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Opioids Induce Convulsions and Wet Dog Shakes in Rats: Mediation 
by Hippocampal Mu, But Not Delta or Kappa Opioid Receptors 
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The opioid receptor subtypes and brain regions involved in 
eliciting convulsions and wet dog shakes (WDS) were stud- 
ied by testing different opioid receptor selective agonists in 
unanesthetized rats. Selective mu agonists, [NMe-PheQ- 
Proa]-morphiceptin (PL017) and [D-Ala2-N-methyl-Phe3- 
Gly5-ol]-enkephalin, induced convulsions and WDS when 
unilaterally injected into the ventral hippocampus. [D-Ala*,D- 

Leu5]-enkephalin (DADLE), a mixed mu and delta agonist, 
also elicited such behavioral changes, but its effect was less 
potent than the selective mu agonists. DADLE-induced WDS 
were dose dependent, and both convulsions and WDS were 
antagonized by the irreversible mu receptor antagonist, 
8-funaltrexamine, but not by the selective delta receptor an- 
tagonist, ICI-174,884. Treatment with the selective delta ag- 
onist [o-PetF5]-enkephalin or the selective kappa agonists 
U50,488H, dynorphin-A amide, or dynorphin-A( l-8) did not 
produce convulsions or WDS. The injection of a high dose 
of PLO17 intraventricularly or into other brain regions such 
as the dorsal hippocampus, frontal cortex, striatum, and 
amygdala did not produce convulsions or WDS, therefore 
suggesting the ventral hippocampus is an important site for 
the expression of opioid-induced convulsions and WDS. 
These results suggest that opioid-induced convulsions and 
WDS are mediated exclusively by mu but not delta or kappa 
opioid receptors in the ventral hippocampus. 

Intracerebroventricular (icv) administration of morphine to rats 
has been shown to produce electroencephalographic (EEG) sei- 
zures (Urea et al., 1977; Henriksen et al., 1978). Intracerebral 
or icv injections of endogenous opioid peptides such as P-en- 
dorphin, Met-enkephalin, or Leu-enkephalin also elicit epilep- 
tiform spiking at limbic and neocortical areas (Frenk et al., 1978; 
Henriksen et al., 1978; Snead and Bearden, 1980). The epilep- 
tiform discharges produced by opioid peptides are often accom- 
panied by behavioral manifestation of nonconvulsive activities 
such as myoclonic twitches, stereotypies, and wet dog shakes 
(WDS) (Frenk, 1983). WDS, a paroxysmal shaking of the head, 
neck, and trunk, are characteristic behavior observed in mor- 
phine-dependent rats after abrupt cessation of morphine admin- 
istration or after the administration of naloxone (Martin, 1967). 
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Precipitation of WDS by icv injection of opioid peptides, such 
as P-endorphin and enkephalins, always accompany the onset 
of epileptiform discharges (Frenk et al., 1978; Henriksen et al., 
1978) therefore suggesting that there may be an association 
between electrical seizure activities and WDS induced by opioid 
peptides. 

Several lines of evidence suggest that opiate-induced EEG 
seizures are mediated by specific opioid receptors. First, these 
EEG seizures occur in a dose-related manner and can be an- 
tagonized by opiate antagonists such as naloxone and fi-funal- 
trexamine (Tortella et al., 1987). Second, tolerance to the EEG 
seizures produced by opioid peptides develops after repeated 
icv or intracerebral injections (Tortella et al., 1979; Cain and 
Corcoran, 1985). This evidence also suggests that the endoge- 
nous opioid peptides may play a role in the expression of epi- 
leptiform activity. 

The hippocampus has been suggested to be an important site 
for the manifestation of seizure activities. The most intensive 
and long-lasting epileptic discharges after icv administration of 
opioid peptides are observed in hippocampus (Haffmans et al., 
1983). The uptake of 2-deoxyglucose (2-DG) is increased in the 
hippocampus after systemic administration of kainic acid (Loth- 
man and Collins, 198 1) or icv administration of opioid peptides 
(Haffmans et al., 1984). Generalized convulsions can be chem- 
ically kindled by repeated administration of [MeV]-enkephalin 
(ME) or P-endorphin into the hippocampus (Cain and Corcoran, 
1984, 1985). Furthermore, we have recently demonstrated that 
a single unilateral injection of specific mu receptor agonist [NMe- 
Phe3-o-Pro4]-morphiceptin (PLO 17; Chang et al., 1983; Blan- 
chard et al., 1987) into the ventral hippocampus resulted in a 
dose-related increase in the frequency of convulsions and WDS 
(Lee et al., 1988). The present study further investigates the role 
of hippocampal opioid receptor subtypes-mu, delta and kap- 
pa-on the expression of convulsions and WDS. In addition, 
brain regions other than ventral hippocampus are also tested to 
understand which regions may be involved in opioid-induced 
convulsions. 

Materials and Methods 
Animals. Male Fischer-344 rats (Charles River, Wilmington, MA) 
weighing 280-320 gm were used. The animals were housed 4 per cage 
in a room maintained at 21 i 2°C and 50 f 10% humidity with a 
standard 12/12 hr light/dark cycle. Food and water were available ad 
libitum. 

Cannula implantation. Five days before experimentation, rats were 
anesthetized with ketamine HCl (100 mg/kg, i.p.), and a stainless steel 
guide cannula (22 gauge; Plastic Products, Co., Roanoke, VA) was ste- 
reotaxically implanted in each rat such that an injection cannula (stain- 
less steel, 28 gauge; Plastic Products Co.) could be aimed at one of the 
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following brain regions according to the rat brain atlas of Paxinos and 
Watson (1982): ventral hippocampus 5.8 mm posterior (P); 5.0 mm 
lateral (L) and 7.5 mm ventral (V), dorsal hippocampus CA,/CA, region 
(P: 3.8 mm; L: 3.5 mm; V: 3.5 mm), CA, region (P: 3.8 mm; L: 2.0 
mm; V: 2.5 mm), amygdala(P: 2.8 mm; L: 5.0 mm; V: 8.0 mm), striatum 
(anterior: 1.2 mm; L: 2.5 mm; V: 5.0 mm), frontal cortex (anterior: 1.2 
mm: L: 3.0 mm: V: 2.0 mm) and icv (I? 0.8 mm: L: 1.5 mm_: V: 3.5 
mm). The incisor bars were’set at 3.3‘mm below’ the interauial line, 
and all measurements originated at the bregma. The guide cannula was 
permanently anchored to the skull using miniature screws and dental 
acrylic, and was sealed with a dummy injection cannula (stainless steel, 
28 gauge; Plastic Products Co.) until the time of injection. 

Behavioral study. On the day of the experiment, animals were gently 
held by hand, and the dummy injection cannula was replaced with an 
injection cannula, which was connected by PE-20 tubing to a 10 ~1 
Hamilton syringe on a Sage infusion pump. All infusions were delivered 
in a volume of 0.5 ~1 at a rate of 0.008 pl/sec to brain regions mentioned 
except for icv administration, for which 5 ~1 was delivered at a rate of 
0.033 &sec. The following drugs were used in this study: PL017, [D- 
Ala*-N-methyl-Phe4-GlyS-ol]-enkephalin (DAGO), [D-Ala’,D-L&]-en- 
kephalin (DADLE), [D-Pen2~s]-enkephalin (DPDPE), dynorphin-A(l-8) 
(DYN), and dynorphin-A amide (DYN-A amide) were purchased from 
Peninsula Laboratories, Inc. (Belmont, CA). Trans-3,4-dichloro-N 
methyl-N(2-( 1 -pyrrolidinyl)-cyclohexyl)-benzeneacetamide methane- 
sulfonate hydrate (U-50,488H) was obtained from the Upjohn Co. 
(Kalamazoo, MI). ,&Funaltrexamine (@-FNA) and ICI- 174,864 were 
purchased from Research Biochemicals Inc. (Wayland, MA) and Cam- 
bridge Research Biochemicals Ltd. (Valley Stream, NY), respectively. 
All drugs were dissolved in artificial cerebrospinal fluid (ACSF; Lee et 
al., 1988) to the dosage mentioned in the text. Each animal was injected 
only once except for the antagonist study, where P-PNA (2 nmol) or 
ICI-l 74,864 (1.5 nmol) was injected 24 hr and 10 min, respectively, 
before DADLE administration. Control animals were injected with 0.5 
~1 of ACSF. After drug administration animals were placed in individual 
observation chambers (40 x 24 x 15 cm). The freauencv of WDS and 
convulsions were recorded throughout a 1 hr perioh by observers with 
no knowledge of the treatment given to the rats. At completion of the 
observation, the animal was decapitated with the whole brain imme- 
diately dissected and frozen on dry ice. Tissue sections of frozen brain 
were mounted on slides and stained with 1% thionin to verify the in- 
jection site. 

Statistics. Results were analyzed statistically using an analysis of vari- 
ance, followed by comparisons between groups using Fisher’s least- 
significance difference test. Differences were considered significant at 
the level p < 0.05. 

Results 
Regional specificity 
A single unilateral infusion of PLO 17 (18.7 nmol) to the ventral 
hippocampus induced convulsions and numerous WDS in all 
of the rats treated, the frequency of these behaviors is shown in 
Figure 1. However, no convulsions or augmented WDS were 
observed when the same dose of PLO 17 was infused unilaterally 
into the left lateral ventricle, amygdala, striatum, frontal cortex, 
or dorsal hippocampus (Figs. 1,2). For the dorsal hippocampus, 
infusion of PLO 17 to CA, or CA,/CA, region produced 6 and 
5 WDS/hr, respectively, and there was no behavioral difference 
observed between the 2 sites of administration; therefore, these 
results were combined in Figure 1. Similarly, no manifestation 
of behavioral seizure activity was observed after the adminis- 
tration of PLO 17 into the frontal cortex. In the icv infused rats, 
a few WDS were observed before the animals assumed and 
maintained a fixed posture, which occurred l-3 min after the 
administration of PLO17 and lasted for 30-50 min. Striatal 
administration of PLO 17 also induced immobilization, which 
started at about 3 min after the infusion, and the effect lasted 
longer than 60 min. No WDS or other behavioral seizure activity 
was observed in striatal-treated rats. Administration of PLO 17 
to the left amygdala produced masticatory movement in 8 of 9 
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Figure I. Regional selectivity of PLO 17-induced WDS and convul- 
sions. Values are expressed as means f  SEM. The numbers in paren- 
theses represent the number of rats in each group. PLO17 18.7 nmol 
was infused in a volume of 0.5 ~1 to each brain region except for icv, 
which was delivered in 5 ~1. 

rats, and a few WDS were observed, but no other behavioral 
seizure activity was observed within the 1 hr observation period. 

Receptor specificity 
Besides PLO 17, a single unilateral injection of DAGO, a selec- 
tive mu opioid receptor agonist (Handa et al., 198 l), or DADLE, 
a mixed mu-delta receptor agonist (Zajac et al., 1983; James 
and Goldstein, 1984) to the ventral hippocampus also induced 
convulsions and numerous WDS (Fig. 3). With similar doses 
administered (PLO17, 9.4 nmol; DAGO, 9.7 nmol; DADLE, 
8.8 nmol), the number of animals that developed convulsions 
was higher in PLO 17- and DAGO-treated groups (PLO 17, 7/ 10; 
DAGO, 5/6; DADLE, 2/8), and these animals also had more 
convulsions than DADLE-treated rats within the same obser- 
vation period (Fig. 3). Administration of DPDPE (7.7 nmol), a 
selective delta agonist (Mosberg et al., 1983), or DYN (10.2 
nmol), DYN-A amide (4.7 nmol), and U-50,488H (2 1.5 nmol), 
the selective kappa agonist (Von Voightlander et al., 1983; Tang 
and Collins, 1985), to the ventral hippocampus did not elicit 
convulsions or augmented WDS (Fig. 3). Moreover, neither one 
of these opioid compounds produced overt behavioral changes 
compared with the ACSF controls. 

The effects of P-FNA, an irreversible mu-selective antagonist 
(Takemori et al., 198 l), and ICI- 174,864, a selective delta an- 
tagonist (Cotton et al., 1984), on DADLE-induced WDS and 
convulsions are shown in Table 1. Administration of /3-FNA (2 
nmol) to the ventral hippocampus 24 hr prior to DADLE in- 
jection completely antagonized @ < 0.001, Table 1) DADLE- 
induced WDS and convulsions. On the other hand, ICI- 174,864 
(1.5 nmol) injected into the ventral hippocampus 10 min before 
DADLE showed no inhibitory effect on DADLE-induced WDS 
and convulsions. 
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Figure 2. Sites of injection of PLO 17. Injection resulted in convulsions (m or had no effect (0). 

Dose dependency 

WDS elicited by infusion of DADLE (1.8-17.6 nmol) to the 
ventral hippocampus were dose-related, and all except the 1.8 
nmol dose were significantly higher (p < 0.05 for 4.4 nmol; p 
< 0.001 for 8.8 nmol and 17.6 nmol; Fig. 4) than the ACSF- 
treated controls (12.0 & 3.1 shakes/hr). DADLE-induced con- 
vulsions did not show a dose-dependent effect in the range of 
doses tested (Table 2). Although the highest dose of DADLE 
(17.6 nmol) appeared to produce more convulsions and an ear- 

lier onset of the first convulsion, the difference with other doses 
tested was not statistically significant. 

Discussion 

The present study shows that a single injection of the selective 
mu opioid receptor agonists PLO17 or DAGO into the ventral 
hippocampus of rats elicited convulsions and WDS. Observa- 
tion of a dose-related increase in WDS and convulsions after 
the administration of a mixed mu and delta receptor agonist, 
DADLE, into the ventral hippocampus implies that delta re- 

Table 1. Effects of &FNA and ICI-174,864 on DADLE-induced WDS and convulsions 

Treatment 

Onset of the first 
WDS Fraction Convulsions0 convulsion0 

N (nlhr) responding (n/hr) (min) 

ACSF 
(control) 18 181.4 f 14.2 9/18 1.3 * 0.2 19.9 f 4.1 

/3-FNA 
(2.0 nmol) 10 8.5 ? 1.7” o/10 0 - 

ICI- 174,864 
(1.5 nmol) 11 171.4 +- 26.7 6/11 2.5 k 0.6 18.8 f 3.5 

N represents number of rats per group; fraction responding, number of rats per group responding to a single injection 
of 4.4 nmol DADLE to the left ventral hippocampus with at least one convulsion. 
” Values arc means f SEM of rats that have convulsions. 
“p < 0.001 compared with the control value. 
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EFFECTIVENESS OF INTRAHIPPOCAMPAL 
INJECTION OF DIFFERENT OPIOID RECEPTOR AGONISTS 

IN ELICITING WET DOG SHAKES AND CONVULSIONS 
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Figure 3. Effects of different opioid receptor agonists in eliciting WDS 
and convulsions. Values are expressed as means k SEM. The numbers 
in parentheses represent the number of rats in each group. All drugs 
were infused into the left ventral hippocampus in a volume of 0.5 11 in 
the following concentration: PLO 17, 9.4 nmol; DAGO, 9.7 nmol; DA- 
DLE, 8.8 nmol; DPDPE, 7.7 nmol; DYN-A( l-S), 10.2 nmol; DYN-A 
amide, 4.7 nmol; and U-50,488H, 21.5 nmol. * Q < 0.001 compared 
with the ACSF control. 

ceptors may also be involved in the expression of these behav- 
ioral changes. However, WDS and convulsions induced by DA- 
DLE could only be antagonized by the irreversible mu-selective 
antagonist fi-FNA but not by the selective delta receptor antag- 
onist ICI-174,864. These findings strongly suggest that such 
behavioral changes are mediated by activation of mu receptors 
rather than by delta receptors in the ventral hippocampus. The 
fact that neither the selective delta agonist DPDPE nor the 
selective kappa agonist U-50,488H administered to the ventral 
hippocampus evoked such behaviors further demonstrates that 
convulsions and WDS are unlikely to be mediated via delta or 
kappa receptors. Furthermore, it has been shown that icv 
administration of U-50,488H does not produce any epileptic 
discharges or myoclonic contractions (Dzoljic and Poel-Heis- 
terkamp, 1982). The lack of effect of U-50,448H in eliciting 
convulsions and WDS, and the higher order of potency of PLO 17 
and DAGO compared with that of DADLE (Fig. 3), suggests 
that these behavioral changes were mediated exclusively by mu 
but not delta or kappa opioid receptors. 

Earlier findings suggest that the EEG seizures produced by 
opioid peptides may be a consequence of the activation of the 
delta opioid receptor subtypes (Urea et al., 1977; Frenk, 1983; 
Haffmans and Dzoljic, 1983) or perhaps multiple opioid recep- 
tor-mediated mechanisms may be involved (Snead, 1986). Al- 
though the multiplicity of opioid receptor subtypes has been 
established based on in vivo (Martin et al., 1976; Cowan et al., 
1979; Holaday and Tortella, 1984) and in vitro (Lord et al., 
1977; Chang and Cuatrecasas, 1979) evidence, it was not until 
recently that highly selective agonists and antagonists for various 
opioid receptor subtypes became available. Our findings are in 
accord with those reported by Tortella et al. (1984, 1987) who 
demonstrated by intraventricular administration of selective ag- 
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Figure 4. Dose-related effect of DADLE-induced WDS. Values are 
expressed as means f  SEM of 8 rats. DADLE was infused into the left 
ventral hippocampus in a volume of 0.5 ~1. * p < 0.05 and **p < 0.00 1 
compared with the ACSF control. 

onists and antagonists for mu and delta opioid receptors that 
the EEG seizures evoked were mediated by mu rather than delta 
opioid receptors. The present study further extends this idea by 
showing an exclusive role of the ventral hippocampal mu re- 
ceptors in eliciting convulsions since only injecting selective mu 
but not delta or kappa receptor agonists into the ventral, but 
not dorsal, hippocampus produced convulsions in rats. More- 
over, convulsions induced by DADLE were inhibited by ,&FNA 
but not by ICI-174,864. 

Injection of PLO 17 into other brain regions such as the stria- 
turn, frontal cortex, amygdala, and dorsal hippocampus or by 
icv administration did not elicit WDS or convulsions, therefore 
this clearly indicates that this PLO 17-induced effect is regionally 
specific. A number of observations have shown that with re- 
peated injections of 10 wg @-endorphin or Met-enkephalin into 
either the hippocampus (dorsal or ventral) or amygdala of rats 
leads to the development of kindled generalized convulsions 

Table 2. DADLE-induced convulsions 

Fraction Convulsions 
Treatment responding (n/hr) 

ACSF (control) O/8 0 
DADLE 

1.8 nmol 2/8 2 
4.4 nmol 2/8 1 
8.8 nmol 2/8 1 

17.6 nmol 3/8 3.3 -+ 1.4 

Onset of the first 
convulsion 
(min) 

- 

21.5 
21.5 
27.0 
18.3 + 3.9 

Fraction responding refers to the number of rats per group responding to a single 
infusion of DADLE to the left ventral hippocampus with at least one convulsion. 
Values are means or means + SEM of rats that had convulsions. 
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(Cain and Corcoran, 1985; Tanaka et al., 1986). We have dem- 
onstrated that only a single injection of 1 pg PLO 17 to the ventral 
hippocampus is needed to evoke convulsions in rats, and this 
effect is antagonized by P-FNA (Lee et al., 1987, 1988). Hence, 
the use of highly selective and potent mu receptor ligands, which 
probably reduce the activation of other opioid receptors, may 
contribute to the differences observed in these studies. In the 
present study no overt behavioral manisfestations of motor sei- 
zures was observed after injection of a high dose of PLO 17 (10 
pg) to the dorsal hippocampus (both CA&A, and CA, regions), 
whereas for the amygdala, only masticatory movement was ob- 
served. This regional difference in the effect of PLO 17 does not 
result from differences in the mu opioid receptor distribution 
since it is present in both amygdala and dorsal hippocampus 
(Quirion et al., 1983; Mansour et al., 1987). 

Several lines of evidence have demonstrated that the ventral 
hippocampus may be more important than its dorsal portion 
for the expression of seizures and WDS in rats. First, autora- 
diographic studies have shown that 2-DG utilization during 
seizures induced by hippocampal kindling or kainic acid is higher 
in the ventral hippocampus (Lothman and Collins, 198 1; Loth- 
man et al., 1985). Second, it has been demonstrated by studies 
using hippocampal slices that potassium-induced bursting of 
CA, pyramidal cells peaked approximately 1.5 mm from the 
tip of the ventral hippocampus and declined toward the dorsal 
end (Bragdon et al., 1986). Third, the abundance of ME and 
DYN in the ventral hippocampus is higher than those in the 
dorsal hippocampus (Kanamatsu et al., 1986). Fourth, colchi- 
tine lesions of ventral but not dorsal hippocampal dentate gran- 
ule cells inhibited kainic acid-induced WDS (Grimes, Merritt, 
Tilson, and Hong, personal communication). Fifth, intracere- 
bra1 injections of kainic acid to different brain regions have 
indicated that the ventral hippocampus is the most sensitive 
site in eliciting convulsions and WDS (Thai, Zhang, and Hong, 
personal communication). Since the present study shows that 
the ventral but not the dorsal hippocampus plays an important 
role in opioid-induced convulsions and WDS, the relatively 
higher concentration of endogenous opioids (Kanamatsu et al., 
1986) and opioid receptors (Mansour et al., 1987) in the ventral 
hippocampus may contribute an important factor in the regional 
differences observed. 

Opioid peptides have been demonstrated to inhibit neuronal 
firing in most areas of the brain; however, they increase the 
firing of hippocampal pyramidal cells (Nicoll et al., 1977; Zie- 
glgansberger et al., 1979). It has been suggested that opioid 
peptides increase hippocampal pyramidal cell firing rates by 
inhibiting adjacent inhibitory interneurons such as the GA- 
BAergic neurons (Zieglgansberger et al., 1979; Siggins and Zie- 
glgansberger, 198 1). In the present study, opioids were injected 
into the stratum lacunosum-moleculare of Ammon’s horn in 
the ventral hippocampus, which has been demonstrated to have 
high density of mu opioid receptors (Crain et al., 1986; Mansour 
et al., 1987). Moreover, this is also the region where enkephalin- 
containing perforant path fibers from entorhinal cortex (Gall et 
al., 1981; Fredens et al., 1984) and interneuronal GABA-con- 
taining fibers terminate (Gamrani et al., 1986; Sloviter and Ni- 
laver, 1987). Thus, the injections of mu agonists to this region 
may reduce the degree of recurrent inhibition of the pyramidal 
cells, resulting in excitation and epileptiform activity originating 
in the ventral hippocampus. This seizure activity from the ven- 
tral hippocampus when radiated to the motor area of the brain 
may lead to the expression of WDS and convulsions. 

The induction of WDS by mu agonists in this study appears 
to be associated with generalized convulsions since the inhibi- 
tion of convulsions by p-FNA also inhibits WDS. This is in 
accordance with previous reports where WDS have been ob- 
served in rats with various experimentally induced seizures such 
as amygdala kindling (Squillace et al., 1980) cobalt epilepsy 
(Colasanti et al., 1975) or kainic acid-induced limbic seizures 
(Lanthorn and Isaacson, 1978). Hippocampal epileptiform dis- 
charges provoked by opioid peptides are accompanied by WDS 
(Frenk et al., 1978; Henriksen et al., 1978). In addition, hip- 
pocampal granule cell discharges have also been demonstrated 
to be necessary for the induction of this shaking behavior (Da- 
miano and Connor, 1984) suggesting that there is an association 
between WDS and hippocampal epileptiform discharges. How- 
ever, bilateral colchicine lesions of ventral hippocampal granule 
cells inhibit PLO 17-induced WDS but potentiate the severity of 
convulsions (Lee et al., unpublished observations). This obser- 
vation suggests that the ventral hippocampus may be an im- 
portant site in eliciting both WDS and convulsions by mu ag- 
onists; however, the expression of these 2 behaviors does not 
appear to depend on a common underlying mechanism. 

In summary, our findings clearly demonstrate that mu recep- 
tors in the ventral hippocampus are important for the expression 
of opioid-induced convulsions and WDS. In addition, the re- 
markable regional selectivity of the ventral hippocampus in 
association with the expression of convulsions and WDS in- 
duced by opioids and other chemical convulsants, such as kainic 
acid, underlines the necessity of studying this particular brain 
region in great details since previous findings on the hippocam- 
pus have focused on the dorsal hippocampus almost exclusively. 
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