephalopods in
research laboratories in the USA, where the definition of an “animal” under the Public
Health Service Policy on Humane Care and Use of Laboratory Animals is explicitly re-
stricted to vertebrate animals only (but see [5], and (NEAVS et al., 2020).

Where cephalopods are included in regulatory frameworks governing animals in research
laboratories, their inclusion is based primarily on the precautionary principle [7]. In al-
most all cases (except for the very recent passage of the UK Animal Sentience Bill), legis-
lation including cephalopods as regulated species was enacted prior to scientific evidence
for nociception, pain or suffering in cephalopods. However, in recent years evidence has
mounted that cephalopods have neural circuits for nociception [8-12], and sufficient neu-
ral complexity of these circuits to support affective pain experience[13]. Given the growth
of cephalopods as emerging neurobiological and genetic models, the increasing regulation
of invertebrate species in research, and the accumulating evidence for the existence of
pain-like experience in cephalopods, the need for improved analgesia and anesthesia pro-
tocols is of pressing importance (Holst et al., 2023).

Sepiolid squid are popular research and display organisms due to their small size, toler-
ance for high-density housing and ease of captive breeding. In the past ten years the
Euprymna genus has emerged as a genetic model candidate, and there is intensive study
currently of its genome [15], nervous system [10,11,16], and behavior [17-19]. Of the two
primary species of Euprymna common in research labs, Euprymna scolopes has a long his-
tory of use in studies of symbiosis and host-microbe interactions, as a result of its unique
co-evolution with a bioluminescent microbe which is cultured by the squid in a special-
ised light organ [20-24]. E. scolopes is challenging to rear in captivity, with rearing success
rates varying from 50% down to almost zero [25]. In contrast, the slightly larger species
Euprymna berryi is considerably easier to rear, permitting rearing successes up to 90% of
hatchlings raised until adulthood (Jolly et al., 2022, and R. Crook, unpubl.). Sepiolid squid
are distinct in physiology and behavior from other squid genera and from cuttlefish, sug-
gesting that their responses to anesthesia and analgesia may differ in important ways too.
While several previous studies have established protocols for effective and safe general
anesthesia in cuttlefish, octopus and loliginid squid [27-29], no studies to date have tested
these procedures in sepiolid squid. Additionally, there are no published reports of anal-
gesia in cephalopods beyond demonstrations of local, injectable anesthetics [27,30], which,
while effective at blocking all sensation in the infiltrated region for up to four hours, do
not provide whole-body analgesia or permit normal processing of non-painful stimuli.

Thus in this study we aimed to identify methods for general anesthesia in this emerging
model genus and for the first time, we also test potential pain-relieving effects of estab-
lished veterinary analgesics from several distinct drug classes.

2. Materials and Methods
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Animals 84

Hummingbird bobtail squid (Euprymna berryi Sasaki 1929, Fig 1) were captive-bred sec- 85
ond and third-generation hatchlings from brood stock purchased from the Marine Biolog- 86
ical Laboratory Center for Cephalopod Culture (Massachusetts, USA), in September 2021. 87
Squid (N=167) were fed ad libitum on live mysid shrimp (Mysidopsis bahia) until about 5 88
weeks post hatching, and thereafter on live grass shrimp (Paeneus spp.) at a rate of one 1- 89
2 shrimp per squid per day. Squid were maintained in a recirculating seawater system 90
(1600 liters) held at 23.5-25.5 degrees Celsius and filtered via physical, chemical and bio- 91
logical filtration. Squid were reared in floating tub enclosures (30cm diameter and 8cm 92
deep) at a density of 50 hatchlings/tub, which was reduced as the squid grew to 1-2 squid 93
per tub as adults. Tubs and main tanks contained sand beds to permit normal burying 94
behavior and various enrichments such as plastic plants, coral rubble, flat rocks and PVC 95
tubes, creating a naturalistic environment allowing the exercise of the normal behavioral 96
range of this species. Squid reared in these conditions attain sexual maturity at around 4 97
months post hatchling and a maximum size of ~4cm mantle length by around 6 months 98
of age, which was the typical age of senescence and death for both sexes. Squid were mon- 99
itored daily for general health, and any squid showing signs of compromised health (skin 100
damage, evidence of impaired swimming, inability to capture live prey or other sign of 101
poor health), were monitored and euthanized if welfare was judged to be compromised. 102
Experiments were conducted between November 2021 and December 2022. 103

Ethical Note: Squid are invertebrates and therefore are excluded from regulatory over- 104
sight in the USA; thus, no IACUC protocol was required for this study. However, we ad- 105
hered to Directive 2010/63/EU and ARRIVE guidelines for characterizing standards of 106
care, humane endpoints, and experimental procedures. Efforts to minimize pain, suffer- 107
ing, distress and lasting harm (PSDLH, see Cooke et al., 2019) as a result of experimental 108
procedures were made at the design stage of the study. Table 1 shows a breakdown of 109
squid used in different stages and the degree of severity of each procedure. In general 110
anesthesia experiments, we used doses and procedures we had tested previously on other 111
cephalopod taxa with minimal adverse effects [27,28]. In tests of analgesic candidates we 112
employed a conservative approach of screening drugs by assessing nociceptive thresholds 113
in normal (uninjured) squid, using von Frey filaments to test response thresholds, which 114
results in very brief and always escapable noxious sensory input. Squid were sedated for 115
all handling and injection procedures and were not reused in behavioral studies for at 116
least two weeks. We then used the data from the von Frey threshold tests to select a subset 117
of drugs to test in electrophysiology experiments, limiting the number of squid we eu- 118
thanized in that phase of the study. Finally, we selected drug candidates based on electro- 119
physiology and behavior to test with lasting noxious stimulation in a small number of 120
squid, to limit the overall total of potential pain and distress involved in the study. We 121
used moderately stringent statistical procedures (see the section below “Data Analysis 122
and Statistical Procedures”) to capture large and moderate effect sizes, tolerating a slightly =~ 123
inflated beta error rate in favor of requiring larger sample sizes. 124

Analgesic Drugs and Dosages 125

We identified candidate analgesics from published reports of efficacy in fish and other 126
vertebrates [32-35]. We selected drugs from several different drug classes and based dos- 127
ing on published studies in fish if available, and then in rodents. We chose an initial drug 128
dose toward the upper end of doses reported to be effective in other species, and in cases 129
where we observed possible effects on squid behavior, we also tested 10x the initial dose 130
chosen. Doses are reported as ranges in cohorts of squid where size was variable, or asa 131
single value where cohorts for that drug were similar sizes. 132
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Drugs chosen were as follows: Buprenorphine (“Buprenex”, an opioid), Ketorolac (an 133
NSAID), Ketamine (a dissociative anaesthetic with analgesic properties), Dexmedetomi- 134
dine (“Dexdomitor”), an alpha2 adrenoreceptor agonist) and acetominophen (a COX-2 135
inhibitor). Drugs were obtained either through a retail pharmacy (acetominophen, ke- 136
torolac) or from Covetrus Veterinary Supply (Buprenex, Dexdomitor, Ketamine). All 137
drugs except for acetominophen were delivered via intramuscular injection into the base 138
of the arm crown on the dorsal body surface. Acetominophen was dosed orally by inject- 139
ing the drug solution into a live shrimp, which was then fed immediately to the squid. All 140
drugs were diluted in filtered, sterile artificial seawater. Control injections were vehicle 141
(ASW) only. 142

Intramuscular injections of analgesic drugs 143

Squid were sedated for handling and injection using a combination of 1% EtOH in 144
SW combined with a 1:3 mixture of SW and isotonic (330mM) MgCl. After 1-2 minutes of 145
immersion, squid were removed from the bath and 20uL of sterile solution was injected 146
into the base of arm crown, distal to the eyes and head, on the mid dorsal surface. This 147
region is highly vascular and test solutions dyed with Fast Green dye showed circulation 148
within 5-10 minutes. Injections were either of control (fASW) or drug solution (see Table 149
2 for drugs and dosages). Immediately after injections squid were placed individually in 150
holding tubs for recovery, which usually occurred within five minutes. Placement of squid 151
was by an experimenter not involved with the testing, ensuring that all testing was done 152
blind. 153

Behavioral assays of analgesia effects 154

At one and three hours after injections, squid were collected from holding tubs and placed 155
into glass evaporation dishes (125mm diameter) for tests of behavioral response thresh- 156
olds. Glass testing chambers were placed on a white Styrofoam pad and surrounded by a 157
white circular blind, limiting visual stimulation. All behavioral assays were videotaped 158
from directly overhead with a Sony Handi-Cam camcorder. After two minutes of accli- 159
mation, an ascending series of von Frey filaments was applied by hand to the dorsal man- 160
tle at the point where the anterior fin margin meets the body. We used eight von Frey 161
filaments in ascending series (0.02, 0.04, 0.16, 0.6, 1, 4, 10, and 26 g). Filaments were applied 162
only when the squid was sitting on the bottom of the glass chamber, not swimming, so 163
intervals between filament applications were variable and based on squid behavior. Trials 164
varied in length from <5min to 60 minutes, which was set as the maximum duration. Squid 165
were returned to their enclosures if no threshold has been established by 60 minutes. 166

Behaviors were classified as either mechanosensory responses (chromatophore change, 167
avoidance swimming, arm movement) or nociceptive responses (jetting, inking, stimulus- 168
directed arm grooming), and the filament at which each behavior occurred was noted. 169
Once nociceptive threshold was reached no further stimulation was applied. 170

Electrophysiological measures of analgesia 171

Squid that had not been used in previous behavioral studies were used for electrophysio- 172
logical recordings of pallial nerve excitability. Squid were killed by terminal anesthesia 173
via immersion in isotonic MgCl, for 15 min, followed by rapid decapitation and decere- 174
bration. Dissections were carried out in a mixture of 1:1 fASW and isotonic MgCl.. Pallial =~ 175
nerves were exposed via a ventral midline incision in the mantle, removal of viscera and 176
then careful removal of overlying connective tissue around the stellate ganglion and pal- 177
lial nerve. The mantle was bisected down the dorsal midline to create left and right prep- 178
arations, which were treated either with drug or control solutions. Preparations were 179
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pinned tightly into Sylgard-lined dishes and treatment solutions washed on to each prep- 180
aration by an experimenter not involved in the recording, thus all electrophysiological 181
recordings were conducted blind. Preparations were left to incubate in the test solutions 182
for 60 minutes, then recordings were carried out in fresh washes of the same solutions. 183

To record peripheral nerve excitability, pallial nerves were drawn into a suction electrode 184
connected to an A-M Systems model 1700 extracellular amplifier. Traces were digitized 185
and sampled at 20KHz with a Powerlab 4/35 (AD Instruments). Prior to any stimulation 186
of the tissue, two minutes of spontaneous activity was recorded, then the mantle tissue 187
was stimulated with three touches of a light filament (0.16g) to activate mechanoreceptors, 188
immediately followed by three replicate touches of a heavy filament (4.0g) to activate no- 189
ciceptors. This recording block was repeated after five minutes. 190

Responses to painful fin pinch 191

We tested three drug candidates (ketorolac at 3mg/kg, buprenorphine at 0.15mg/kg and 192
dexmedetomidine at 5ug/kg) in this phase of the study, based on combined evidence from 193
baseline tests of nociceptive thresholds and electrophysiological recordings of pallial 194
nerve excitability. Injection procedures were as described above. One hour after injection, 195
squid were placed in individual glass evaporation dishes and allowed to acclimate for two 19
minutes. A single firm pinch was delivered using grooved forceps to one fin margin, then 197
behavior was recorded for 10 minutes after pinch. We counted instances of inking, 198
wound-directed grooming and ventilation rates, immediately after pinch and again at1, 199
5, and 10 minutes post-pinch. 200

Sequence alignment methods 201

Multiple sequence alignments were created using default parameters for Muscle [36] in 202
Mega version 11 [37] Publicly available sequences were identified using BLASTp [38] 203
searches on NCBI or the tBLASTn function on Sequenceserver [39] hosting Euprymna scol- 204
opes sequence data from [40]. Accession numbers for Genbank sequences used for align- 205
ments: Hs_ a2A: AAF91441.1, Dr_ a2A: NP 997520.3, Ob_ a2A: XP_014767930.1, 206
Hs1_NMDA1: XP 005266128.1, Drl_ NMDAI1l: XP_005171833.1, Obl_NMDA1: 207
XP_014790759.1, Hs2a_NMDAR2A: 6IRF_B, Hs2b_NMDAR2B: 7EU8_B, Dr2_NMDAR2: 208
XP_021329529.1, Ob2_NMDAR?2: XP_014786064.1, Hs_PGS: AAA03630.1, Hs_COX2: 209
AAA58433.1, Dr_PGS: NP_705942.1, Ob_COX_PGS: XP_014768109.1, Sk_OctR: XP 210
002734062.1, Ob_OctR: XP 014778476.1, Sk_TyrR: XP 002733591.1, Ob_TyrR: 211
XP_014791053.1, 1. Accession numbers for E. scolopes Sequenceserver sequences used for 212

alignments: 213
Es_TyrR: Lachesis_group41__39_contigs__length 54644242, 214
Es_COX_PGS: Lachesis_group29__46_contigs__length_89259793, 215
Es2_NMDAZ2: Lachesis_group19__43_contigs__length_108131866;_ 216
Es_ a2A: Lachesis_group20__56_contigs__length_105542877,_ 217
Es1_NMDAT1: Lachesis_groupl0__55_contigs__length_ 138218214, _ 218
Es_OctR: Lachesis_group20__56_contigs__length_105542877. 219

Euprymna berryi sequences were identified using local tBLASTn from Crook Lab Illumina 220
RNA-sequencing on the E. berryi stellate ganglia. Selected sequences were submitted to 221
NCBI Genbank and provided the following accession numbers: Ebl_NMDA1: 0Q106914, 222



Biology 2023, 12, x FOR PEER REVIEW 6 of 21

Eb2_NMDA2: 0Q106915, Eb_COX_PGS: 0Q106910, Eb_OctR: OQ106912, Eb_TyrR: 223
0OQ10691. 224

Sequence alignment images were created using GeneDoc software [41] and residues with 225
functional significance were identified from published literature [42—44] and highlighted 226

manually in Microsoft Word. 227

General anesthesia trials 228

We used drug combinations validated previously as effective in cuttlefish and octopus 229
[27,28], and which were recently shown to be viable in loliginid squid [29]. We focused on 230
a mix of 1.0% EtoH (v/v) combined with a 1:3 mixture of 330mM MgCl:ASW, and meas- 231
ured induction and reversal times in hatchlings, sub-adult and senescent squid. 232

Squid were removed from their home tank enclosures and placed individually in a glass 233
evaporation dish (125 mm diameter), which was filled with home tank water. All trials 234
were videotaped from directly overhead. After one minute of continuous recording, 25% 235
of the seawater was siphoned out and replaced by isotonic MgClz solution, making a 1:3 236
ratio mix with seawater. Immediately, ethanol was also added at a concentration of 1.0% 237
of the total bath volume. Squid were monitored for signs of increasing anesthesia, includ- 238
ing loss of chromatophore tone, cessation of swimming movements and loss of righting 239
reflex. As soon as the squid was determined to be anesthetized the anesthetic bath was 240
replaced completely with fresh ASW and reversal monitored until the squid showed nor- 241
mal behavior. Survival of all squid was recorded at 24h post testing. Adult and senescent 242
squid were tested individually. Tests of hatchling squid were done in batches of eight 243
squid per trial. 244

Data analysis and statistical procedures 245

Baseline detection and nociceptive thresholds were analyzed from recorded video foot- 246
age. Videos were analyzed separately by trained analyzers for concurrence and rescored 247
by the first author (S.B.D.) and senior author (R.J.C.) if observers’ measurements differed. 248
We used one-way ANOVA followed by unpaired (independent) t-tests to compare thresh- 249
olds among control and treatment squid in each experimental cohort. To assess whether 250
drugs showed evidence of sedative effects (which could result in diminished arousal and 251
responsiveness, and thus could be misinterpreted for analgesia), we compared the total 252
trial length among all groups. Because filaments were applied only when the squid was 253
quiescent and sitting on the bottom of the dish (not swimming or moving around), inter- 254
stimulus interval (and thus total trial length) was primarily determined by squid activity 255
level. We hypothesized that longer trials indicated greater activity levels, and shorter tri- 256
als suggest reduced activity or arousal levels. Shorter trial length may thus indicate a sed- 257
ative effect of the drug being tested. We compared total trial length with a one-way 258
ANOVA. 259

For electrophysiological data, traces were median filtered and spikes above the noise 260
threshold were counted automatically using the “Spike Histogram” module of LabChart 261
(AD Instruments). For spontaneous activity, we measured total spikes in one minute of 262
recording. For evoked responses, we counted spikes from one second of maximum firing 263
during filament application. Within each recording block, counts from the three replicate 264
touches were averaged, then a grand mean was computed from the average counts from 265
the two test blocks. Counts of spontaneous activity were compared with independent 266
samples t-tests (each treatment group compared to controls), and counts of evoked firing 267
were compared with paired t-tests, where one side of the mantle was the control and one 268
side was treated with a given drug. 269
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Pain-like behavior in response to strong noxious stimuli (fin pinch) was video recorded, 270
and ventilation rates, along with counts of inking and directed grooming, were measured 271
immediately after pinch, and again at one, five, and 10 minutes post-pinch. Frequency of 272
behaviors from animals given either buprenorphine, ketorolac or dexmedetomidine were 273
compared to controls injected with sterile seawater with independent-samples t-tests. 274
Sample sizes in this experiment are small (4 squid per group), thus statistical comparisons 275
should be interpreted with caution. 276

In the general anesthesia trials, behavioral measures were recorded as latencies from drug 277
wash-in and wash-out, and were compared among age classes and between the different 278
drugs, with independent samples-t-tests. We recorded latencies to color change on de- 279
fined bodily areas as outward indicators of progressive anesthesia induction and reversal, 280
and also recorded the latency from wash-in of anesthetic bath solutions until no response 281
was found to visual and gentle mechanical stimulation, which we used as our indicator 282
of “full anesthesia”. We recorded the latency from washout until “full recovery” as the 283
point at which the animal showed normal, coordinated swimming (synchronized fin 284
beats, normal orientation without rocking or spinning, no slack tentacles or arms, and no 285
abberant adhesion to surfaces), and rapid and normal responses to visual stimulation. 286
Note that these measures typically lagged behind the body pattern indicators (arm color, 287
mantle color, head-bar color). 288

All statistical analyses were conducted in Prism 9.4 (GraphPad, USA). The critical alpha 289
for all comparisons was set at 0.05, and all P-values reported are two-tailed and corrected 290
for multiple comparisons where appropriate. 291

3. Results 292

3.1 Nociceptive threshold testing: For detection thresholds, one-way ANOVA of responses 293

at 1h indicated no overall significance (F795=1.17, p=0.35, Fig. 2A), which was similar at 294
3h (F79=1.18, p=0.31, Fig. 2A). One-way ANOVA of nociceptive thresholds at one hour 295
showed significant differences (F7,9=2.69, p=0.013, Fig 2B). Post-hoc, pairwise compari- 296
sons revealed significantly higher thresholds for Dexmedetomidine-dosed squid com- 297
pared with controls (p=0.0071), and for squid dosed with buprenorphine at 0.15mg/kg 298
(p=0.0098). At three hours, the one-way ANOVA remained significant (F79=2.44, 299
p=0.024), and pairwise comparisons showed the source of this effect was significantly 300
higher thresholds in squid dosed with 0.15mg/kg buprenorphine (p=0.0071). We chose to 301
advance buprenorphine and dexmedetomidine to the electrophysiological stage of the 302

study, along with ketorolac. Although ketorolac did not show significant changes tono- 303
ciceptive thresholds we observed some squid showing signs of reduced responsiveness 304
which we suspected might equate to behavioral analgesia. No other drugs showed out- 305
ward signs of efficacy. 306

Data for total trial were not normally distributed, thus we used non-parametric statistics 307

to assess whether there was evidence for general sedative or hypnotic effects of the 308
drugs we tested. We found no evidence of differences in total trial length among the 309
drugs tested (Kruskall-Wallis test, p=0.29). 310

3.2 Peripheral nerve excitability: Recordings from the pallial nerve in isolated tissue-nerve 311
preparations (Fig 3A) showed varied effects for the different drugs. Recordings of spon- 312

taneous afferent firing show significantly reduced firing frequency in the presence of 313
buprenorphine vs. seawater controls (p=0.035, unpaired t-test, Fig. 3B), but no effect of 314
either dexmedetomidine or ketorolac. Responses to touch on the mantle surface by ei- 315

ther a light or heavy von Frey filament (activating low-threshold mechanoreceptors and 316
nociceptors, respectively), showed a significant depressing effect of buprenorphine on 317
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firing for both light and heavy touch (Fig 3C, paired t-test, p=0.005 for light, p=0.025 for 318
heavy). Ketorolac also has a depressing effect on response to the heavy filament applica- 319
tion (p=0.041, paired t-test, Fig. 3D), but there was no effect of pallial nerve excitability 320
after incubation with dexmedetomidine (Fig. 3E). 321

3.3 Behavioral response to painful sensory input: Immediate inking in response to pinch was 322
significantly less likely for squid injected with dexmedetomidine (p=0.04, unpaired t- 323
test, Fig, 4A), but not for the other two drugs tested. Significant reduction in grooming 324
behavior was found at one minute post-injury for ketorolac (p=0.01, unpaired t-test), bu- 325
prenorphine (p=0.003) and dexmedetomidine (p=0.003, unpaired t-tests, Fig 4B). There 326

were no differences overall in instances of jetting among the groups (4C). A significant 327
effect on ventilation rate for all three drugs was present at one minute (control vs. ke- 328
torolac, p=0.03. Control vs. dexmedetomidine, p=0.02, control vs. buprenorphine, 329
p=0.005, Fig 4D). The suppression of respiratory rate was still present at five minutes for 330
all drugs (control vs. ketorolac, p=0.001. Control vs. dexmedetomidine, p=0.04, control 331
vs. buprenorphine, 0.004), but only for dexmedetomidine at 10 minutes post-pinch (vs. 332
control, p=0.008, Fig. 4D). 333
3.4 Sequence alignments: Multiple sequence alignments revealed conserved cephalopod 334

homologs for known or hypothesized vertebrate receptors for Ketamine (NMDAR [42], 335
Ketorolac (cyclooxygenase2/prostaglandin synthase (COX2/PGS, [43]and Dexmedetomi- 336

dine (a2A receptor) [44], Fig. 5), suggesting potential mechanisms for each drug. We 337
were not able to conclusively identify cephalopod homologs of the canonical target for 338
Buprenorphine, the p-opioid receptor. 339
3.5 General anesthesia: Squid in all three age classes were effectively anesthetized with a 340
combination of 1:3 MgCl::ASW combined with 1% EtOH by volume. Behavioral signs of 341
anesthesia were similar for all age classes, characterized by progressive paling of chro- 342
matophores starting at the tips of the arms and ending with relaxation of the dark head- 343
bar (Figure 6A). This pattern occurred in reverse order during anesthesia reversal. All 344
squid recovered after full anesthesia except for one hatchling, which died during anes- 345
thesia induction, and all squid who underwent successful reversal of anesthesia were 346
alive 24 hours later. Induction indicators (Fig 6B) and reversal indicators (Fig 6C) did not 347
vary significantly among the different age classes, but time to full recovery was signifi- 348
cantly longer for juvenile and senescent squid compared with hatchlings (one-way 349
ANOVA, F(2,29)=15.28, p<0.0001, post-hoc t-tests with Bonferroni correction: Hatchling 350
vs. juvenile, p=0.01. Hatchling vs. senescent adults, p<0.0001). 351
3.2. Figures, Tables and Schemes 352

Table 1. Numbers of squid used in each phase of the study. Severity classification from 353

[31]. 354
355
Experiment phase Treatments Count Severity
classification
Control 51 Mild/Moderate
Analgesia:  Nociceptive | Dexdomitor 6
threshold testing Ketorolac 8
Buprenex (low dose) 10
Buprenex (high dose) 7
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Acetominophen 6
Ketamine 6
n=94
Analgesia: Ketorolac 8 Non-recovery
Electrophysiology Buprenex 5
Dexdomitor 8
n=24
Control 4 Moderate/Severe
Analgesia: Pain behavior Duprenex !
Dexdomitor 4
Ketorolac 4
n=16
Hatchling 16 Mild
General anesthesia Juvenile/sub-adult 6
Senescent adult 11
n= 33
Total in Mild/Moderate 127
Total in Moderate/Severe 16
Total Non-recovery 24
TOTAL SQUID USED IN THIS STUDY N =167
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Figure 1. Euprymna berryi, A. Hatchling B. Pre-reproductive adult C. Senescent adult. All squid were
captive bred in the laboratory for this study. Scale bars are 500um (A), and 5mm (B&C).
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Figure 2. Responses of uninjured, healthy squid to applications of an ascending series of von Frey
filaments after receiving candidate analgesics. A. Response thresholds (color change, movement of
individual body parts, or slow avoidance movements) were tested at one and three hours after drug
dosing. Responses were typically variable and no significant effects were found compared with con-
trol squid injected with sterile seawater (unpaired t-tests, all NS). Refer to Table 2 for sample sizes.
B. Nociceptive thresholds were determined by recording instances of either inking, reflexive, high-
speed escape jetting, or stimulus-directed arm grooming. At one hour nociceptive thresholds were
elevated in squid given dexmedetomidine (p=0.0071) and high-dose buprenorphine (p=0.0098),
compared with control squid (unpaired, Bonferroni-corrected t-tests). At three hours only squid
given high-dose buprenorphine showed continued elevation of nociceptive thresholds (p=0.0071).
Points show mean and error bars show standard error of the mean (SEM).
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Figure 3. Peripheral nervous system excitability is suppressed by systemic analgesics. A. A sche- 392
matic of the nerve/tissue prep. The mantle was split down the midline and left and right sides were 393
paired drug/control replicates. Drug-treated preparations were incubated in the same drug concen- 394
trations as shown in Figure 2, and controls were incubated in filtered artificial seawater. The large 395
pallial nerve carries information to the central brain from the mantle nerves, which converge into 396
the stellate ganglion. A suction electrode on the pallial nerve measures activity in response to stim- 397
ulation on the mantle and fin tissue with von Frey filaments. B. Spontaneous afferent firing was 398
recorded for one minute prior to any stimulation being delivered. Only high-dose buprenorphine 399
suppressed spontaneous activity (unpaired t-test vs control). C. Buprenorphine suppressed evoked 400
firing in response to touch with a light von Frey filament, which activates mechanoreceptors, and 401
with a stiff von Frey filament, which activates nociceptors (paired t-tests vs. control-side prep). D. 402
Ketorolac suppressed nociceptor firing but had no effect on low-threshold mechanoreceptors. E. 403
Dexmedetomidine had no effect on pallial nerve activity. Bars show mean and error bars show 404
standard error of the mean (SEM) 405

406
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Figure 4. Pain-like behavior is suppressed by systemic analgesics. A. Number of individual ink 409
plumes released in response to fin pinch, and at one, five and ten minute intervals thereafter. Only 410
dexmedetomidine significantly reduced inking (p=0.04, unpaired t-test), although overall the 411
instances of inking were low and these data show likely floor effects. B. Site-directed grooming 412
with the arms occurred repeatedly in control squid, but was significantly suppressed by all three 413
drugs at one minute post-injury (Ket, p=0.01, Dex, p=0.003, Bup, p=0.003, Bonferroni-corrected, 414
unpaired t-tests). C. Jetting showed no significant effects at any time point. D. Ventilation rate, 415
which is used as an indicator of pain in fish, was significantly higher in control squid at one and 416
five minutes post-pinch compared with all three drug-treated groups (control vs. ketorolac, 417
p=0.03. Control vs. dexmedetomidine, p=0.02, control vs. buprenorphine, p=0.005, Fig 4D). The 418

suppression of respiratory rate was still present at five minutes for all drugs (control vs. ketorolac, 419
p=0.001. Control vs. dexmedetomidine, p=0.04, control vs. buprenorphine, 0.004), but only for dex- 420

medetomidine at 10 minutes post-pinch (vs. control, p=0.008, Fig. 4D). Points show mean and er- 421
ror bars are standard error of the mean (SEM). 422
423
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Figure 5. Multiple sequence alignments of putative receptors for Ketamine (A), Ketorolac (B), and
Dexmedetomidine (C). Residues with described functions in vertebrates are highlighted in yellow
if they are conserved in cephalopod sequences or highlighted in blue and green if they diverge. (A)
Homologs for NMDAR receptors 1 and 2 are conserved across mammals and cephalopod species.
Some residues surrounding the central vestibule containing the ketamine binding pocket (Zhang et
al, 2021) of NMDAR 1 (Hs NMDAR1 Té48-dark yellow, V644-dark yellow) and NMDAR 2
(Hs_NMDAR?2 T646-bright yellow, L642 -pale yellow) are conserved across species for which we
have sequence data (Eb_NMDARI sequence quality was too low to confirm conservation of T648).
NMDAR 1 exhibits conservation of N616 (bright yellow), but the conservation of the homologous
site (N615) in NMDAR 2 was limited to vertebrates (H. sapiens and D. rerio), with a cephalopod
glycine (bright blue) replacing the vertebrate asparagine (bright green). (B) The amino acid se-
quences for cephalopod cyclooxygenase-2/prostaglandin synthase (COX/PGS) are conserved with
those of vertebrates (H. sapiens and D. rerio). Amino acid residues that line the cyclooxygenase
channel in H. sapiens prostaglandin synthase (H90, R120, Y355, Y387, R513, E524, 5530, and L531) or
make contact with the NSAID Ibuprofen (Orlando et al, 2015) (V359, L359, M522, V523, G526, and
A527) were assessed for conservation. Complete conservation across cephalopods for which se-
quences were available) and vertebrates was observed in ten of these fifteen residues (bright yel-
low), while L359, R513, M522, V523, and L531 were not conserved in all cephalopods (bright blue
and green residues).(C) The amino acid sequences for cephalopod (Ob and Es) alpha 2 Adrenergic
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(a2A) receptors are highly conserved with those of vertebrates (Hs and Dr). Amino acid residues 445
known to line the binding pocket and play some role in ligand or activity (Qu et al, 2019) were 446
assessed for conservation. Complete conservation across cephalopods (for which sequences were 447
available) and vertebrates was observed in eleven of the twelve residues (yellow), and one residue 448
(C201) was replaced by a Serine in cephalopods. Abbreviations: Cephalopods- Ob: Octopus bimac- 449
uloides; Es: Euprymna scolopes; and Eb: Euprymna berryi. Vertebrates- Hs: Homo sapiens; Dr: 450
Danio rerio. NMDAR: N-methyl-D-aspartate receptor, PGS: prostaglandin synthase, COX: Cycloox- 451
ygenase, a2A_Rec: Alpha 2 Adrenergic Receptor. 452
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Figure 6. General anesthesia in multiple age-classes of E. berryi with a combination of 1% EtoH (v/v) 456
and 1:3 ratio of isotonic MgCl2:SW. A. Photographic sequence showing progressive outward signs 457
of anesthesia induction. In all age classes paling of the arms progressed from tip to base (Black ar- 458
rowheads), which was followed by all-over mantle paling (white arrowhead, 4t panel) and finally 459
relaxation of chromatophores across the head-bar, between the eyes (5% panel). Once squid were 460
completely pale, we tested for complete anesthesia by recording absence of response to visual stim- 461
ulation, vibratory stimulation, or light touch on the body surface. Latency between complete paling 462
and full anesthesia was variable. B. Comparisons among the three age classes tested showed no 463
significant differences in latency to paling of arms, mantle or head bars. C. Reversal times were 464
counted from the point where solutions were changed to fresh seawater. Return of chromatophore 465
tone followed the reverse order of induction. In hatchlings we were only able to reliably identify 466
whole-body darkening on recovery. No significant differences between age classes were found. D. 467
Latency to complete anesthesia and complete reversal wee compared among the age classes. No 468
differences in induction times were found, but hatchlings recovered significantly faster than juve- 469
nile and senescent squid (one-way ANOVA followed by post-hoc Bonferroni corrected t-tests, crit- 470
ical alpha p<0.05). Points show mean and error bars are standard error of the mean (SEM). 471

4. Discussion 472

Here we show promising evidence that drugs from several different drug classes may act 473
as long-lasting, systemic analgesics for cephalopods undergoing potentially painful and 474
distressing procedures. To our knowledge this is the first study to demonstrate welfare- 475
related effects of analgesic drugs in any cephalopod. We also show that a previously-val- 476
idated protocol for general anesthesia is effective in sepiolid squid of different age classes. 477
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Recent studies aimed at identifying sentience, emotional capacity and affective state in 478
invertebrates suggest that invertebrates may experience PSDLH[31] as a result of invasive 479
procedures. However, there has been very minimal study of analgesia in any invertebrate 480
species to date, which makes effective management of welfare challenging. We tested 481
analgesic efficacy in multiple ways; first by measuring elevation of baseline (uninjured) 482
nociceptive thresholds. This behavioral procedure produced highly variable outcomes 483
that were not necessarily supported by electrophysiology data. The lack of effect in these 484
initial screening tests may have led us to eliminate drugs with genuine analgesic proper- 485
ties, but we chose this conservative approach with the explicit goal of limiting potential 486
suffering in this study. We also limited the range of different dosages we tested for each 487
drug, beginning with a dose in the mid- to high-range reported as effective in fish (if avail- 488
able) or rodents. Given that very little is known about possible analgesic receptor distri- 489
bution and affinity in cephalopods, it is also very plausible that the doses we tested were 490
too low in some cases to identify significant effects. Thus we do not necessarily discount 491
the possibility that the unsuccessful drugs we tested in the first phase of the study may be 492
effective at different doses. 493

Among the analgesic candidates we tested we found evidence for elevated nociceptive 494
threshold, behavioral analgesia and suppression of peripheral nerve excitability for bu- 495
prenorphine only. Ketorolac, a potent NSAID, produced behavioral analgesia and elec- 496
trophysiological evidence of peripheral neural effects, but did not significantly change 497
baseline nociceptive thresholds. Dexmedetomidine produced elevated nociceptive 498
threshold and behavioral analgesia, but no evidence of reduced excitability in the PNS. 499
We suggest, therefore, that opioids and NSAIDs may have both peripheral and central 500
models of action, whereas the a2 adrenoreceptor antagonist may act primarily centrally. 501
The molecular targets of all three drugs in cephalopods are currently not known. Our 502
bioinformatic analysis provided mixed support for the behavioral observations. We found 503
no clear homolog of an opioid receptor in cephalopods, suggesting that buprenorphine 504
exerts its effects through a different target, perhaps binding to targets of met-enkephalin 505
or somatostatins. In vertebrates, buprenorphine binds to mu, delta and kappa opioid re- 506
ceptors, and the less well studied nociceptin (ORL-1/NOP) receptor [45-47], but these did 507
not produce strong alignments with cephalopod sequences. In general, there is a dearth 508
of support for the existence of any opioid receptors in cephalopods. 509

Ketorolac is a veterinary NSAID with potent analgesic and anti-inflammatory properties. 510
It is a non-selective COX inhibitor that is often used in combination with opioids and other 511
analgesics [48,49] to control post-operative pain in companion animals. To our knowledge 512
there are no previous studies of its analgesic effects in invertebrate animals. In this study 513
we found strong evidence for a suppressing effect on nociceptor excitability which may 514
be mediated via the same molecular target as in mammals, given that our bioinformatic =~ 515
analysis shows good alignment with vertebrate COX (prostaglandin endoperoxide syn- 516
thase) and cephalopod prostaglandin g/h synthase, including at the putative binding sites. 517
Unlike for dexmedetmodine and buprenorphine, we found no evidence for changes in 518
baseline nociceptive thresholds, which also means that we do not have an indication of 519
ketorolac’s temporal properties in cephalopods, as this stage of the study also provided 520
repeated, time-based measures. Additional study of dosing and duration of effect are 521
needed. 522

Dexmedetomidine is an agonist of the alpha2 adrenergic receptor in vertebrates, where its 523
binding causes membrane hyperpolarization and inhibition of release of glutamate, an 524
excitatory neurotransmitter (Zhou et al, 2011). In a pilot study in the snail Lymnaea stag- 525
nalis, dexmedetomidine blocked excitatory cholinergic neurotransmission, but the recep- 526
tor to which the drug was presumably bound to produce this suppression remains un- 527
known[50]. Bioinformatic analyses show that there is similarity between the vertebrate 528
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a2a receptor, putative a2a receptors in cephalopods, and octopamine and tyramine recep- 529
tors in invertebrates. Drugs targeting octopamine receptors in invertebrate parasites have 530
been shown to interact with the a2a receptor in mammals [51]. Taken together, these lim- 531
ited lines of evidence suggest dexmedetomidine may produce analgesia in cephalopods 532
via interaction with octopaminergic neurotransmission, but this is speculative. Dexme- 533
detomidine also had a quite short period of efficacy in tests of baseline nociceptive thresh- 534
olds at one and three hours, suggesting that it may be displaced from its receptor target 535
quickly. Rapid and short-acting analgesia is considered an advantageous aspect of dex- 536
medetomidine in clinical practice , and that seemed to be similar in our study. Another 537
widely recognized advantage of dexmedetomidine in clinical and veterinary use is the 538
absence of respiratory depression common to other drugs . In contrast, we found that 539
dexmedetomidine had the strongest effect on ventilation in our study, but we note also 540
that this effect was in contrast to the elevated respiratory rate we considered evidence of 541
pain, not compared with normal respiration. 542

Although our results supported sequence homology for receptors that may bind three of 543
the drugs described in this study, each putative cephalopod receptor diverged from its 544
vertebrate homolog at one or more of the previously described sites associated with ligand 545
binding. It is also possible that even conserved residues may function differently in diver- 546
gent structures of the cephalopod receptor homologs, meaning the mere existence of a 547
cephalopod receptor homolog is far from sufficient to conclusively infer drug interactions. 548
For example, conservation of some residues like the a2 A Receptor residue Y394 may play 549
no role in the function of partial agonists like Dexmedetomidine because this residue 550
binds only to full agonists. 551

We also show that sepiolid squid can be safely and effectively anesthetized using a com- 552
bination of 1% ethanol by volume mixed into a 1:3 mixture of MgCI2 and seawater. This 553
combination produced reliable loss of responsiveness within 5 minutes in all age classes, 554
and was very well tolerated, with only a single mortality in this part of the study. All the 555
age classes showed consistent outward indications of anaesthesia progression, with pro- 556
gressive paling of the arms from tip to base, followed by paling of the mantle, and lastly 557
the loss of the dark head-bar across the top of the head. Loss of the head bar was followed 558
closely by loss of righting reflex and loss of behavioral response to light touch on the man- 559
tle. Among sub-adult and senescent squid, times to anesthesia and recovery were longer 560
and more variable than those of hatchlings, but unlike in the cuttlefish, Sepia officinalis 561
(Abbo et al., 2021), temporal patterns of anesthesia in senescent squid did not differ sig- 562
nificantly from younger age-class animals. In octopuses, senescence is associated with a 563
range of degenerative physiological and behavioral changes [52], which may correlate 564
with differences in temporal patterns of anesthesia. The senescent squid in this study were 565
in the early stages of senescence, indicated by less frequent burying behavior, less suc- 566
cessful prey capture and onset of breeding behavior, but otherwise were in good physical 567
condition. It is possible that later-stage senescent squid, which we did not use here, might 568
show different responses to anesthesia, similar to previous findings in S. offficinalis. 569

The mode of general anesthesia action for both ethanol and MgClz in cephalopods remains 570
somewhat unclear. In other species, ethanol binds to the GABA receptor, enhancing in- 571
hibitory transmission in a wide range of neural circuits, and this is likely similar in ceph- 572
alopods. Ethanol also potentiates glycine currents and increases conductance of several 573
types of potassium channels, all of which contribute to neuron hyperpolarization in mam- 574
mals[53-58]. MgClz has multiple effects; acting generally to suppress sodium current and 575
potentially facilitating the blockade of NMDA receptors by providing high concentrations 576
o of magnesium ions, however, its precise mode and site of action in anesthesia in cepha- 577
lopods is not firmly established [59]. In other studies where direct recording from the 578
nervous system of cephalopods was conducted during anesthesia, both MgCl> and 579
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ethanol were effective at blocking afferent and efferent neurotransmission from the brain 580
and periphery. The neuroanatomy of sepiolid squid is less amenable to this type of mini- 581
mally-invasive recoding, thus we did not attempt to record neural activity in this study. 582
However, it is clear that this combination of drugs is effective for immobilization and se- 583
dation, and based on previous evidence from other cephalopod clades, we suggest that it 584
is likely also effective for producing loss of consciousness and loss of sensation. 585

5. Conclusions 586

In this study we show that welfare enhancing interventions for sepiolid squid are readily 587
achievable and are likely to be applicable to other cephalopod clades. We demonstrate 588
that general anesthesia using a mix of MgClz and ethanol produced reliable and safe im- 589
mobilization and sedation and likely also loss of sensation. Different age classes have 590
somewhat different temporal patterns of anesthesia, although anesthesia in all age classes 591
was successful. Importantly, for the first time we show evidence for systemic analgesiain 592
cephalopods achieved with three distinct classes of drugs; an opioid, an NSAID and an 593
alpha?2 receptor antagonist, and suggest possible molecular targets through comparative 594
bioinformatic analysis. Further study is needed to refine analgesic dosing and to test 595
whether combinations of these or other drugs may provide longer or more effective anal- 596
gesia. 597

We anticipate that this study should be of considerable value for cephalopod researchers 598
performing invasive and potentially painful procedures, and for those working in nations = 599
where cephalopods are regulated by research animal welfare laws. 600
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