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Effects of opioid and nonopioid analgesics on canine wheal 
formation and cultured human mast cell degranulation☆
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Hildebrandc, Linda Pagec, Tony L. Yaksha,*

aDepartment of Anesthesiology, University of California, San Diego, 9500 Gilman Dr., La Jolla, CA 
92093, United States

bDepartment of Dermatology, University of California, San Diego, 9500 Gilman Dr., La Jolla, CA 
92093, United States

cMedtronic, Inc., Neuromodulation, 7000 Central Avenue NE, RCE470, Minneapolis, MN 55432, 
United States

Abstract

Mast cell (MC) degranulation has been implicated in the side effect profile of a variety 

of clinically useful agents. Thus, after intrathecal delivery, formation of space-occupying, 

meningeally-derived masses may be related to local MC degranulation. We systematically 

characterized degranulating effects of opioid and nonopioid analgesics on cutaneous flares in 

the dog and in primary human MC (hMC) cultures.

Methods: Dogs were anesthetized with IV propofol and received intradermal (ID) injections (50 

μL). Flare diameters were measured at 30 min. Drugs showing flare responses were tested after 

intramuscular (IM) cromolyn (10 mg/kg), a MC stabilizer. Human primary MCs (human cord 

blood CD34+/CD45+ cells) were employed and β-hexosaminidase in cell-free supernatants were 

measured to assess degranulation.

Results: A significant skin flare for several classes of agents was observed including opioids, 

ziconotide, ketamine, ST-91, neostigmine, adenosine, bupivacaine, lidocaine, MK-801 and 48/80. 

Tizanidine, fentanyl, alfentanil, gabapentin and baclofen produced no flare. Flare produced by all 

ID agents, except adenosine, bupivacaine and lidocaine, was reduced by cromolyn. Naloxone had 

no effect upon opiate or 48/80 evoked flares. In hMC studies, 48/80 resulted in a concentration-
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dependent release of β-hexosaminidase. The rank order of drug-induced hMC β-hexosaminidase 

release was similar to that for flares.

Conclusions: A variety of therapeutically useful drugs degranulate MCs. This action may 

account for side effects such as the intrathecal granuloma resulting from spinally-delivered 

opioids. This degranulating effect may be useful in predicting potential intrathecal toxicity in 

the development of novel agents.
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1. Introduction

Spinal delivery of opioids can produce a potent analgesia (Deer et al., 2017a; Deer et al., 

2017b). An important adverse effect that may arise with the chronic infusion of several 

opioids (notably morphine and hydromorphone) is the development of space-occupying 

masses (granulomas) in the intrathecal space of guinea pigs (Eddinger et al., 2016), dogs 

(Yaksh et al., 2003), sheep (Gradert et al., 2003) and, importantly, humans (Yaksh et al., 

2002; Deer et al., 2017c). Our work has shown that these masses arise from proliferating 

fibroblasts and inflammatory cells that migrate from the adjacent meninges (Yaksh et al., 

2003). We have shown that the intrathecal granuloma has several characteristic properties: 

i) the granuloma is produced by morphine, hydromorphone and methadone, but not fentanyl 

and alfentanil (Allen et al., 2006a; Yaksh et al., 2013b) in a concentration-dependent fashion 

(Allen et al., 2006b), ii) the morphine-associated intrathecal mass is not prevented by 

cotreatment with the opiate antagonist naltrexone (Yaksh et al., 2013a), which, consistent 

with the absence of a granuloma inducing effect of several potent opiates (fentanyl and 

alfentanil) suggests an effect independent of an opiate receptor (Allen et al., 2006b; Yaksh et 

al., 2013b); and, iii) is reduced by co-treatment with a MC stabilizer (cromolyn), suggesting 

a role for local (meningeal) MCs (Yaksh et al., 2013a).

MCs are key effector cells in a variety of inflammatory processes (Theoharides and 

Cochrane, 2004) and their activation has been shown to play an important role in a range 

of pathologies, including skin (Asero et al., 2017), pulmonary components in allergic 

response (Kubo, 2017), atherosclerosis (Conti et al., 2017) and pain (Kaur et al., 2017). 

MC degranulation leads to the secretion of a large number of biologically active products, 

including amines, cytokines and peptidases (Vukman et al., 2017). While MCs can be 

activated by allergens that bind to IgE attached to the FcεRI receptor (Amin, 2012), it is also 

clear that such activation can be achieved by nonallergic stimuli, including a variety of drugs 

(Bischoff, 2007). It is known that certain opiates, such as morphine, but not others, such 

as fentanil, degranulate MCs and produce local vasodilation in a manner not reversed by 

naloxone (Levy et al., 1989; Barke and Hough, 1993; Blunk et al., 2004). This association is 

provocative as it suggests that, to the degree an agent yields a flare after intradermal delivery 

or evokes MC degranulation, it may be more likely to result in an intrathecal mass after 

intrathecal infusion.
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In the present study we systematically examined the effects of agents delivered intradermally 

on canine cutaneous flare and on the degranulation of human primary skin MCs as measured 

by the release of ß-hexosaminidase (Fukuishi et al., 2014). Three classes of agents were 

examined: i) commonly used intrathecal opioids, ii) sodium and calcium channel blockers 

and iii) a variety of agents that have been employed for spinal delivery in preclinical and 

clinical subjects.

2. Materials and methods

All studies involving animals were accomplished under protocols approved by the 

Institutional Animal Care and Use Committee of the University of California, San Diego 

(UCSD). Human MCs were obtained under protocols approved by the UCSD human studies 

Institutional Review Board.

2.1. Dog cutaneous flare

2.1.1. Animals—Male beagle dogs (Ridglan Farms Inc., Mt. Horeb, WI, or equivalent), 

12–16 months of age and weighing approximately 9–16 kg, were housed individually in 

runs with wood shavings and given ad libitum access to food and water. For the study, 

dogs received atropine (0.04 mg/kg, IM) prior to anesthesia induced with propofol (5 

μg kg−1 min−1). Animals were intubated and anesthesia maintained under spontaneous 

ventilation with 1.0–2.0% isoflurane and 60% N20/40% O2 (approximate values). Animals 

were continuously monitored during anesthesia for oxygen saturation, inspired and end tidal 

values of isoflurane, CO2, N2O and oxygen, and heart and respiratory rates. Animals were 

placed in dorsal recumbency and body temperature was maintained with an underbody 

heating pad. The chest and upper abdomen were clipped and surgically prepped.

2.1.2. Drug delivery protocol—Injection sites on the chest and abdomen were lightly 

marked with ink. Intradermal injections on the chest and upper abdomen were performed 

with single use sterile 30 ga/0.5 mL insulin syringes. Two rows of 9 or 10 injections each in 

a volume of 50 μL were made (cranial to caudal), lateral to the midline at time 0. Resulting 

skin flares were measured at time 0, 10 and 30 min post-injection without knowledge of 

injectate. After completion of the study sequence, subcutaneous lactated Ringers solution 

(100–300 mL) was given and animals were recovered.

2.1.3. Drug delivery sequences—Each study drug was examined at three 

concentrations in each of 4–5 animals. In each study with each animal, up to 5 different 

agents were randomly assigned to be delivered along with a vehicle injection (saline) and 

a positive control (compound 48/80). Drugs and concentrations delivered are shown in 

Table 1. Sodium chloride (0.9%) was the vehicle for all drugs. In separate experiments, the 

effects of the MC stabilizer cromolyn (10 mg/kg, IM) were examined to assess the role of 

MC degranulation in the observed flare. Selection of the 10 mg/kg dose was based on a 

preliminary dose-ranging study in which a dose-dependent block was observed at 7.5, 10 

and 15 mg/kg IM. The administration of 7.5 mg/kg produced a partial block of compound 

48/80 (1 mg/mL) induced flare (Yaksh et al., 2013a), while 10 mg/kg resulted in a near 

complete block of flare; the 15 mg/kg dose resulted in emesis. To determine the role of 
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the opioid receptor in the observed flare effects, animals were pretreated with the opioid 

antagonist naltrexone (1 mg/kg, IM) given 30 min prior to intradermal injection of the 

highest concentrations of test articles employed. This dose of naltrexone was chosen given 

previous work showing that this systemic dose would prevent the robust analgesic effects of 

intrathecal morphine in the dog (Yaksh et al., 2013a).

2.1.4. Assessment of flare response—Flare areas (A) were calculated in square 

millimeters as an oval (A = 3.14 a * b, where a = half-length of long axis and b = half-length 

of short axis). This procedure was repeated at sites not recognized as being previously 

injected up to 6 times for each animal with a minimum of 5 days for recovery between 

injections. This protocol was similar to those previously described to assess flare in dogs 

(Becker et al., 1985; Rubinstein et al., 1990; Kirshenbaum and Metcalfe, 2006; Yaksh et al., 

2013a). Data for analysis are presented as scattergrams with the mean and standard deviation 

(SD).

2.2. Human mast cell culture

2.2.1. Culture system—To assess drug effects upon human mast cell (hMC) 

degranulation, primary human mast cells were derived from human umbilical cord blood 

positive for CD34+ and CD45+ antigens (Astarte Biologics) (Kirshenbaum and Metcalfe, 

2006). Briefly, CD34+ CD45+ cells were cultured in serum-free culture media (Stemline 

II, Sigma) containing recombinant human stem cell factor (100 ng/mL, R&D Systems), 

recombinant human IL-6 (100 ng/mL, R&D Systems), and recombinant human IL-3 (20 

ng/mL, R&D Systems, first week only). After 10 weeks, hMCs were consistently generated 

as confirmed by the expression of CD117 and FcεRI. Cell maturation was confirmed by 

metachromatic staining with toluidine blue. The purity of hMCs was > 98%.

2.2.2. Degranulation studies—MC degranulation was assessed by measuring the 

activity of ß-hexosaminidase in the supernatants (Schwartz et al., 1979; Schick and Austen, 

1989; Suzuki and Verma, 2008) of 4 × 104 human MCs in 100 μl saline phosphate 

buffer (0.9% NaCl, 10 mM NaH2PO4, 45 mM glucose) incubated for 2 h with different 

drugs. For each sample assayed, supernatant aliquots (20 μl) were mixed with substrate 

solution (100 μl), which consisted of 1 mM 4-methylumbelliferyl-2-acetamide-2-deoxy-

β-D-glucopyranoside (Calbiochem) in 0.1 M sodium citrate buffer (pH 4.5), and were 

incubated for 2 h at 37 °C. The reaction was then stopped by the addition of 12 μl of 0.2 

M glycine (pH 10.7). The reaction mixtures were excited at 365 nm and measured at 460 

nm in a fluorescence plate reader (Gemini EM microplate spectrofluorometer, Molecular 

Devices). To determine the total cellular content of this enzyme, an equivalent number of 

cells were lysed with 1% triton-X-100 (Sigma). Release of ß-hexosaminidase was calculated 

as the percentage of the total enzyme content. Compound 48/80 was used to promote MC 

degranulation in an IgE-independent way. Exposure of hMCs to compound 48/80 (15 μM) 

resulted in an increase in MC degranulation as measured by increases in the fraction of 

releasable ß-hexoseaminidase in the media, which was linearly related to the number of 

hMCs in the wells. Based on these initial studies, subsequent release studies were typically 

carried out with 4 × 104 cells/well. In any given run, the individual data are presented as 

the % of the maximum possible effect where the concentrations of ß–hexosaminidase are 
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normalized by the following formula: (Release with drug – PBS release)/48/80 release – 

PBS release) × 100.

2.3. Drugs

The agents employed, their source and the concentrations examined are given in Table 1.

2.4. Statistical analysis

For the cutaneous flare and hMC degranulation, comparisons were made across treatments 

using one-way ANOVA with post hoc comparison to the saline (vehicle control) group 

using the Dunnett multiple comparison test. For specific post hoc comparisons between 

the flare-inducing agent alone and with a co-treatment, multiple two-tailed t-tests were 

performed, with a Bonferroni correction for alpha buildup performed for each set of tests. 

The GraphPad Prism software package (v.4.0c for Mac OS X; GraphPad Software Inc., La 

Jolla, CA) was used for all analyses.

3. Results

3.1. Intradermal flare studies

All dogs thrived throughout the study series. Anesthetic sessions and recoveries were 

uneventful. Some test sessions resulted in a slow anesthetic recovery, as when high 

concentrations of opioid test articles were given. Animals receiving neostigmine displayed 

muscle fasciculations while under anesthesia and during anesthetic recovery, again, likely 

reflecting a systemic effect generated by the highest concentration. Injection sites were 

normal by the following day. ST-91 at 10 mg/mL produced a local superficial necrosis at 

the injection site. That concentration was considered intolerable and lower concentrations (1 

mg/mL or less) were employed thereafter.

3.1.1. Compound 48/80—Intradermal injections of kcompound 48/80 (1 mg/mL) but 

not saline vehicle resulted in a significant flare. This effect was prevented by pretreatment 

with cromolyn 10 mg/kg IM (Fig. 1A, Supplementary Fig. 1B).

3.1.2. Opioids—Intradermal injection of morphine (Fig. 1B), hydromorphone (Fig. 

1C), methadone (Fig. 1D) or morphine metabolites morphine-6-glucuronide (Fig. 1G) 

and morphine-3-glucuronide (Fig. 1H) resulted in a significant concentration-dependent 

skin flare 30 min after injection. Neither fentanil (Fig. 1E) nor alfentanil (Fig. 1F) were 

different from their respective saline controls. The rank order of flare size observed at the 

highest concentrations employed was: morphine (10 mg/mL), hydromorphone (10 mg/mL), 

methadone (10 mg/mL), morphine-3-glucronide (4 mg/mL), morphine-6-glucuronide (10 

mg/mL) > fentanyl (2 mg/mL), alfentanil (20 mg/mL).

3.1.3. Non-opioid analgesics—Intradermal injection of non-opioid analgesics, 

including the alpha 2 adrenergic agonists clonidine (Fig. 2A), tizanidine (Fig. 2B), ST-91 

(Fig. 2C) and ST-91 at 10 mg/mL produced only a modest flare. The ST-91 effect resulted in 

an acute whitening of the skin at the injection site suggestive of a local vasoconstriction. At 
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the highest doses these skin sites displayed a local ulceration over the next 24 h that healed 

completely during the following 4–7 days.

Other agents used intrathecally such as adenosine (Fig. 3A) and neostigmine (Fig. 3B) 

resulted in a significant flare as compared to saline control at 30 min post-injection. In 

contrast, neither baclofen (Fig. 3C) nor gabapentin (Fig. 3D), at the highest concentrations 

employed, had any effect as compared to the vehicle control (Fig. 4).

3.1.4. Channel blockers—Intradermal injection of the channel blockers ziconotide, 

ketamine, MK-801, bupivacaine and lidocaine (Fig. 5) resulted in a significant flare as 

compared to saline control at 30 min post-injection.

3.2. Antagonists

3.2.1. Cromolyn—Following acquisition of the concentration response curves of the 

analgesic agents, the MC stabilizer cromolyn (10 mg/kg, IM) was given 30 min prior 

to intradermal injection at the highest concentrations of test article employed. As shown 

in Figs. 1-3, cromolyn pretreatment produced a significant decrease in flare size as 

compared to the agent alone for compound 48/80, morphine, hydromorphone, morphine-3-

glucuronide, ST-91, ziconotide, and ketamine, or the agent in the presence of cromolyn 

failed to produce a significant increase in flare relative to vehicle control (morphine-6-

glucuronide, clonidine, tizanidine, neostigmine, MK-801). In contrast, the flares produced 

by adenosine, bupivacaine and lidocaine were not altered in the presence of cromolyn.

3.3. Naloxone

The opioid antagonist naloxone (1 mg/kg, IM) was given 30 min prior to intradermal 

injection of compound 48/80 (Fig. 1A), morphine (Fig. 1B) or hydromorphone (Fig. 1C). As 

indicated, naloxone at this dose failed to alter the flare following any of these compounds.

3.4. Human MC degramilation

3.4.1. Compound 48/80—Exposure of hMCs to compound 48/80 (10−2 to 102 

μM) resulted in a concentration-dependent increase in the fraction of releasable β-

hexoseaminidase in the culture media (Fig. 4A). Based on these initial concentration-

response studies, subsequent studies employed 1 μM compound 48/80, which released 

approximately 50% of the total pool of β-hexoseaminidase released by detergent treatment.

3.4.2. Opioids—Exposure of hMCs to mu opioids (morphine, hydromorphone) resulted 

in a robust concentration-dependent increase in MC degranulation as compared to vehicle 

(PBS). Morphine-3-glucuronide and morphine-6-glucuronide at the single concentration (10 

μM) tested also resulted in a significant release. In contrast, neither fentanyl nor alfentanil 

had any effect at the highest concentration employed (Fig. 4B). Methadone was not studied 

in the hMC preparation.

3.4.3. Non-opioid analgesics—Exposure of hMCs to alpha 2 agonists clonidine, 

tizanidine, and ST-91, the GABAB agonist baclofen, the AChase inhibitor neostigmine, 
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adenosine, and the a2∂ ligand gabapentin at the highest concentrations examined resulted in 

MC degranulation as compared to vehicle (PBS) (Fig. 4C).

3.4.4. Channel blockers—Exposure of hMCs to the voltage-gated sodium channel 

blockers lidocaine and bupivacaine, the NMDA antagonists MK-801 and ketamine and a 

voltage-gated N-type Ca channel blocker ziconotide at the highest concentrations examined 

resulted in MC degranulation as compared to vehicle (PBS) (Fig. 4D).

3.5. Relative activity—The rank order of flare produced at the highest dose of each 

drug was plotted against the rank order of hMC β-hexoseaminidase releasing effects at the 

highest concentration (10 μM) examined (Fig. 5). Regression analysis revealed a high and 

statistically significant correlation coefficient (r2 = 0.673).

4. Discussion

In the present studies, molecules that have been shown to have a spinal action altering pain 

or spasticity were examined for 1) their cromolyn-sensitive flare response after intradermal 

delivery and 2) the degranulation of hMC cultures. The outcomes of the in vivo in 

combination with in vitro experiments suggest a clear effect mediated by MCs. Importantly, 

the relative efficacy in producing cutaneous flare showed a significant covariance with 

the potency of these agents in degranulating human MCs (CD34+ CD45+) derived from 

umbilical cord blood. Among these agents were morphine, hydromorphone, methadone 

and the morphine 3/6 glucuronides. This profile of opioid-evoked degranulation has been 

reported by others (Rosow et al., 1982; Tharp et al., 1987; Marone et al., 1993). Other 

agents producing flare and hMC degranulation were ketamine, neostigmine and ST-91. 

Ketamine and MK-801 (NMDA antagonists) both evoked small cromolyn-reversed mild 

flares that were prevented with cromolyn pretreatment; ketamine, but not MK-801, showed 

a significant effect upon hMC degranulation. Given the lack of an effect of MK-801, these 

data do not support a role for NMDA antagonism in mediating the flare and degranulating 

effects of ketamine. Previous work has shown that ketamine will evoke histamine release 

(Marone et al., 1993) and will produce local dilation in the mesenteric circulation ((Brookes 

et al., 2002) but see (Brookes et al., 2004)). Lidocaine and bupivacaine both produced 

small flares that were cromolyn-insensitive and did not result in hMC degranulation. Local 

anesthetics have typically been shown to block evoked release from MCs (Yanagi et al., 

1996), while others have shown a reduction of MCs at wound sites (Rodrigues et al., 2011) 

and some to apparently evoke release (Yanagi et al., 1997; Tufek et al., 2013). Ziconotide 

displayed a potent cromolyn-reversed flare and hMC degranulation. Previous work has 

shown that systemic ziconotide yields a MC-mediated hypotension (Bowersox et al., 1992) 

and blocked nerve stimulation-evoked vasoconstriction (Wright et al., 2000). ST-91 is a 

polar analogue of the alpha 2 agonist clonidine that resulted in a cromolyn-sensitive flare. 

This agent also resulted in a local whitening around the injection site suggestive of local 

vasoconstriction. The alpha2-adrenergic agonists clonidine and tizanidine displayed mild 

flare effects, but little or no effect upon release from hMCs. Previous work showed that 

clonidine, by an alpha2 adrenoceptor, dose-dependently suppressed the wheal and flare 

reaction initiated by albumin (Lindgren et al., 1987). Adenosine resulted in a potent flare 

response that was cromolyn-insensitive and resulted in a potent release from hMC. It 
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has been shown that adenosine, through an A3 receptor, can activate MCs (Ramkumar 

et al., 1993), while acting through other adenosine receptors, notably the A2a receptor, 

will produce potent dilation, suggesting that in the present case, the direct vasodilatory 

effect likely obscured the dilation secondary to MC degranulation (Layland et al., 2014). 

Importantly, a number of agents had no effect on flare or hMC degranulation. These 

included the opioids alfentanil and fentanyl, the alpha 2 delta-targeted agent gabapentin 

and the GABAB agonist and antispasticity agent baclofen.

4.1. Mechanisms of MC activation

The mechanisms whereby MC degranulation may be initiated include i) activation of high-

affinity receptors for the Fc region of IgE, through specific receptors (Borriello et al., 2014); 

ii) a receptor-dependent interaction with binding sites mediated by cationic charges of 

some molecules which act as receptor mimetic agents to trigger MCs through Gi/o-coupled 

receptors activating phospholipase C and intracellular calcium mobilization (Veien et al., 

2000; Solinski et al., 2014; Yu et al., 2016). Such signaling pathways have been shown 

for morphine in MCs (Klinker and Seifert, 1997), The so-called MC stabilizers such as 

cromolyn may act by preventing this G-protein activation (Klinker and Seifert, 1997). 

A number of receptors may be activated by charged molecules and initiate downstream 

signaling through a Gi/o coupling mediated by phospholipase C. Two such cationic-sensitive 

families are the Mas-related, gen-like receptors (MrgX) and the formyl receptors on MCs 

(Gupta et al., 2015; McNeil et al., 2015; Subramanian et al., 2016). In spite of interest 

in these G-protein-coupled MC-degranulating receptors, Additional work is required to 

determine what role these specific receptors play in the degranulating process initiated by 

various intrathecal agents.

While the specific mechanisms leading to MC degranulation remain to be determined, an 

important issue was the assessment of the role played by opioid receptors on degranulation 

and flare. Several lines of evidence specifically argue against a role for a classical opioid 

receptor activation. i) Flare was produced by morphine, hydromorphone, methadone and 

morphine-6-glucuronide, but not by fentanyl or alfentanil, which are potent mu opioid 

agonists; ii) the effects of several opioids on MC degranulation produced by morphine 

and hydromorphone were not reversed or prevented by naloxone pretreatment. These 

observations argue that these opioid effects were not mediated by a classical opioid receptor. 

This profile of opioid-evoked degranulation has been reported by others (Rosow et al., 1982; 

Tharp et al., 1987; Marone et al., 1993).

4.2. Consequences of opioid-induced MC degranulation

MCs play a pervasive role in inflammation. Thus, their degranulation: i) releases 

vasodilators (histamine and serotonin) leading to local flare and hypotension (Muldoon 

et al., 1987; Levy et al., 1989; Barke and Hough, 1993; Treuren et al., 1993; Blunk et 

al., 2004), ii) increases vascular permeability (tumor necrosis factor: TNF, tryptase and 

chymase) (King and Miller, 1984; Scudamore et al., 1995); and iii) enhances fibroblast 

proliferation, chemotaxis and collagen synthesis (Gruber et al., 1997; Garbuzenko et 

al., 2002; Kohyama et al., 2010). As opiate molecules such as morphine can robustly 

degranulate MCs, such effects may play a role in a variety of opiate-initiated pathologies 
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in different organ systems. Thus, in lung, MC tryptase induces fibroblast proliferation via 

activation of PAR-2. In kidney, morphine increased proliferation of fibroblasts (Singhal et 

al., 1998), which may account for its proposed role in renal interstitial fibrosis. In skin, MC 

deficient mice or the inhibition of MC degranulation reduces fibrocyte response and fibrosis 

(Thevenot et al., 2011; Avula et al., 2014), thus leading to a decrease in scar formation in 

skin wound healing (Chen et al., 2014).

Another important area has been the potential role of meningeal MC degranulation on 

the formation of intrathecal granulomas in human and animal models receiving chronic 

intrathecal delivery of several opioids (Allen et al., 2006a; Allen et al., 2006b; Yaksh 

et al., 2013a). It has been hypothesized that, as cited above, in skin, lung and kidney, 

opioid-induced degranulation of MCs may lead to fibroblast proliferation and collagen 

secretion forming a space-occupying mass (Yaksh et al., 2013a; Eddinger et al., 2016). 

The present studies suggest that agents known to result in granulomas, such as morphine, 

hydromorphone and methadone, have a greater likelihood of producing granulomas than 

agents such as fentanyl and alfentanil, which do not produce MC degranulation (Eddinger 

et al., 2016; Deer et al., 2017a; Deer et al., 2017b). Thus, as noted in the data summary 

in Table 2 that reflects a summary of data from a variety published studies, the morphine 

concentration delivered by chronic infusion employed in dog to produce maximum increases 

in thermal escape latency is around 1.0 mg/mL (Allen et al., 2006a). In the canine model, 

granulomas were observed at infusion concentrations as low as 1–2 mg/mL, while 12 

mg/mL in the canine model is considered to result in virtually a 100% incidence (Yaksh et 

al., 2003; Yaksh et al., 2013a). These infusion concentrations in the 10–15 kg canine model 

result in lumbar cerebrospinal fluid (CSF) morphine concentrations corresponding to 6 and 

42 μg/mL, respectively (Allen et al., 2006b). In humans, the analgesic dose of intrathecal 

morphine varies widely with infusion concentrations of 1 to 2 mg/mL being employed; 

Infumorph®, a commonly used FDA-approved injectable morphine for intrathecal infusion, 

is available at concentrations of 10 and 25 mg/mL. The relationship of dose to incidence 

of granuloma varies widely (Coffey and Burchiel, 2002; Yaksh et al., 2002; Deer et 

al., 2012; Deer et al., 2017a), but it is generally conceded that the incidence rises with 

infusion concentrations and time. Consensus statements have indicated that the maximum 

recommended morphine concentration should be 20 mg/mL (Deer et al., 2017a). In lumbar 

CSF sampling studies of patients receiving continuous intrathecal morphine, this infusion 

concentration has been shown to produce lumbar CSF morphine concentrations of 20–30 

μg/mL (61–91 μM). We note that morphine produced a significant flare at concentrations 

of 0.1 mg/mL (300 μM) in the cutaneous canine model. In vitro studies on canine 

meninges displayed significant histamine release at morphine concentrations of 100 μM. 

These numbers, while reflecting a variety of assumptions, converge on the conclusion that 

morphine at analgesic concentrations in the dog and human may approach concentrations 

that yield cutaneous cromolyn-sensitive flares produced by MC degranulation. We would 

contrast this with a similar analysis of ziconotide. This highly charged peptide is a potent 

MC degranulating agent. However, ziconotide has not been shown to initiate pathology in 

canine models at doses as high as 0.06 mg/h (23 nmol) (Skov et al., 2007). The analgesic 

dose as measured by thermal escape in dog is < 1 μg/h (0.38 nmol/h) (Yaksh et al., 

2012), producing lumbar CSF concentrations of approximately 0.15 nmol/mL while the 
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human analgesic dose is reported to be approximately 0.125–0.21 μg/h (0.05–0.08 nmol/h) 

(Wermeling et al., 2003; Deer et al., 2017a). Sampling of CSF after infusion of 5 μg/h of 

ziconotide in humans revealed peak CSF concentrations of approximately 400 ng/mL (0.15 

nmol/mL) (Wermeling et al., 2003). As noted in the present study, the canine flare-inducing 

concentration for ziconotide is 20 μg/mL (7.5 nM). These approximations support the 

useful hypothesis that analgesic concentrations less than those required to produce MC 

degranulation will reduce the likelihood of an intrathecal mass formation.

5. Conclusions

These results support the hypothesis that a variety of analgesic agents will yield 

degranulation of MCs and cromolyn-sensitive dermal flares. For the opioids these effects 

are independent of an opioid receptor. Importantly, these data suggest that after intrathecal 

delivery, analgesic concentrations less than those required to produce MC degranulation 

have a diminished risk of intrathecal granuloma formation in dogs and humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Abbreviations

A Area

hMC human mast cells

ID intradermal

IL interleukin

IM intramuscular

IT intrathecal

IV intravenous

MrgX Mas-related, gen-like receptors

NMDA n-methyl D-aspartate

PAR proteinase activated receptors

PBS phosphate buffered saline
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Fig. 1. 
Scattergrams showing mean ± SD of effects of intradermal (ID) agents on the flare response 

(mm2) in dog at 30 min after ID injection. A: Flare produced by intradermal (ID) vehicle 

or 48/80 either with Saline (Sal) control, cromolyn (CRO: 10 mg/kg) or naloxone (NAL: 

1 mg/kg). Flare produced by ID drug given alone or after intramuscular (IM) CRO (10 

mg/kg) or IM NAL (1 mg/kg) for B: morphine; C: hydromorphone; D: methadone given 

alone or after IM CRO (10 mg/kg); E: fentanyl; F: Alfentanil; G: morphine-6-glucuronide 

(M6-Gluc); H: morphine-3-glucuronide (M3-Gluc). Dashed line and dotted line indicate the 

mean response to ID compound 48/80 (1 mg/mL) or saline (Sal), respectively. One-way 

ANOVA, followed by Dunnett's Multiple Comparison vs. saline. *: p < 0.05: **: p < 0.01: 

***: p < 0.001: ****: p < 0.0001.

Schmidt-Rondon et al. Page 16

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2023 January 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 2. 
Scattergrams showing the mean ± SD of effects of intradermal (ID) agents on the flare 

response (mm2) in the dog at 30 min after ID injection of drug given alone or after 

intramuscular (IM) CRO (10 mg/kg). A: Clonidine; B: Tizanidine; C: ST-91; D: Lidocaine; 

E: Bupivacaine or F: Ziconotide. Dashed line and dotted line indicate the mean response to 

ID compound 48/80 (1 mg/mL) or saline (Sal), respectively. One-way ANOVA, followed by 

Dunnett's Multiple Comparison vs. saline. *: p < 0.05; **: p < 0.01; ***: p < 0.001; ****: p 

< 0.0001.
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Fig. 3. 
Scattergrams showing the mean ± SD of effects of intradermal (ID) agents on the flare 

response (mm2) in the dog at 30 min after ID injection of drug given alone or after 

intramuscular (IM) CRO (10 mg/kg). A: Adenosine; B: Neostigmine; C: Baclofen; D: 

Gabapentin; E: Ketamine or F: MK-801. Dashed line and dotted line indicate the mean 

response to ID compound 48/80 (1 mg/mL) or saline (Sal), respectively. One-way ANOVA, 

followed by Dunnett's Multiple Comparison vs. saline. *: p < 0.05; **: p < 0.01; ***: p < 

0.001; ****: p < 0.0001.
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Fig. 4. 
A: Scattergrams showing concentration-effect line for 48/80 plotting the ß-hexoseamindiase 

release in human mast cell (hMC) cultures evoked by 48/80, where release is expressed 

as a percent of the total release produced by Triton X vs. log 48/80 concentrations. The 

release of ß-hexoseamindiase in hMC produced by B: Opiates; C: non-opioid analgesics; D: 

NMDA and voltage gated sodium and calcium channel antagonists. Release is expressed as 

the percent of the maximum possible effect (%MPE), where MPE is the drug-evoked release 

by PBS divided by the difference between the release-evoked 48/80 and PBS. One-way 

ANOVA with post hoc comparisons performed with Dunnett's. *: p < 0.05 compared with 

release evoked by PBS and #: p < 0.05 for release as compared to 48/80.
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Fig. 5. 
The in vivo and ex vivo effects of these drugs was plotted in rank order of flare (1 

lowest to 20 highest) produced at the highest dose examined versus the rank order of 

hMC ß-hexoseaminidase releasing effects (1 lowest to 20 highest) of the highest high 

concentration (10 μM) examined. Regression analysis revealed a high and statistically 

significant correlation coefficient (r2 = 0.673).
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