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Abstract

Because of the lack of information about effective analgesics in non-mammalian vertebrates, the
potency of various non-opioid agents were tested in a model of analgesia by using Northern grass
frogs (Rana pipiens). This alternative model has been used widely for investigating opioid
analgesic action. Potential non-opioid analgesics tested included antipsychotic, benzodiazepine,
barbiturate, antihistamine, non-steroidal anti-inflammatory (NSAID), and partial opioid agents.
Northern grass frogs were acclimated to lab conditions in individual cages. Drugs were
administered systemically through the dorsal lymph sac, and analgesic effects were estimated by
using the acetic acid test (AAT). The AAT is done by placing logarithmic dilutions of acid
dropwise on the dorsum of the animal’s thigh until a wiping response is obtained. At various
doses, chlorpromazine and haloperidol (antipsychatics), chlordiazepoxide (a benzodiazepine),
buprenorphine (a partial opioid agonist), and diphenhydramine (a histamine antagonist) produced
moderate to strong analgesic effects. Indomethacin and ketorolac (NSAIDs), butorphanol (a partial
opioid agonist), and pentobarbital (a barbiturate) produced weaker but noticeable analgesic effects.
Our results are the first to document the effectiveness of a wide array of pharmacologically active
agents in a novel amphibian model for analgesia. These findings provide needed data regarding
the use of alternative, non-opioid agents for the treatment of pain in amphibians and other
poikilothermic species.

Practicing veterinarians and animal care personnel at research institutions increasingly are
called upon to provide analgesia for herpetological species after surgical or experimental
procedures. There is a growing literature on the relative potency and dosage of various full
opioid agonists used to produce analgesia (1-6) and on the characterization of opioid
receptors (7-13) in amphibians. However, there is little information regarding the potency
and suitability of non-opioid analgesics in earlier-evolved vertebrates. Previous studies in
amphibians demonstrated the analgesic efficacy of alpha, adrenergic agonists, such as
clonidine, dexmedotomidine, and xylazine (14-16). In addition, a single NSAID agent,
flunixin meglumine, and the partial opioid agonist butorphanol were effective analgesics
after intracelomic injection in Rana pipiens (16). In a model of anesthesia using adult
bullfrogs (Rana catesheiana), it was noted that responses to strong forceps pinching of the
hindlimb remained intact in animals anesthetized with thiopental (17). Further information
on non-opioid analgesic effects in amphibian species is not available

In mammals, the antipsychotic agents chlorpromazine and haloperidol produce dose-
dependent analgesia that is not blocked by opioid antagonists (18-20). Using common
algesiometric tests in rodents, the benzodiazepines chlordiazepoxide (21,22) and midazolam
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(23) show dose-dependent analgesia. With regard to barbiturates, it is a common belief that
these agents may be hyperalgesic however, recent studies show that select agents produce
attenuation of the response to noxious stimuli (24,25). There is good evidence that
diphenhydramine, an H1 histamine antagonist, produces analgesia in mammals after
systemic (26,27) and central (28) administration. NSAID agents, such as indomethacin and
ketorolac, show analgesic effects after peripheral and central administrations (29,30).
Finally, the partial opioid agonists butorphanol and buprenorphine show mild and moderate
analgesic effects in rats and mice (31).

In this study, we assayed the analgesic effects of potential non-opioid analgesics including
antipsychotic, benzodiazepine, barbiturate, antihistamine, and non-steroidal anti-
inflammatory (NSAID) agents by using the acetic acid test in Rana pipiens. The partial
opioid agonists butorphanol and buprenorphine also were tested, and a high dose of the full
opioid agonist morphine was included for comparison. The agents tested were chosen for
wide availability in animal care facilities and for the lack of Schedule 11 controlled-
substances licensing. Key drugs of the described classes of agents were tested for the
effective analgesic dosage range, with an emphasis on a wide variety of agents rather than a
complete characterization of individual classes or agents. Although obtaining lethality and
toxicity data were not a goal of the study, animals were assessed for survivability after
administration of the highest doses of the tested agents.

These studies further validate an alternative model for pain research that is based on the
comparative neurology of pain and a phylogenetic perspective (32,33). The present results
are useful for the clinical care of amphibian species and in experimental protocols in which
postoperative analgesics may be warranted.

Materials and Methods

Animals

Northern grass frogs (Rana pipiens-, snout-vent length, 2.5 to 3.0 in.; average body weight,
26 g) of both sexes were obtained from a commercial source (Sullivans, Nashville, Tenn.).
Frogs were kept in groups of 48 in free-flowing tap water and were fed live crickets 3 to 4
times weekly. At least 2 days before the start of an experiment, animals were assigned
randomly to individual cages (standard mouse cages with wood-screen tops) in the lab for
acclimatization. The Institutional Animal Care and Use Committee at Oklahoma State
University—College of Osteopathic Medicine (Tulsa, Okla.) approved the animal protocols
used in this study.

Drug preparation and administration

Drugs were obtained from commercial sources as follows: buprenorphine hydrochloride,
butorphanol tartrate, chlordiazepoxide hydrochloride, chlorpromazine hydrochloride,
diphenhydramine hydrochloride, haloperidol base, indomethacin base, morphine sulfate, and
pentobarbital sodium salt were all purchased from Sigma-Aldrich (St. Louis, Mo.); and
ketorolac was kindly provided by Dr. Peggy Borgese (Roche Laboratories, Nutley, N J.).
Drugs were mixed in sterile saline (0.9%) to yield nmol/g doses of the active base and
administered in a volume of 10 pl/g body weight. All injections were made subcutaneously
into the dorsal lymph sac by using a 1-cc tuberculin syringe (29-gauge needle). Each animal
received only one drug or a saline control injection, and animals were euthanized by an
overdose of tricaine methylsulfonate (MS-222, Sigma-Aldrich) at the end of the study.
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Algesiometric measurement

The nociceptive, or pain, threshold in amphibians can be estimated by using the acetic acid
test (34). Briefly, 11 serial dilutions of glacial acetic acid are made, with concentration “0”
being the weakest and concentration “10” being glacial. Starting with the lowest
concentration, a single drop is placed on the dorsum of the frog’s thigh, and the animal is
observed for a wiping response with either hindlimb. If a response does not occur within 5
sec, the drop is rinsed thoroughly with distilled water, and testing continues on the opposite
thigh with the next higher concentration of acid. The nociceptive threshold (NT) is recorded
as the raw code number of the concentration that elicits a wiping response.

Data collection and analysis

Treatment and saline-control groups consisted of 4 to 6 animals each. For agonist effects,
the NT was determined before the administration of the test agent (baseline NT) and at 1, 3,
and 5 h after administration. Each individual animal’s NT was transformed into the
maximum percentage effect (MPE) at each time point by using the following formula:

_ (posttreatment NT — baseline NT)

= x 100
(cutoff NT (11) — baseline NT)

MPE data were plotted for dose groups as a time course after administration, and the
maximum MPE values over that time course were pooled from individual animals with the
same treatment for the construction of the peak effect graph. Computer software (Pharm/
PCS, Microcomputer Specialists, Philadelphia, Pa.) was used to test differences between
treatment groups and control animals by using Student’s t-test. The level of significance was
set at P< 0.05.

Behavioral assessment

Results

As previously discussed, studies of analgesic activity using behavioral models relying on a
motor response must incorporate additional precautions to ensure that the observed analgesia
is not confounded by underlying general sedation or motor dysfunction (35). Therefore, in
animals showing significant analgesic effects, general behavior was observed to assess overt
sedation. The following reflexes were assessed after the 5-h time course in these animals to
determine the motor effects (if any) of tested agents: corneal reflex (light touch of corneal
surface normally elicits blinking response), righting reflex (untreated animals respond to
placement on back with rapid turnover), and the hindlimb withdrawal reflex (hormal animals
rapidly withdraw hindlimb after a sharp pinch to the webbing of the foot).

None of the agents tested produced greater than an 80% analgesic effect at doses that were
not lethal within 24 h (Tables 1 and 2). All of the agents administered at the doses listed in
Table 1, which includes the pharmacological classes of these compounds, did not show any
untoward behavioral effects such as overt sedation or motor dysfunction as tested by using
the righting, hindlimb withdrawal, and corneal reflexes. Agents that produced significant
analgesia compared to saline and greater than 40% analgesic effects in the acetic acid test
were chlorpromazine (30 nmol/g; P=), chlordiazepoxide (300 nmol/g; P=), buprenorphine
(30 nmol/g; P=), diphenhydramine (200 nmol/g; P=), and haloperidol (30 nmol/g; P =).
[Please provide exact P values as indicated.] Morphine administered at the high dose of 300
nmol/g (114 mg/kg) produced the maximum analgesic effect (100% MPE) in all animals.
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Less robust but still significant analgesic effects were observed with indomethacin (300
nmol/g; P=), ketorolac (100 nmol/g; P =), chlordiazepoxide (100 nmol/g; P =),
butorphanol (100 nmol/g; P=), indomethacin (1000 nmol/g; P=), pentobarbital (30 nmol/g;
P=), butorphanol (30 nmol/g; P=), haloperidol (10 nmol/g; P=), and pentobarbital (10
nmol/g; P=). [Please provide exact P values as indicated] Administration of saline to
control animals produced a slight elevation of the nociceptive thresholds, resulting in an
11.4% MPE (Table 1).

The time course of analgesic effects of the more potent agents over the 5-h post-treatment

assessment was unremarkable with respect to levels of analgesia obtained at the first post-
treatment test time (1 h) and the last (5 h; Figs. 1 and 2). Significant analgesic effects were
evident by 1 h after administration and remained elevated throughout the 5-h time course.

Peak analgesic effects for the highest doses of the more potent agents showed a rank order
of morphine > chlorpromazine > chlordiazepoxide > buprenorphine > diphenhydramine >

haloperidol (Fig. 3).

Although the safety index of tested agents was not determined, doses that produced lethality
24 h after administration of test agents are noted in Table 2. At these doses, animals could
not be tested because of loss of righting, hindlimb withdrawal, and/or corneal reflexes.

Discussion

The systemic administration of various doses of non-opioid analgesic agents produced mild
to moderate analgesic effects in amphibians. The present results were garnered in the
context of an experimental model of analgesic efficacy by using a behavioral test in
amphibians. The acetic acid test in the frog Rana pipiens has been shown to activate small-
diameter nociceptive afferents, and the wiping response used as an endpoint is specific to the
applied noxious stimulus (32). All the doses reported as analgesic in this study were without
untoward adverse effects, and animals responded normally to testing of the righting,
hindlimb withdrawal, and corneal reflexes. Although the study was not designed to
document the toxicity and lethality of these agents in amphibians, the results shown in Table
2 suggest that, for many agents, there is a narrow range of therapeutic doses.

The antipsychotic agents chlorpromazine and haloperidol produced moderate analgesic
effects that, were without untoward side effects at the doses used in the acetic acid test. The
older phenothiazine agent, chlorpromazine, has mixed antagonist activities at dopamine,
cholinergic, and adrenergic receptors, whereas the newer agent, haloperidol, is more
selective for dopamine receptors. The fact that both agents induced an elevation of the
nociceptive threshold suggests that dopaminergic systems are involved in nociceptive
modulation in amphibians. The benzodiazepine chlordiazepoxide and the barbiturate
pentobarbital produced mild to moderate analgesic effects. These agents work by interaction
at a-aminobutyric acid (GABA) receptors, enhancing the efficacy of the inhibitory GABA
neurotransmitter at its receptor. Agents enhancing GABA activity are shown to be effective
analgesics in mammals (36). In contrast to the present results, a recent study using anesthetic
doses of thiopental administered to bullfrogs reported that a strong forceps pinch to the
hindlimb elicited a withdrawal response, even though these animals were unable to complete
a righting reflex (17). It is likely that differences in the intensity of the noxious stimuli used
in the present and former study (weak, cutaneous stimulus versus a strong, deeply activating
forceps pinch) could account for this apparent discrepancy.

The histamine (H) antagonist diphenhydramine produced moderate analgesia, albeit at the
fairly high dose of 200 nmol/g. Diphenhydramine is classified as a histamine antagonist,
although at high doses this agent also is known to block muscarinic cholinergic receptors.
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After systemic administration in amphibians, diphenhydramine produced greater than 40%
analgesia. The NSAID agents indomethacin and ketorolac produced mild analgesic effects
after systemic administration in amphibians. Interestingly, in common rodent measures of
analgesia (such as the hot-plate and tail-flick tests), analgesia after systemic NSAIDs is not
seen (37). The mammalian studies cited in the Introduction in which NSAID analgesic
effects were reported used either an inflammatory pain stimulus, such as the injection of
formalin into the rodent hindpaw, or visceral noxious chemical stimulus. This difference
suggests that the amphibian model may be an alternative screening model for NSAID
analgesia, as the acetic acid test uses an acute and self-limiting weak noxious stimulus. The
analgesic effect seen here after NSAID administration confirms the results of an earlier
study that used a similar model of nociceptive measurement in Rana pipiens after flunixin
meglumine administration (16). Results after the administration of the partial opioid agonists
buprenorphine and butorphanol also confirm the findings of an earlier report of butorphanol
analgesia that used the same model (16). In this study, the authors also report that xylazine
hydrochloride, an alpha,, adrenergic agonist, provided good analgesia that lasted longer than
the effects from butorphanol or flunixin (16).

Regarding comparing results from similar studies in mammalian species, the present
findings in amphibians suggest that there is a commonality of nociceptive processing in
these two classes of vertebrates. Although there is a dearth of knowledge on nociceptive
pathways and endogenous analgesic systems in non-mammalian vertebrates, amphibian
nervous tissue is replete with endogenous opioids (38,39,9), substance P (40-42), serotonin
(43-45), calcitonin-gene related peptide (46,47), and other substances shown to modulate
nociceptive processing (4). With regard to receptor sites mediating the analgesic effects of
putative analgesic agents, there is much less information. Specific receptors for opioids (11—
13), GABA (48,49), and benzodiazepines (50) have been characterized in amphibian
nervous system tissues. Clearly there is a need for further neuropharmacological studies in
non-mammalian vertebrates.

Our results suggest that careful clinical use of non-opioid analgesics and partial opioid
agonists may be warranted in amphibians and other herpetological species. Previous work
demonstrated that clinically used opioids, such as morphine, meperidine, and fentanyl, are
potent and safe analgesics in amphibians (5,51). However, full opioid agonists are controlled
substances (Schedule 1) that require special licensing and reporting requirements as well as
tight security of drug holdings. The non-opioid agents tested in this study may be more
accessible than opioids when mild to moderate analgesia is needed. In this regard, the partial
opioid agonists can be used judiciously, as butorphanol is a nonscheduled agent, and
buprenorphine is a Schedule V controlled substance.

Importantly, our results provide guidance for the clinician who needs to provide analgesic
treatment in amphibians and possibly other earlier-evolved vertebrate species. The actual
doses used in the present amphibian model may not be appropriate in other amphibian or
herpetological species. In addition, the present data on the use of non-opioid analgesics in
amphibians come from an experimental pain model. The acetic acid test used here is an
experimental model to determine analgesic effects in amphibians and is based on a weak
noxious stimulus that is applied cutaneously. Pain arising from surgical procedures or
visceral structures or that is neuropathic in origin may not respond to the same analgesic
agents or dosages shown in the present study.

Specific recommendations for analgesic agents and doses in amphibians should be
extrapolated cautiously from the present results. Comparison of the lethality data, although
limited, suggests that the safety index for these agents is quite narrow. Finally, regarding
alternatives to pharmacological interventions for producing analgesia in amphibians, a
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recent study examined the effect of hypothermia on nociceptive thresholds in Rana pipiens
(52). Poikilothermic animals such as amphibians may be ideally suited to use such non-
pharmacological means of analgesic treatment.
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Figure 1.

Time course of the analgesic effects of morphine, chlorpromazine, chlordiazepoxide, and
buprenorphine after systemic administration in amphibians (n = 4 to 6 per group).o,
morphine (300 nmol/g); V, chlorpromazine (100 nmol/g);m, chlordiazepoxide (300 nmol/g);
%, buprenorphine (30 nmol/g). [“Key” deleted from illustration] Saline-injected control
group did not give a significant effect and is omitted for clarity.
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Figure 2.

Time course of the analgesic effects of morphine, chlorpromazine, diphenhydramine, and
buprenorphine following systemic administration in amphibians (n = 4 to 6 animals per
group). e, morphine (300 nmol/g); V, chlorpromazine (30 nmol/g); m, diphenhydramine
(200 nmol/g); ¢, haloperidol (30 nmol/g). [“Key” deleted from illustration] Saline-injected
control group did not give a significant effect and is omitted for clarity.
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Figure 3.

Mean peak analgesic effect [Is rewording accurate?] of morphine, chlorpromazine,
chlordiazepoxide, and buprenorphine, diphenhydramine, and buprenorphine after systemic
administration in amphibians (n = 4 to 6 per group). Saline-injected control group is
included for comparison. *, P< 0.05 (Student’s t test) versus saline control group. [Please
add “nmol/g” to doses given on s-axis of figure. Please “define” bars—1 standard
deviation?]
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Table 1

Agent, class, and analgesic effects of drugs tested in the amphibian acetic acid test

Agent Class Tested dose®  Equivalent mg/kg  Maximum percent effect?
Morphine Opioid analgesic 300 114 100
Chlorpromazine Antipsychotic 100 32 62.9
Chlordiazepoxide  Benzodiazepine 300 90 51.3
Buprenorphine Partial opioid agonist 30 14 48.6
Chlorpromazine Antipsychotic 30 10 47.8
Diphenhydramine  H1 antagonist 200 51 43.2
Haloperidol Antipsychotic 30 11 41.1
Indomethacin NSAID 300 107 39.6
Ketorolac NSAID 100 26 39.1
Chlordiazepoxide  Benzodiazepine 100 30 375
Butorphanol Partial opioid agonist 100 33 36.9
Indomethacin NSAID 1000 358 29.2
Pentobarbital Barbiturate 30 8 21.7
Butorphanol Partial opioid agonist 30 10 25.7
Haloperidol Antipsychotic 10 4 25.7
Pentobarbital Barbiturate 10 3 229
Saline control Vehicle 10 not done 114

NSAID, non-steroidal anti-inflammatory drug

anmol/mg except for the saline control, which is pl/mg [please confirm Greek symbol].

Page 12

bAverage maximum percent effect of analgesia observed at that dose (n = 4 to 8). [The Methods say “4 to 6” in a group—please correct/clarify as

needed]
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Table 2

Lethality data for the tested agents after subcutaneous administration in Rana pipiens

Agent Class Tested dose (nmol/g)  Lethality@
Buprenorphine Partial opioid agonist 100 3/4

Butorphanol Partial opioid agonist 300 4/4
Diphenhydramine  HI antagonist 250 4/4
Chlorpromazine Antipsychotic 1000 5/6

Haloperidol Antipsychotic Not doneP Not determined?
Chlordiazepoxide  Benzodiazepine 1000 3/6
Pentobarbital Barbiturate 100 3/6

Ketorolac NSAID 1000 1/4
Indomethacin NSAID Not doneP Not determined?

NSAID, non-steroidal anti-inflammatory” drug

aNumber of animals dead within 24 h/total number of animals tested at that dose.

Higher doses not tested, because of insolubility of drug into vehicle at the higher concentration.
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