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Abstract

Objectives: DMT-DALDA (H-Dmt-D-Arg-Phe-Lys-NH2; Dmt=2",6’-dimethyltyrosine) is a
selective mu opioid agonist. We sought to characterize efficacy, tolerance, dependence and side
effect profile when given by continuous intrathecal infusion.

Methods: Adult male Sprague Dawley rats were prepared with chronic intrathecal catheters and
osmotic mini-pumps to deliver vehicle (saline), DMT-DALDA or morphine. Hind paw thermal
escape latencies were assessed. In addition, effects upon intraplantar formalin-evoked flinching
and withdrawal after 14 days of infusion were examined. The flare response after intradermal
delivery was examined in the canine model.

Results: i) Intrathecal infusion of 0.3-30 pmol/ul/h of DMT-DALDA or 37.5 nmol/uL/h of
morphine over 7 or 14 days resulted in a dose-dependent increase in thermal escape latency. The
maximum antinociceptive effect was observed between 1 and 4 days after start of infusion with
preserved cornea, blink, placing and stepping. By days 12—14, response latencies were below
baseline. ii) On days 2—4 of DMT DALDA infusion, the pan opioid receptor antagonist naloxone,
but not the delta-preferring antagonist naltrindole, antagonized the analgesic effects. iii)
Assessment of formalin flinching on day 1 following IT DMT-DALDA Infusion showed

Corresponding Author: Tony L. Yaksh, Ph.D. Department of Anesthesiology 0818, University of California, San Diego, 9500 Gilman

Drive, San Diego, CA 92093-0818; Telephone: (619) 543-3597; tyaksh@ucsd.edu.
Authorship statement:
Drs. Kokubu and Yaksh participated in the research design. Drs. Kokubu and Huerta-Esquivel and Ms. Eddinger conducted the

experiments. Dr. Schiller contributed new reagents or analytic tools. Drs. Kokubu, Yaksh, Huerta-Esquiel and Ms. Eddinger performed

the data analysis. Drs. Kokubu, Schiller, Yaksh and Yamaguchi wrote or contributed to the writing of the manuscript. The

Corresponding Author confirms the accuracy of the manuscript and that the manuscript contains original work. All authors have made

substantial contributions.

Conflict of Interest statement: Peter Schiller has a patent related to this molecule; no other authors have any conflicts of interest to
disclose.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kokubu et al. Page 2

significant analgesia in phases 1 and 2. On day 6 of infusion there was minimal effect, while on
day 13, there was an increase in flinching). iv) On days 7 and 14 of infusion naloxone resulted in
prominent withdrawal signs indicating dependence and withdrawal. v) Intradermal morphine and
DMT DALDA both yield a naltrexone-insensitive, cromolyn-sensitive flare in the canine model at
similar concentrations.

Conclusions: These data suggest that DMT-DALDA is a potent, spinally active agonist with a
propensity to produce tolerance dependence and mast cell degranulation. While it was equiactive
to morphine in producing mast cell degranulation, it was >1000 fold more potent in producing
analgesia, suggesting a possible lower risk in producing a spinal mass at equianalgesic doses.

Keywords

Intrathecal infusion; DMT1-DALDA; mu opioid receptor; tolerance; dependence; withdrawal;
formalin flinching

INTRODUCTION

The intrathecal delivery of mu opioid agonists can produce a potent and selective analgesia
in animal models and human patients. This spinal effect reflects the presynaptic location of
mu opioid receptors on small nociceptive primary afferents, which by blocking voltage gated
calcium channels prevents transmitter release from those afferents [1-3]. In companion work
we systematically examined the antinociceptive effects of the bolus delivery of a family of
peptides built on the endogenous mu opioid peptide: dermorphin. In this allied work we
observed that one of the analogues, DMT-DALDA (H-Dmt-D-Arg-Phe-Lys-NH,), which
displays a high affinity at the mu receptor (Kiu = 0.143 65 nM) and high receptor selectivity
for mu vs. delta and kappa opioid receptors (K;®/K;*> 10,000 and K;*/K;*> 100) [4], and an
extraordinary potency in blocking a spinal reflex (the tail-flick) [5], hind paw withdrawal to
a thermal stimulus and a reduction in formalin-evoked flinching [6] after bolus IT
administration.

Of interest, several of these peptides carry a net positive charge at physiological pH and are
thus very hydrophilic, which suggests a long residency time in the intrathecal space, a
property supporting an extended duration of action after intrathecal delivery. Indeed,
following bolus delivery of equiactive doses, durations of action comparable to morphine
were observed [6, 7]. To further characterize, the spinal actions of DMT-DALDA and, for
comparison, morphine, we undertook the following studies: i) systematic time and
concentration-effect curves for chronically infused intrathecal DMT-DALDA/morphine; ii)
receptor pharmacology of spinally infused DMT-DALDA/morphine using naloxone (a pan-
opiate antagonist) and naltrindole (a delta receptor preferring antagonist) and iii) examining
the ability of DMT DALDa and morphine to produce mast cell degranulation, a mechanism
proposed to mediate the opiate receptor independent generation of an intrathecal mass using
the naltrexone insensitive, cutaneous flare observed after intradermal delivery [8].
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MATERIALS AND METHODS

Rat Studies.

Animal care was in accordance with the Guide for the Care and Use of Laboratory Animals
(National Institutes of Health publication 85-23, Bethesda, MD) and as approved by the
institutional Animal Care and Use Committee of the University of California, San Diego,
CA.

Animals.—Male, Sprague-Dawley rats (225-300 g; Harlan Indianapolis, IN) were
individually housed in standard cages and maintained on a 12-hour light/dark cycle (lights
on at 7 AM). Testing occurred during the light cycle. Food and water were available ad
libitum.

Surgical Preparation.—The rats were implanted with intrathecal catheters connected to
subcutaneous osmotic mini-pumps (Alzet®) for continuous drug delivery, as described
previously [9]. In the current work, rats were anesthetized by induction with 4% isoflurane
in a room air/oxygen mixture (1:1), the anesthesia was maintained with 2% isoflurane
delivery by mask, and the animal placed in a head holder. The cisternal membrane was
exposed through a midline incision and a catheter passed into the intrathecal space to the
level of the L2-L3 spinal segments (8.5 cm). The catheter was externalized on the top of the
head. Rats were given carprofen (5 mg/kg, in lactated Ringer’s solution) subcutaneously and
allowed to recover under a heat lamp. Preloaded mini-pumps were inserted subcutaneously
on the lateral neck and connected to the spinal catheters preloaded with saline. Catheters
were constructed from two pieces of medical-grade polyethylene tubing fitted with an
additional length of polyethylene to connect to the pumps. The implanted portion (0.20 mm
ID x 0.36 mm OD; Scientific Commaodities, Inc., USA, #BB31695-polyethylene/08) was
heat-fused to the externalized portion (0.28 mm ID x 0.64 mm OD; Scientific Commaodities,
Inc., #BB31695-polyethylene/1). For connection to pumps, the externalized portion of the
catheter was then heat-fused to an additional length of polyethylene tubing (0.76 mm ID x
1.22 mm OD; Scientific Commodities, Inc., #BB31695-polyethylene/4). Catheters were
packaged and sterilized by ethylene oxide before use.

Drugs and Chemicals.—DMT-DALDA (MW=981) was synthesized as previously
described [4, 10]: Morphine2S0O4 (MW=759) was obtained from Merck Pharmaceuticals
(Rahway, NJ). Naloxone hydrochloride and naltrindole were obtained from Sigma Chemical
(St. Louis, MQ). Isoflurane was purchased from VETone (Meridian, I1D).

Behavioral Testing—On day 0, animals prepared with catheters were randomly selected
for study. Before initiation of drug delivery, baseline behavioral and testing data were taken.
At selected times after infusion of the test or control article, these data were again collected.
All assessments were made with observer blinded as to the drug being delivered. Animals
were euthanized upon completion of the final test period.

General Functional Evaluation.—These studies were not targeted at defining the side
effect profile of the intrathecally delivered drugs except in so far as it would impact upon the
ability to display the appropriate behavioral response in nociceptive assessment.
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Accordingly, end points included: i) absence of spontaneous activity in the test environment
(otherwise evoked by a hand clap) [11], ii) changes in motor function as evidenced by
presence of a Straub (stiff) tail, and iii) presence of severe hind limb dysfunction as defined
by loss of hind paw placing and stepping reflex, loss of weight bearing and/or failure of
symmetrical ambulatory patterns.

Acute Thermal Escape Thresholds.—A Hargreaves type hind paw thermal stimulator
system was employed [12], constructed in the engineering lab in the Department of
Anesthesiology at the University of California, San Diego (how constructed by Torrey Pines
Instruments, San Diego, CA). This system allowed the direction of a focused light beam on
the plantar surface of the paw, through a glass plate upon which the rat stood. Surface
temperature was maintained at 30°C. Rats were placed in individual Plexiglas chambers on
the thermal escape surface and allowed to acclimate for 30 min before testing. A brisk
withdrawal of the paw after the initiation of the thermal stimulus was taken as the response.
Lack of a response within 20 sec was cause to terminate the test and assign the score of “20
sec”. Latency measurements were taken for the right and left hind paws and averaged.
Measurements were then made at various time points after drug administration. Each time
point signifies the time at which the hind paws were tested. Unless otherwise stated, animals
were assessed for thermal escape latencies at baseline and again periodically after initiation
of infusion.

Formalin-Induced Flinching.—Animals were allowed to acclimate in individual
Plexiglas chambers for 30 minutes before experimental manipulation and a soft metal band
was placed around the hind paw being injected. Flinching was evoked by a unilateral
subcutaneous injection of formalin (2.5%, 50 pl) into the dorsal paw. Flinching of the
injected paw was quantified by a device which detected the flinching movement of the paw
with the metal band (constructed in the engineering lab in the Department of Anesthesiology
at the University of California, San Diego; now constructed by Torrey Pines Instruments,
San Diego, CA) [13].

Flinches were counted in 1-minute intervals for 60 minutes and analyzed as cumulative
flinch count during phase 1 (0—10 min) and phase 2 (11-60 min).

Assessment of Withdrawal Profile.—To quantify the magnitude of the withdrawal
syndrome, each animal was scored for the presence or absence of 6 withdrawal signs during
the 15-min interval after the injection of the antagonist: diarrhea (passage of boli); agitation
(increased spontaneous activity in cage); wet dog shakes/shivering/piloerection; salivation
(wetness around muzzle); vocalization (spontaneous squeaking); chromodachyorrhea
(porphyrin around orbits). For analysis each observation was scored as 1 for a maximum
score of 6 [14].

Rat Study Paradigm.—Dose response curve: Groups of animals were prepared with
intrathecal catheters and pumps (Alzet® 2001) preloaded to deliver saline (\Vehicle); or
DMT-DALDA 0.3, 1, 3 or 10 pmol/uL/hour. Each animal was periodically examined over
the next 7 days for their thermal escape latency.
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Formalin evoked flinching study: Groups of animals were prepared with intrathecal catheters
and pumps (Alzet 2002) preloaded to deliver saline (\ehicle); or DMT-DALDA (10 pmol/
pL/hour). Flinching was then examined, respectively, after 1, 6 or 13 days of infusion.

Antagonists and withdrawal syndrome study: To quantify the magnitude of dependence and
withdrawal syndrome, groups of rats were infused for 14 days with intrathecal infusion of
DMT-DALDA (10 pmol/hour), MS (37.5 nmol/hour), or saline. On day 2, baseline thermal
escape and withdrawal measures were assessed, and half of the animals were randomly
assigned to receive either naloxone (Nx) (1 mg/kg), intraperitoneal (IP) or naltrindole (Ntd)
(3 mg/kg, IP). On day 3, baseline measures were again taken and the animals receiving Nx
on day 2 received Ntd and those receiving Ntd received Nx. On days 12 and 14 this
sequence was repeated. Thermal escape latency and the presence or absence of Straub tail 15
min after injection of Nx, and Ntd were compared between each group using t-test on early
phase (days 2,4) and late phase (days 12,14).

Canine Mast Cell Studies

These studies were carried out as previously described in detail [8].

Animals: Male beagle dogs (N = 3; Ridglan Farms Inc., Mt. Horeb, WI, or equivalent), 12—
16 months of age and weighing approximately 9-16 kg, were housed in runs with wood
shavings and given ad libitum access to food and water. In brief, for the study of cutaneous
flare, animals were anesthetized with propofol (5 ug kg~ min~1), intubated, maintained
under spontaneous ventilation with 1.0-2.0% isoflurane and 60% N»0/40% O, (approximate
values) and continuously monitored for end-tidal gases and saturation. Body temperature
was maintained with an underbody heating pad.

Drug delivery protocol.—For drug study, two rows of 9 or 10 injections each (50 pL)
were made lateral to the midline at time 0. Resulting skin flares were measured at 30 min
post-injection without knowledge of injectate. Flare areas (A) were calculated in square
millimeters as an oval (A = 3.14 a * b, where a = half-length of long axis and 4 = half-length
of short axis).

Drug delivery sequences—Drugs studied were compound 48-80 (a mast cell
degranulating polymer; MW = 167 Da, estimated), morphine sulfate (379 Da) and DMT-
DALDA (MW =981 Da). Each study drug was examined at three concentrations randomly
assigned to be delivered along with vehicle injections (saline, 0.9%) and the positive control
(compound 48/80). 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. To determine the role of 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
concentration of each test article employed.
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Statistical Analysis

Data were compiled in Excel (v.14.4.9, Microsoft Corporation, USA), and statistical
analyses were performed using Prism (v.6.0, GraphPad Software, Inc., USA). Parametric
data (escape latencies, area under the curve (AUC), flare areas) were presented as means +
SD. Nonparametric data (Indices of withdrawal) were presented as medians and quartiles.
Thermal escape latencies were normalized by converting them to percentage of the
maximum possible effect (Post—Pre)/20 sec — Pre) x 100 and the area under the percentage
max possible effect curve calculated over a defined time interval in days (AUC). For
cutaneous flare, log dose effect curves were prepared plotting flare area vs. drug
concentration, and best fit regression lines calculated to determine slope and the
concentrations required to produce a fixed flare size (50 mm?2) with 95% confidence
intervals.

Calculation of group sizes based on rats receiving intrathecal saline using AUC (0—4 hours:
448 + 246, n = 10) or peak thermal escape latency at 30 min (10.6 + 1.1 sec, n = 10) yielded
estimated group sizes of 4. For formalin groups, sizes were estimated based on defining a
30% reduction in the AUC in chronically implanted rats receiving intrathecal saline
assuming a # = 0.8 and p = 0.05. For formalin flinching Phase 2, mean + SD (n = 12) = 1458
+ 220 flinches indicates a group size of 3—4. (https://www.stat.ubc.ca/~rollin/stats/ssize/
n2.html)

RESULTS

Concentration dependency of IT DMT-DALDA infusion (1.0 pl/hr): thermal escape

The intrathecal infusion of 0.3, 1, 3, and 10 pmol/uL/hr of DMT-DALDA (Fig. 1A, B) over
7 days resulted in a concentration-dependent increase in thermal escape latency with the
maximum effect observed between 1-4 days after initiation of infusion. Over the 7-day
period there was an evident reduction in the antinociceptive action of the IT DMT-DALDA.
In this concentration range, no motor dysfunction was observed, e.g. preserved cornea, blink
and placing/stepping reflexes normal and symmetrical ambulation). The most sensitive
measure of a motor effect was the appearance of Straub tail which was observed at doses of
1 pmol/hr. As indicated, this phenomenon disappeared after 4 days (Fig. 1C). At 100 pmol/
uL/hr or more, a strong, reversible, truncal rigidity which precluded behavioral testing was
observed that lasted approximately 2 days (Fig. 1D).

Continuous IT infusion of DMT-DALDA (0.5 pL/hr): thermal escape.

To permit longer periods of infusion we repeated the DMT-DALDA studies performed with
1 uL/hr above with an infusion rate of 0.5 uL/hr. at a concentration of 20 pmoL/uL (e.g.
equivalent to 10 pmol/hr), with the 7-day AUC for the 10 pmoL/hr dose given at 1 pL/hr and
0.5 pL/ hr dosing being: 365 + 22 and 359 + 43 sec x days, respectively, with transient
expression of Straub tail. As shown in Figure 2A comparable results were obtained, with
peak effects observed at 3 days and return to baseline displayed recovery to baseline by day
7 and below baseline by days 12-14 (Fig. 2D).

Neuromodulation. Author manuscript; available in PMC 2020 October 01.


https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html
https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kokubu et al.

Page 7

Continuous IT infusion of DMT-DALDA (0.5ul/hr): Formalin flinching

Following the initiation of IT infusion of DMT DALDA (20 pmol/uL = 10 pmol/hr) there
was a significant reduction in Phase 1 and Phase 2 flinching as compared to IT saline
infused controls (Fig. 3A,B,C). By day 7, the effects of the IT DMT-DALDA were lost as
compared to vehicle and by day 13, Phase 2 flinching was significantly greater than that
observed in the vehicle group. Of note, while Phase 1 and Phase 2 flinching in the vehicle
treated animals across the three test intervals was comparable (indicating that the three
repeated test epochs did not in and of itself lead to a change in phases 1 and 2 flinching), the
phase 2 flinching showed a progressive increase in the DMT-DALDA infused animals.

Continuous IT infusion of DMT-DALDA and morphine (0.5 pL/hr): Thermal escape/

Withdrawal.

Rats were randomly assigned to receive IT infusions of 0.5 uL/hr of saline DMT-DALDA
(20 pmol/uL = 10 pmol/hr) or an equi-analgesic concentration of morphine (75 nmol/uL =
37.5 nmol/hr). As indicated (Fig. 4A,C), over 14 days, saline infused animals displayed a
stable baseline thermal escape. In contrast, IT infusion of DMT-DALDA or morphine
resulted in a similar maximum effect maximum by day 2 (days 1-7), a decline to escape
latencies observed with IT infusion of saline (days 7-10) and then below vehicle control
(days 10-14).

Antagonist reversal of IT infusion mediated antinociception and motor effect

To define the antagonist pharmacology of IT infusions of morphine and MT-DALDA, rats
receiving continuous infusions of these opioids or vehicle received in a counterbalanced
order on days 2 and 4 naloxone (1 mg/kg, IP) or naltrindole (1 mg/kg, IP) and this protocol
was repeated on days 12 and 14. As indicated (Figure 5A) neither antagonist had any effect
upon baseline latencies after IT infusion of vehicle during early and late intervals. In
contrast, during the early phase, naloxone resulted in a reduction in the analgesic effect of
DMT-DALDA and morphine. Naltrindole had no effect on the anti-nociception associated
with DMT-DALDA and unexpectedly had a significant effect upon the effects produced by
morphine. As noted previously Straub tail was observed after IT DMT-DALDA or morphine
during the first 4 days and which subsequently resolved by 4 days. In this series, the Straub
tail present in the days 2—4 interval continued to be observed during the 30 min interval after
naloxone and naltrindole delivery.

Antagonist evoked withdrawal after IT infusion of DMT-DALDA and morphine (0.5 pl/h)

The delivery of naloxone but not naltrindole resulted in a moderate incidence of withdrawal
signs at the 2—4-day time point of infusion, and robust incidence of withdrawal at the 12-14-
day interval with a greater withdrawal observed after DMT-DALDA (Fig. 5C,D).

Flare after intradermal injection.

The intradermal injection of compound 48-80 (a mast cell degranulating polymer),
morphine sulfate and DMT-DALDA resulted in a flare, the area of which was concentration-
dependent. Regression analysis of log data indicated all slopes were statistically significant
(p < 0.0001) and not different from each other (p > 0.05). Concentrations of the three drugs
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producing a fixed flare effect (50 mm?2) were determined and found to have overlapping 95%
confidence intervals, e.g. were not different (Table 1). Pretreatment with the mast cell
stabilizer cromolyn (10 mg/kg) prevented the observed flare formation after all drugs, while
naltrexone (1 mg/kg IM) had no effect upon the flare produced by 48-80, morphine or
DMT-DALDA) (Fig. 6B). These results suggest that the effects of morphine and DMT-
DALDA were mediated by mast cell degranulation and that neither agent acted through an
opioid receptor.

DISCUSSION
Analgesic actions of DMT-DALDA

DMT-DALDA is a mu opioid agonist [4, 10, 15], which, when given intrathecally as a bolus,
was observed to be active in the pmol vs. the nmol range, as required by other mu opioid
alkaloids [7, 16]. This relative potency was clearly preserved using a chronic infusion
paradigm (see Table 1).

Pharmacology of intrathecal DMT-DALDA.

Tolerance.

In these studies, naloxone, but not naltrindole, reversed the analgesia associated with DMT-
DALDA. The doses employed were based on previous work showing the selectivity of their
effect against several intrathecal bolus mu and delta agonists in the rat [3, 17, 18].

As previously reported [19, 20], intrathecal DMT-DALDA resulted in tolerance and
dependency. Interestingly, a 7-day exposure led to a loss of any analgesic activity as
measured by thermal escape and by inhibition of formalin evoked flinching. However, at
intervals greater than 7-14 days, the thermal thresholds and the formalin induced flinching
displayed an enhanced pain behavior, paralleling the phenomena referred to as opiate-
induced hyperalgesia. The development of enhanced pain processing secondary to chronic
opiate exposure may account in part for the loss of analgesic action of opiates [21].
Importantly, interventions blocking aspects of hyperalgesic processing, as the NMDA [22]
or TLR4 receptor [23] have been reported to attenuate the right shift in the dose effect curve
otherwise observed with continuous intrathecal opiate infusion.

Motor effects.

At the analgesic doses, the only evident motor effect of DMT-DALDA was Straub tail. This
phenomenon, said to be a model of transient spasticity [24], reflects increased motor tone in
the sacrococcygeus dorsalis muscle. It is considered based on systemic drug delivery and the
action of pan antagonists such as naloxone to be mediated by opiate receptor activation of
lumbosacral outflow [25, 26]. Failure to prevent this effect of systemic opioids with spinal
transection indicates a spinal action. Electrophysiogical studies have long demonstrated that
opiates can result in a block of Renshaw cell function [27], a classic glycine mediated
inhibitor of mator neuron excitability. Such inhibition would lead to a bilateral increase in
motor outflow leading to the apparent rigidity of the tail. Intrathecal delivery of DMT-
DALDA and Morphine resulted in a Straub tail phenotype, as previously reported in mice
and rats [28-30]. This action was characterized by two properties: first, that it disappeared
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after 4 days with both morphine and DMT-DALDA, and second, that it was present after
systemic delivery of naloxone at doses which completely reversed a drug induced increase in
thermal escape. Previous work has shown tolerance of Straub tail following repeated dosing
with systemic morphine [31], and as noted, a reversal by naloxone. Of note, the one
comparable study of which we are aware with intrathecal morphine and Straub tail showed
that the dose of systemic naloxone required to block the Straub tail was greater than that
required to produce parallel rightward shifts in the IT morphine tail flick inhibition curves in
the mouse [28]. As only a single dose of naloxone (or naltrindole) were employed here, it is
possible that as in the cited study, higher doses of naloxone might have shown efficacy.

Mast cell degranulation

Several opiate analgesics (morphine, hydromorphone) but not others (fentanyl, alfentanil)
delivered by intrathecal infusion can result in fibroblast-rich masses embedded in a collagen
matrix arising from the meninges [32—34]. These masses are not prevented by opiate
receptor antagonism [33]. The common feature of the agents resulting in such masses is their
propensity to degranulate mast cells in an opiate receptor independent fashion [8]. In the
present studies, we demonstrate that DMT-DALDA and morphine at comparable molar
concentrations both produce a robust mast cell activation in the cromolyn sensitive
intradermal flare model. As shown in the Table 1 summary, equianalgesic effects of DMT-
DALDA were noted at > three orders of magnitude lower concentrations. This raises the
possibility that an agent such as DMT-DALDA might display a lower risk of intrathecal
mass formation. While systematic histopathology was not performed in these
pharmacological studies, we have previously observed that a 14-day infusion of analgesic
concentrations of morphine will yield such masses and an attendant motor dysfunction in
guinea pigs [35] (not seen in the present studies). In this regard, morphine interacts with
Mas-related G protein-coupled receptors (MRGs), and mast cell degranulation is mediated in
part by activation of this signaling cascade and that fentanyl, which does not activate MRGs
[36], does not degranulate mast cells [8] and has a low risk of producing spinal masses in
animals and humans [37, 38].

CONCLUSION:

These data suggest that DMT-DALDA is a potent, spinally active mu agonist with a
propensity to produce tolerance, dependence and mast cell degranulation. However, while it
was equiactive to morphine in producing mast cell degranulation, it was >10,000 fold more
potent in producing analgesia, suggesting a possible lower risk for producing a spinal mass
at equianalgesic doses.
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Figure 1.

(A): Dose response curve of thermal latencies (mean + SD: seconds) vs. time post IT
infusion of DMT-DALDA (dDAL) or saline vehicle. (B) Scatter graph of area under the time
course of the thermal escape curve (AUC: 0-6 d) of IT doses of DMT-DALDA and saline
vehicle. One-way ANOVA analysis was performed on AUC, with a Dunnett’s post hoc
comparison test comparing drug effects to vehicle showed * p<0.05, **** p<0.0001. (C)
Scatter graph of the observance of incidence of animals displaying Straub tail during the
days 1-4 or 5-7 period. (D) Scatter graph of the incidence of animals displaying severe
motor dysfunction at any time during the time course.
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Figure 2:

(A) Thermal latencies (Mean SD: seconds) vs. time post-initiation of IT infusion of DMT-
DALDA (dDAL: 10 pmol/hour (0.5 pl/hour of 20 pmol/ul, 14 days) or saline (Sal) vehicle.
(B) Scatter graph of area under the curve (AUC: Mean + SD) of 3 phases (early: days 0-7,
mid: days 7-10, late: days 10-14). The AUCs were compared using One-Way ANOVA, with
post hoc comparisons made between AUC of drug vs. saline using Dunnett’s test.) *: p
<0.05; **: p<0.01 (C) Scatter graph of the incidence of animals displaying Straub tail during
the days 1-4 or 5-7 period. (D) Scatter graph of the incidence of animals showing severe
motor dysfunction at any time during the time course.
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Figure 3:

(A, B, C) Minute by minute plot of formalin induced flinching (Flinch counts: mean + SEM
for clarity) in groups after infusion for 1 day or 7 days, and 13 days of intrathecal
DMTDALDA (dDAL: 10 pmol/hour). Saline infusion group was for 1 day only. (D, E) Total
flinch count of phase 1 (0—10 min) and phase 2 (11-60 min) on day 1, day 6, and day 13
(Mean + SD). Total Flinch counts for phase 1 and phase 2 were analyzed with One-Way
ANOVA and Dunnett’s test and compared to saline (*p<0.05).
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Figure 4:

(A) Time effect graph of IT DMT-DALDA (dDAL) infusion 10 pmol/hour (0.5 pl/hour of 20
pmol/ul, 14 days), morphine sulfate (MS) 37.5 nmol/hour (0.5 pl/hour of 75 nmol/ul, 14
days) or saline (Sal) vehicle. Bolus IP injections were made at day 2 or 4 and day 12 or 14 of
naloxone or on the alternate days, naltrindole. (Results of effects of antagonists on thermal
escape and withdrawal indices are presented in Figure 5). (B) Scatter graph of area under the
curve (AUC) of each 3 phases of DMT-DALDA, morphine sulfate and saline vehicle (early:
days 0-7, mid: days 7-10, late: days 10-14), excluding in each case the 6 hr window after IP
antagonist treatments. These AUCs were compared using One-Way ANOVA followed by
designated comparisons between d-DALDA or morphine vs. vehicle during three time
windows after initiation of intrathecal infusion, using a t-test with Bonferroni adjustments to
prevent alpha build up (*p<0.05 and ***p<0.001). (C) Scatter graph of the observance of
Straub tail during the days 1-4 or 5-14 period (* behavior after naloxone and naltrindole
administration). (D) Scatter graph of the observance of severe motor dysfunction at any time
during the time course.
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Figure5:

In rats receiving intrathecal infusion of saline, DMT DALDA (dDAL) or morphine (MS),
thermal latencies are indicated before, and 15 min after intraperitoneal injection of naloxone
or naltrindole during early phase (days 2,4) and late phase (days 12,14) of infusion. One-
Way repeated measures ANOVA was performed on each treatment set (saline, dDAL and
MS) during early and late phases. Note that for each treatment the Pre-bar scatter plot shows
the Pre-escape latencies for each antagonist (open circle for naloxone and closed red for
naltrindole). This pairing was used for the repeated measures analysis). Post hoc analysis of
each treatment set for comparison of postantagonist treatment during the early (days 2 and
4) and late (days 12 and 14) phases was performed using a Dunnett’s test. *p<0.05,
**p<0.01, ****p<0.0001. (C, D) Withdrawal symptom score on early phase (days 2,4) and
late phase (days 12,14) after intraperitoneal injection of naloxone and naltrindole scored by
6 signs (diarrhea, agitation, shivering, salivation, vocalization, chromodachyorrhea) was
analyzed using the Friedman non-parametric test with designated post hoc comparisons
accomplished with a Dunn’s test (*p<0.05; ** p<0.01).
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Pretreatments

(A) Concentration dependent increases in flare area after intradermal injection of several
concentrations of 48-80, morphine or DMT-DALDA in anesthetized dogs. Regression
analysis of log data indicated all slopes were statistically significant ( (p < 0.0001) and not
different from each other (p>0.05). Concentrations of the three drugs producing a fixed flare
effect were determined and found to have overlapping 95% confidence intervals, e.g. were
not different. (see Table 1) (B) Figure shows the flare size observed after a fixed dose of 48—
80,morphine or DMT-DALDA was prevented by pretreatment with cromolyn (10 mg/kg,
IM), but not naltrexone (1 mg/kg, IM) (2 way ANOVA, Dunnetts post hoc ****; p<0.0001. )
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Comparison of analgesic and flare producing activity of morphine and DMT-DALDA

Table 1:

Antinociceptive dose a

(Bolusdelivery)

Antinociceptive

Concentration b
(Chronicinfusion)

Flare producing

Concentration ©
(Intradermal)

(Morphine/ DMT-DALDA)

48-80 - - 0.7mM
(0.3-1.6)
Morphine 30,000 pmol/10pL 37,500 nmol/hr 1.5mM
(0.4-6.0)
DMT-DALDA 10pmol/10puL 3 pmol/hr 2.3 mM
(1.2-5.8)
Dose ratio 3000 12,500 0.6

a"Data from [6]. Minimum dose in rats producing maximum effect upon thermal escape. Bolus delivery; dose delivered in 10 pL

b"Data from this paper: Rat 14-day infusion; 0.5 pL/hr.

Data from this paper representing concentration of drug resulting in a standard flare area of 50 mm
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