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Abstract

Non-peptidic delta opioid receptor agonists are being evaluated for a wide range of clinical applications; however, the clinical utility of
piperazinyl benzamide delta agonists such as SNC80 may be limited by convulsant activity. The purpose of the present study was to evaluate the
electroencephalographic and convulsant activity produced by a high dose of 10 mg/kg SNC80 IM in rhesus monkeys. EEG and behavioral activity
were examined in four adult male rhesus monkeys after IM administration of SNC80. Monkeys were seated in a standard primate restraint chair,
and EEG activity was recorded using an array of 16 needle electrodes implanted subcutaneously in the scalp in a bipolar (scalp-to-scalp) montage
in a longitudinal direction, with bilateral frontal, central, temporal, and occipital leads. Behavior was recorded using video monitoring equipment.
Initially, all monkeys were tested with 10 mg/kg SNC80, which is a relatively high dose 3–10-fold greater than doses necessary to produce a
variety of other behavioral effects. Behavioral convulsions and EEG seizures were observed in one of the four monkeys. In this monkey, neither
behavioral convulsions nor EEG seizures were observed when a lower dose of 3.2 mg/kg was administered nine weeks later or when the same
dose of 10 mg/kg SNC80 was administered one year later. These results suggest that IM administration of SNC80 is less potent in producing
convulsant effects than in producing other, potentially useful behavioral effects (e.g. antinociception) in rhesus monkeys.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

Delta opioid receptors constitute one of the three main types
of opioid receptors found in mammalian brain (i.e. delta, mu
and kappa opioid receptors) (Martin et al., 1976; Lord et al.,
1977; Kieffer, 1995). The recent development of systemically
active, non-peptidic delta agonists such as BW373U86 and its
O-methylated derivative SNC80 has greatly facilitated research
on the physiological and behavioral consequences of delta
receptor activation (Chang et al., 1993; Calderon et al., 1994).
Preclinical studies conducted with these and other related drugs
suggest that delta agonists may have clinical utility as
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analgesics, antidepressants, cardioprotective agents, and mod-
ulators of immune function (Chang et al., 1993; Calderon et al.,
1994; Brandt et al., 2001a; Gross et al., 2004; Jutkiewicz and
Woods, 2004; Ossipov et al., 2004; Weber and Gomez-Flores,
2004). However, it was recognized at an early stage that
piperazinyl benzamide delta agonists such as BW373U86 and
SNC80 also produced convulsions in mice and rats (Comer
et al., 1993; Bilsky et al., 1995; Hong et al., 1998; Broom et al.,
2002a,b; Jutkiewicz et al., 2004). These convulsions in rodents
are typically brief and non-lethal (but see Hong et al., 1998), but
they are also delta receptor-mediated and produced at doses
similar to those that produce potentially useful effects such as
antinociception. Consequently, the convulsant effects of delta
agonists have emerged as one category of untoward effects that
poses an impediment to the further development of this class of
drugs for clinical applications.
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Delta agonist-induced convulsions may be less problematic
if they occurred only in rodents and were not apparent in non-
human primates or humans. In support of the possibility of
species-dependent drug effects, there are significant species
differences in opioid receptor distribution between rodents and
primates (Mansour et al., 1987; Mansour et al., 1988; Hiller and
Fan, 1996; Peckys and Landwehrmeyer, 1999; Mathieu-Kia
et al., 2001; Mennicken et al., 2003). Delta receptors, for
example, are diffusely expressed in the spinal cord of rats and
mice, whereas their expression in non-human primates and
humans is limited to the superficial laminae of the spinal dorsal
horn (Mennicken et al., 2003). Moreover, behavioral studies
have provided some evidence to suggest that there may be
species differences in the convulsant effects of delta agonists.
Although moderate doses of BW373U86 and some other
piperazinyl benzamides produced convulsions in both squirrel
monkeys and rhesus monkeys (Dykstra et al., 1993; Negus
et al., 1994), SNC80 did not produce convulsions in rhesus
monkeys across a range of doses that did produce other
behavioral effects, including antinociceptive effects in a model
of inflammatory pain (Negus et al., 1998; Brandt et al., 2001a).
These results raised the possibility that some piperazinyl
benzamide delta agonists, such as SNC80, might retain the
ability to produce clinically useful effects in primates while
displaying a reduced propensity to produce convulsions.

Observational measures of behavioral convulsions provide
only a crude tool for evaluating potentially untoward effects of
delta agonists on brain activity. One recent study addressed this
issue in rodents by comparing electroencephalographic (EEG)
activity with behavioral observations in rodents, and it was
found that non-peptidic delta agonists including SNC80
produced EEG seizures and behavioral convulsions at similar
doses (Jutkiewicz et al., 2006). The purpose of the present study
was to compare EEG activity and behavioral measures of
convulsions in non-human primates. Due to the potential for
short-term and long-term negative health consequences associ-
ated with convulsant activity, the goal of the present study was
not to fully evaluate the pharmacology of SNC80-induced
convulsions and seizures. Rather, the goal was to assess the
degree to which seizures/convulsions might be produced by a
relatively high dose of SNC80 that has been shown previously
to produce other behavioral effects in rhesus monkeys.
Accordingly, rhesus monkeys were tested with a dose of
10 mg/kg SNC80 IM, which is at the upper end of the dose
range for producing other behavioral effects such as anti-
nociception, suppression of food-maintained responding, and
discriminative stimulus effects (Negus et al., 1998; Brandt et al.,
1999; Brandt et al., 2001a).

2. Methods

2.1. Subjects

Four male rhesus monkeys (Macaca mulatta) were used.
Subjects weighed 9.6–11 kg during the course of these studies.
All monkeys had prior exposure to drugs (primarily opioid
compounds) including SNC80, but they had not received
SNC80 or other delta opioids for N6 months. This period of no
exposure to delta opioids was deemed to be important to
minimize the possibility that subjects were tolerant to delta
opioid effects (Comer et al., 1993; Brandt et al., 2001b). The
subjects were individually housed, and water was freely
available. Their diet consisted of PMI Feeds Jumbo monkey
diet (PMI Feeds, Inc., St. Louis, MO). This diet was
supplemented with fresh fruit twice daily. A 12 h light/12 h
dark cycle was in effect (lights on from 7AM–7PM).

Animal maintenance and research were conducted in
accordance with the guidelines provided by the NIH Committee
on Laboratory Animal Resources. The facility was licensed by
the United States Department of Agriculture, and protocols
were approved by the Institutional Animal Care and Use
Committee. The health of the monkeys was monitored daily by
technical staff and periodically by a consulting veterinarian.
Monkeys had visual, auditory and olfactory contact with other
monkeys throughout the study. Monkeys also had access to
puzzle feeders, mirrors and chew toys to provide environmental
enrichment. Nature videotapes or music were played daily in all
housing rooms.

2.2. Monitoring EEG activity and behavior

Monkeys were removed from their home cages, seated in
restraint chairs equipped with a V-shaped headrest to minimize
head movement, and transferred to a separate testing room.
Once in the testing room, the top of each monkey's head was
shaved with electric barber shears. EMLA gel (2.5% Lidocaine
+2.5% Prilocaine; Astra Zeneca, Wilmington, DE) was
subsequently applied to the top of each monkey's head to
induce a local anesthetic effect. Five minutes later, stainless
steel needle electrodes were placed on the scalp of each
monkey. Specifically, a 16-electrode recording, using the 10–20
system, and with impedances below 5000Ω, was used to obtain
the EEG recording. EEG activity was recorded with needle
electrodes in a bipolar (scalp-to-scalp) montage in a longitudinal
direction, with bilateral frontal, central, temporal, and occipital
leads. All electrodes were connected to a Voyageur TCP/IP
Gateway EEG machine (Nicolet Biomedical Inc., Madison,
WI). The EEG data were collected with the following settings:
high filter at 70 Hz, low filter at 0.1 Hz, sensitivity of 7 μV/mm,
and paper speed of 10 mm/s. Video monitoring equipment (D-
Link Systems, Inc., Fountain Valley, CA), consisting of a high-
speed wireless router (DI-624), wireless PCI adapter (DWL-
520) and wireless internet camera (DCS-900W), was set up to
record each monkey's behavior during the EEG session.

Baseline EEG activity was recorded for at least 15 min. In
the initial study, monkeys were then injected IM with 10 mg/kg
of the delta opioid agonist SNC80. This dose of SNC80 was
selected for the study because it is a relatively high dose more
than 10-fold greater than the ED50 values for SNC80 to
produce antinociceptive effects in an assay of prostaglandin-
induced thermal hypersensitivity, rate-suppression in an assay
of food-maintained operant responding, or discriminative
stimulus effects in an assay of SNC80 discrimination (Negus
et al., 1998; Brandt et al., 2001a). Electrographic activity was



Fig. 1. Generalized spike and slow wave discharges that started (a) 2 min and
(b) 2 min 57 s after administration of 10 mg/kg SNC80 in monkey 95C271. No
behavioral convulsions were noted in the animal during either episode of
electrographic seizure discharge. Sensitivity is 30 μV/mm on the vertical axis.
Abbreviations on the vertical axis designate the location of bipolar leads
associated with a given trace. Fp—frontoparietal; T—temporal; O—occipital;
C—central. Odd and even numbers designate leads on the left and right side of the
head, respectively. For example, Fp1-T3 marks a bipolar lead involving the left
frontoparietal to left temporal regions of the head. The paper speedwas 10mm/s on
the horizontal axis, which corresponds to 1 s between the vertical bars.
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monitored for further analysis (see below). In addition, animals
were videotaped for up to 2 h after SNC80 injection to permit
assessment of overt behavior (e.g. convulsions) that might be
associated with SNC80-induced changes in EEG activity.

In the initial study, SNC80 produced EEG seizures and a
tonic–clonic convulsion in one of the four monkeys tested.
Diazepam (1 mg/kg IM) was administered to terminate the
electrographic seizure activity as well as the behavioral
convulsions. Two follow-up studies were then conducted in
this monkey. First, the monkey was tested again after a period of
approximately 9 weeks with a lower dose of 3.2 mg/kg SNC80.
This study was conducted to assess the ability of a lower SNC80
dose to produce electrographic seizures and/or behavioral
convulsions in this monkey. Second, the same monkey was
tested again 1 year later with the original dose of 10 mg/kg
SNC80. During this replicate test with 10 mg/kg SNC80, the
monkey was observed for the presence of convulsant activity,
but EEG measures were not recorded due to career transitions of
key personnel.

2.3. Data analysis

The EEG composition in primates is similar to that of
humans, and consists in the awake relaxed adult animal of three
major frequencies; theta (5–7 Hz), which is primarily seen over
the temporal regions, alpha (9–11 Hz), which is most prominent
occipitally, and beta (12–15 Hz), which can be seen most
clearly over the frontal lobes. Records from all EEG channels
were visually analyzed for interictal spike and slow wave
discharges. The EEG composition, with regards to the amount
of theta, alpha, and beta activity was analyzed with fast Fourier
transformation to yield a power density vs. frequency (in Hz)
graph. The centro–occipital and temporal–occipital derivations
contained the least amount of movement and muscle artifacts
and were selected for the final analysis. Twenty-five 30-second
epochs were collected from the baseline EEG for all four
monkeys and compared with corresponding epochs collected
after drug administration. Fast Fourier analysis was performed
on the mean values, and a two-way, repeated-measures ANOVA
was used to determine statistical significance in the amount of
theta, alpha and beta frequencies after drug administration.

2.4. Drugs

SNC80 (free base) was synthesized by Drs. Kenner C. Rice
and John E. Folk (National Institutes of Health, Bethesda, MD),
and was dissolved in 3% lactic acid to a final concentration of
50 mg/ml. Dilutions were made with sterile water. SNC80 was
administered IM in the thigh.

3. Results

3.1. Acute effects of SNC80 (10 mg/kg)

Out of four monkeys tested, administration of SNC80
(10 mg/kg IM) caused a seizure in one monkey (monkey
95C271). EEG recording showed two short bursts of general-
ized spike and slow wave activity; the first at 2 min, and the
second at 2 min 57 s after drug administration (see Fig. 1).
Neither the first nor the second burst of these electrographic
seizure discharges was accompanied by behavioral convulsions.
The EEG activity then changed character, and bursts of
generalized sharp and slow waves started to occur at 3 min
16 s after the injection (see Fig. 2). As with the initial
discharges, the animal did not show any signs of behavioral
convulsant activity at this time. At 4 min 16 s after drug
administration, the EEG displayed generalized spike and slow
wave activity (see Fig. 3) that was accompanied by a behavioral
convulsion. The animal initially stiffened and stopped ongoing
activity. The animal then displayed brief tonic muscle activity
with extension and pronation of all four extremities. This was
followed by generalized clonic activity and loss of sphincter



Fig. 2. Repeated episodes of generalized spike and slow wave discharges that
occurred at 3 min 16 s after administration of SNC80 in monkey 95C271. The
monkey did not show behavioral convulsions at this time. See Fig. 1 for other
details.
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control, at which time diazepam (1 mg/kg IM) was administered
to terminate seizures. In the postictal phase, the EEG showed
characteristic low voltage slow activity for another 15 min.
Fig. 3. Generalized spike and wave discharges that started (a) 4 min 16 s and (b) 5 m
this primarily generalized discharge was 7– 8 cycles per second. These discharg
electrographic seizure continued, and the frequency decreased. Diazepam was adm
details.
Clinically however, the monkey continued to be drowsy and
less responsive for an additional 10 min after the episode.

Administration of the same dose of SNC80 in the other three
monkeys did not produce any epileptiform activity. Specifically,
no discharges were seen in the EEG recording, nor were there
any clinical correlates indicative of behavioral seizures in these
monkeys. As shown in Fig. 4, fast Fourier analysis revealed no
significant differences in the EEG composition in respect to
amounts of theta, alpha and beta frequencies before and after
administration of 10 mg/kg SCN80 in these monkeys
(F1,48=0.525, p=0.544 and F1,48=1.136, p=0.398 for
centro–occipital and temporal–occipital EEG compositions,
respectively.)

3.2. Follow-up studies in monkey 95C271

The monkey that initially showed both electrographic
seizures and behavioral convulsions was tested with a lower
dose of 3.2 mg/kg SNC80 IM nine weeks after the initial study
and with the original dose of 10 mg/kg SNC80 IM one year after
the initial study. Treatment with 3.2 mg/kg SNC80 did not
produce any spike and slow wave discharges in the EEG or
in 23 s after administration of SNC80 in monkey 95C271. In a, the frequency of
es were accompanied by a behavioral convulsion. In b, the behavioral and
inistered shortly after this trace. Sensitivity is 50 μV/mm. See Fig. 1 for other



Fig. 4. Fast Fourier analysis of the EEG composition as a function of EEG power
and frequency (in Hz) in the centro–occipital (F1,48=0.525, p=0.544) and
temporal–occipital (F1,48=1.136, p=0.398) activities before and after
administration of 10 mg/kg SNC80 in three monkeys that did not develop
seizures after SNC80 administration.
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behavioral convulsions. EEG was not recorded during the
second treatment with 10 mg/kg SNC80, but behavioral
convulsions were not observed.

4. Discussion

This is the first study to evaluate the EEG effects of delta
opioid agonists in non-human primates. In one monkey during
one test, a high dose of 10 mg/kg SNC80 produced both EEG
seizures and behavioral convulsions. These results confirm and
extend other studies to suggest that SNC80 and other
piperazinyl benzamides (e.g. BW373U86) may produce
behavioral convulsions in mice (Comer et al., 1993; Bilsky
et al., 1995; Hong et al., 1998; Broom et al., 2002b), rats
(Broom et al., 2002a; Jutkiewicz et al., 2004, 2006), squirrel
monkeys (Dykstra et al., 1993; Allen et al., 2002) and rhesus
monkeys (Negus et al., 1994). However, the convulsant effects
of SNC80 were not replicated in this monkey during a second
test with 10 mg/kg SNC80 one year later, and a lower dose of
3.2 mg/kg SNC80 also failed to produce either EEG seizures or
behavioral convulsions in this monkey. Moreover, three other
monkeys tested with 10 mg/kg SNC80 showed neither EEG
seizures nor behavioral convulsions. Finally, SNC80 doses up
to 32 mg/kg have failed to produce behavioral convulsions in
our previous studies (Negus et al., 1998; Brandt et al., 2001a,b).
Taken together, these results suggest that 10 mg/kg is at best a
threshold IM dose for production of seizures and convulsions in
rhesus monkeys.

In the one monkey in which SNC80-induced EEG seizures
were observed, isolated spike and slow wave discharges without
accompanying behavioral convulsions or other overt behavioral
correlates were present within 3 min after SNC80 administra-
tion. Within the next minute, the seizure activity intensified as
reflected by generalized discharges in the EEG and by the
emergence of behavioral convulsions. The pattern of the
electrographic seizures and behavioral convulsions produced
by SNC80 resembled that of generalized clonic–tonic seizures
(Casaubon et al., 2003; Moraes et al., 2005). Seizures were
quickly terminated by diazepam, and the EEG showed typical
postictal slowing and amplitude depression with EEG frequen-
cies ranging between 4 and 5 Hz and an amplitude below 50 μV.
There was also a moderate increase of high frequency beta
activity noted approximately 15 min after the seizure. This
increase was most likely caused by the administration of
diazepam.

The one monkey in which a convulsion and EEG seizure
were observed may have been unusually sensitive to the
convulsant effects of SNC80. However, the same dose of
SNC80 failed to produce a convulsion in this monkey during a
subsequent test one year later that involved only observation
without EEG monitoring. The reason for this inconsistency in
convulsant effects is not known; however, it suggests that
aspects of the EEG testing procedure (e.g. physical handling to
shave the head and implant the scalp electrodes, presence of
additional staff members to monitor EEG records) may have
increased susceptibility to the convulsant effects of SNC80 in
this monkey.

It is possible that higher SNC80 doses would have produced
more reliable convulsant activity within and between monkeys
in the present study. However, higher doses were not tested
because 10 mg/kg is 3- to 10-fold greater than the ED50 for
SNC80 to produce a range of other behavioral effects in rhesus
monkeys (Negus et al., 1998; Brandt et al., 1999, 2001a). In
particular, even the most sensitive monkey in the present study
did not display EEG seizures or behavioral convulsions after
administration of 3.2 mg/kg SNC80. However, this dose is
sufficient to produce maximal antinociceptive effects in an
assay of thermal hypersensitivity induced by either prostaglan-
din-E2 or Freund's Complete Adjuvant and approximately 60%
maximal antinociception when thermal hypersensitivity is
induced by capsaicin (Brandt et al., 2001a). Consequently,
these results suggest that SNC80 in rhesus monkeys is more
potent in producing potentially useful antinociceptive effects in
models of inflammatory pain than in producing convulsant
effects. It should be noted that doses of SNC80 up to 10 mg/kg
are only weakly active or inactive in standard models of acute
thermal pain (Negus et al., 1998); however, such models may
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not be optimal for detecting drugs (e.g. nonsteroidal antiin-
flammatory drugs) that have excellent value as analgesics
against inflammatory pain (Negus et al., 2006). The higher
potency of intramuscular SNC80 to produce potentially
valuable antinociceptive effects as opposed to convulsions in
rhesus monkeys parallels the finding that subcutaneous
administration of SNC80 was also more potent in producing
locomotor and antidepressant effects than convulsions in rats
(Jutkiewicz et al., 2004).

As noted above, SNC80 doses up to 32 mg/kg did not
produce behavioral convulsions in previous studies, and indeed,
the single convulsion and EEG seizure observed in the present
study marks the only time an SNC80-induced convulsion has
been observed in non-human primates in this laboratory (Negus
et al., 1998; Brandt et al., 2001a,b). One factor that may have
contributed to the absence of convulsions in our previous
studies was the use of a cumulative dosing procedure. It is well-
established that tolerance can develop rapidly to the convulsant
effects and some other behavioral effects of delta opioids
(Comer et al., 1993; Brandt et al., 2001b), and as a result, it is
possible that administration of low doses early in a cumulative
dosing sessions attenuated any convulsant effects that might
have been produced by subsequent administration of higher
doses. However, other studies did use acute dosing at doses up
to 10 mg/kg without producing convulsions (Brandt et al.,
2001a), and in the present study, additional care was taken to
minimize the possibility of tolerance by inserting a long hiatus
(N6 months) in exposure to delta opioids prior to testing. Thus,
it is unlikely that tolerance is sufficient to explain the apparently
low relative potency of SNC80 to produce convulsions in
rhesus monkeys.

In summary, the present study confirmed that SNC80 can
produce both EEG seizures and behavioral convulsions in
rhesus monkeys. However, SNC80 appears to be less potent in
producing convulsant effects than in producing other, poten-
tially useful behavioral effects. These results provide some hope
that delta agonists could be developed that retain clinically
useful effects such as a reduction of inflammatory pain but that
do not produce convulsant effects.
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