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MITCHELL, C. L., M. 1. BARNES, P. M. HUDSON AND J. S. HONG. Opioid mu and delta receptor antagonists reduce wet
dog shaking elicited by perforant path stimulation. PHARMACOL BIOCHEM BEHAV 38(4) 801-805, 1991. —Stimulation of the
perforant path, a major input to the hippocampal formation, produced significant decreases in the hippocampal levels of methionine
enkephalin, dynorphin A(1-8) and an increase in the hippocampal level of gamma-aminobutyric acid. In addition, it was also ob-
served that both mu and delta opioid receptor antagonists reduce wet dog shakes elicited by perforant path stimulation. The antago-
nists did not affect the changes in hippocampal levels of methionine enkephalin, dynorphin A(1-8) or gamma-aminobutyric acid.
The results demonstrate that endogenous opioids are involved in the wet dog shakes elicited by perforant path stimulation. Since
electrographic seizure activity occurs in the hippocampus in conjunction with perforant path stimulation-induced wet dog shakes,
these data provide further evidence that endogenous opioid peptides play an important role in regulation of limbic system epilepto-
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genic phenomena.
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THE major input to the hippocampal formation (dentate gyrus
and Ammon’s horn) from the neocortex is through the entorhinal
cortex via the perforant path (6). Electrical stimulation of the en-
torhinal cortex (7) or the perforant path (4), under proper condi-
tions, produces a stereotypic behavior exemplified by paroxysmal
shaking of the head, neck and trunk in rats. This behavior has
been referred to as ‘‘wet dog shakes’’ (WDS) because it resem-
bles the behavior observed in a dog shaking itself while wet (16).
Several lines of evidence suggest that dentate granule cells play
an important role in WDS elicited by activation of the limbic
system (4, 7, 9). Since these granule cells contain both enkepha-
lin (8) and dynorphin (15), and since intrahippocampal injection
of opioids induces WDS (14), there is considerable interest in the
role hippocampal opioids may play in the generation of hippo-
campal epileptiform activity and accompanying WDS.

We have previously demonstrated that stimulation of the per-
forant path produces significant decreases in the hippocampal lev-
els of methionine enkephalin (ME) and dynorphin A(1-8) (DYN)
and an increase in the hippocampal level of gamma-aminobutyric
acid (GABA) (17). The present study had three purposes. These
were to determine (a) if the results of the first study could be re-
peated; (b) if either mu or delta opioid receptor antagonists, or

both would reduce WDS elicited by perforant path stimulation;
(c) whether or not mu or delta receptor antagonists would alter
the changes in levels of ME, DYN, or GABA seen following
perforant path stimulation in the absence of these antagonists.

METHOD
Animals

Male, Fischer-344 rats weighing 250-300 g were obtained
from Charles River Breeding Company (Portage, MI). They were
housed four per cage in a room maintained at 21 £2°C and hu-
midity 50+ 10% with a standard 12/12-h light/dark cycle. Food
(NIH diet 31) and water were ad lib.

Surgery

Each animal received atropine sulfate, 2 mg/kg, SC followed
approximately 10 min later with pentobarbital sodium, 50 mg/kg,
IP. Methoxyflurane was used, as needed, to supplement anesthe-
sia. In each animal, a bipolar electrode aimed at the left perforant
path in the region of the angular bundle was chronically implanted
under stereotaxic guidance. The electrodes were made from
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twisted 0.25 mm nichrome wire with a tip separation of approxi-
mately 0.5 mm. A stainless steel guide cannula (22 gauge, Plas-
tic One Co., Roanoke, VA) was placed in the lateral ventricle.
Coordinates were taken from the atlas of Paxinos and Watson
(20) and were as follows: perforant path —7.8 mm posterior, 4.4
mm lateral, and 4.0 mm deep; lateral ventricle —0.8 mm poste-
rior, 1.5 mm lateral, 2.5 mm deep (guide cannula) and 4.0 mm
deep (injection cannula). Anterior-posterior measurements were
made with reference to bregma, lateral measurements were made
with reference to the sagittal suture, and depth was measured
from the skull at the point of placement. All measurements were
made with top of the skull horizontal. Upon completion of the
implantation procedure, the electrode was inserted into an amphe-
nol receptacle which was cemented, with the guide cannula, to
the skull using dental acrylic. The guide cannula was sealed with
a dummy injection cannula until the time of drug administration.
Each animal was then given an injection of 75,000 units of pen-
icillin-G, IM.

Treatments

Three separate experiments were conducted. These compared
the effect of (a) B-funaltrexamine (3-FNA) (a mu receptor antag-
onist purchased from Research Biochemicals, Wayland, MA) vs.
vehicle; (b) ICI 174864 (a delta receptor antagonist purchased
from Cambridge Research Biochemists, Inc., Valley Stream, NY)
vs. vehicle; and (c¢) combination of B-FNA and ICI 174864 vs.
vehicle. There were at least 10 animals per group. Each group of
animals was used for only one experiment.

Forty-eight hours after surgery all animals were stimulated to
determine the threshold for eliciting WDS. Stimulus parameters
consisted of an 8-s train of biphasic pulses, duration of 0.1 ms/
phase and a train rate of 5 Hz. The initial stimulus intensity was
0.1 mA. Every 2 minutes the intensity was increased by 0.1 mA
until WDS were observed. Any animal not exhibiting WDS was
discarded.

Fourteen days following threshold determination the animals
were divided into 4 groups of 10 each: (a) vehicle-injected, non-
stimulated control; (b) antagonist-injected, nonstimulated control;
(c) vehicle-injected animals stimulated to the point of exhibiting
approximately 75 WDS; and (d) antagonist-injected and stimu-
lated animals yoked to the preceding group. Thresholds for elic-
iting WDS were matched as closely as possible for groups (c) and
(d). The stimulus parameters were the same as those used in the
threshold determination except that the initial stimulus intensity
was 0.2 mA below that previously determined to elicit WDS and
secondly, once WDS were observed the animals were repeatedly
stimulated at 5-minute intervals until they reached the criterion
number of shakes. At each replication the initial current level was
0.2 mA below that which WDS were previously observed and
increased, as stated above, until WDS again occurred. Each ani-
mal in group 4 was stimulated the same number of times as the
animal to which it was yoked.

An injection cannula (28 gauge, stainless steel) was inserted
through the guide cannula and each animal was injected with a
volume of 5 pl. The vehicle was artificial cerebrospinal fluid
(aCSF). B-FNA was injected in a dose of 10 pg, 24 h prior to
testing. This procedure was selected since this dose and time
postdose of B-FNA have been reported to antagonize the antino-
ciceptive actions of morphine (as measured by tail-flick latencies)
and also to antagonize the anticonvulsant actions of etorphine (26).
ICI 174864 was injected in a dose of 2 g, 10 minutes prior to
testing. This procedure was selected since this dose and time
postdose of ICI 174864 have been reported to inhibit epileptiform
electrocorticogram patterns and myoclonic contractions induced
by the delta opioid receptor agonist, [D-Ser®, Leu®]enkephalyl-
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Thr (DSLET) (10), as well as bladder contractions induced by
the delta opioid receptor agonist, [D-Pen®, D-Pen®]enkephalin
(DPDPE) (5). The antagonists were dissolved in aCSF. The aCSF
was composed of NaCl, 130 mM; KCl 3.5 mM; NaH,PO,, 1.25
mM; CaCl,-2H,0, 1.5 mM; MgSO,-7H,0, 1.5 mM; and glu-
cose, 10 mM.

Immediately following testing the animals were killed by de-
capitation and their brains removed. Those animals not stimulated
were killed at the same time following drug injection as the stim-
ulated animals. The hippocampus was dissected free bilaterally
and stored at —70°C for subsequent biochemical analyses. ME
and DYN were measured by radioimmunoassay (11). Tissue lev-
els of GABA were determined by high-performance liquid chro-
matography (12).

Statistical Analysis

The thresholds for eliciting WDS and the number of WDS
were compared for each antagonist or their combination vs. the
corresponding aCSF control group using Mann-Whitney U-tests
(23). The number of WDS occurring in each of the antagonist
groups was compared by a one-way analysis of variance
(ANOVA) (25). The levels of ME, DYN and GABA were ana-
lyzed separately for each experiment by ANOVA. Following a
significant F ratio for treatment, the means were compared to the
aCSF nonstimulated control group by Fisher’s Least Significant
Difference test (25).

RESULTS

The WDS generally occurred in clusters. The criterion of ap-
proximately 75 WDS was reached in 3 to 6 clusters. The total
time of testing ranged from approximately 45 to 75 minutes. The
opioid receptor antagonists had no effect on the threshold for elic-
iting WDS (data not shown). Both antagonists and their combi-
nation significantly reduced the number of WDS relative to their
respective controls. At the doses studied, there was no significant
difference in the efficacy of the 2 antagonists nor their combina-
tion in reducing WDS, F(2,27)=1.35, p=0.028. These data are
shown in Fig. 1.

Stimulation of the perforant path caused a significant reduc-
tion in the hippocampal level of ME. This occurred in both hip-
pocampi. The antagonists had little or no effect on this reduction
in ME. The effects of the various treatments on the hippocampal
levels of ME measured on the stimulated side are shown in Fig.
2. These data clearly show that the antagonists, given separately,
had no effect on the reduction in ME induced by stimulation of
the perforant path. However, the ME level in the stimulated group
receiving both antagonists, although lowered, was not signifi-
cantly different from the nonstimulated aCSF control group.

Perforant path stimulation markedly lowered hippocampal
DYN levels and the antagonists did not alter this effect (Fig. 3).

Stimulation of the perforant path caused a significant elevation
in the hippocampal level of GABA. The antagonists did not alter
this effect. These data are shown in Fig. 4.

DISCUSSION

The present study confirmed that stimulation of the perforant
path produces significant decreases in the hippocampal levels of
ME and DYN and an increase in the hippocampal level of GABA
(17). The fact that the opioid antagonists reduce WDS elicited by
perforant path stimulation indicates that endogenous opioids are
involved in this phenomenon. That both B-FNA and ICI 174864
reduce WDS suggests that (a) both mu and delta receptors are in-
volved or (b) one of the antagonists (or both) is not selective un-
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FIG. 1. Effect of 8-FNA or ICI 174864 or their combination on the
number of WDS elicited by perforant path stimulation. Values are ex-
pressed as mean+ S.E.M. There were 10 animals per group. All agents
were injected into the lateral ventricle in a volume of 5 pl. B-FNA was
administered in a dose of 10 ug, 24 h prior to testing. ICI 174864 was
administered in a dose of 2 pg, 10 min prior to testing. The correspond-
ing aCSF control groups received aCSF at the same interval prior to test-
ing as that for the antagonists. *p<0.002 compared to the corresponding
aCSF group (Mann-Whitney U-test, 2-tailed).

der the conditions of this experiment. Indeed, Lee et al. have
reported that when opioid agonists are injected directly into the
ventral hippocampus, only activation of mu, not delta or kappa
receptors, elicits WDS (14). Since we injected the antagonists by
the ICV route, it is possible that blockade of delta receptors in a
location other than the ventral hippocampus could have attenu-
ated the WDS elicited by perforant path stimulation. In this re-
gard, it should also be pointed out that intraperitoneal adminis-
tration of the kappa agonist, U-50,488H, inhibits the appearance
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FIG. 2. Relative levels of methionine enkephalin in the hippocampus fol-
lowing the various treatments. In this figure, C represents the nonstimu-
lated groups and S represents the stimulated groups. Since the data were
obtained from three separate experiments the levels are expressed as per-
cent of the corresponding aCSF-nonstimulated control group (£ S.E.M.).
There were 10 animals per group. All agents were injected into the lat-
eral ventricle in a volume of 5 pl. B-FNA was administered in a dose of
10 pg, 24 h prior to testing. ICI 174864 was administered in a dose of 2
pg, 10 min prior to testing. The corresponding aCSF control groups re-
ceived aCSF at the same interval prior to testing as that for the antago-
nists. *p<0.05 compared to the corresponding aCSF nonstimulated
control group (Least Significant Difference Test following an ANOVA).
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FIG. 3. Relative levels of dynorphin A(1-8) in the hippocampus follow-
ing the various treatment. In this figure, C represents the nonstimulated
groups and S represents the stimulated groups. Since the data were ob-
tained from three separate experiments the levels are expressed as percent
of the corresponding aCSF nonstimulated control group ( = S.E.M.). There
were 10 animals per group. All agents were injected into the lateral ven-
tricle in a volume of 5 pl. B-FNA was administered in a dose of 10 pg,
24 h prior to testing. ICI 174864 was administered in a dose of 2 pg, 10
min prior to testing. The corresponding aCSF control groups received
aCSF at the same interval prior to testing as that for the antagonists.
*p<0.05 compared to the corresponding aCSF nonstimulated control
group (Least Significant Difference Test following ANOVA).

of WDS elicited by direct hippocampal stimulation (19) or kainic
acid (13). It should be of interest, therefore, to know whether or
not ICV or intrahippocampal injections of U-50,488H would in-
hibit perforant path stimulation-induced WDS. Obviously, these
possibilities require further investigation.

The failure of the combination of B-FNA and ICI 174864 to
exert an effect greater than either alone suggests that the maximal
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FIG. 4. Relative levels of GABA in the hippocampus following the vari-
ous treatments. In this figure, C represents the nonstimulated groups and
S represents the stimulated groups. Since the data were obtained from
three separate experiments the levels are expressed as percent of the cor-
responding aCSF nonstimulated control group (£S.E.M.). There were 10
animals per group. All agents were injected into the lateral ventricle in a
volume of 5 pl. B-FNA was administered in dose of 10 ug, 24 h prior to
testing. ICI 174864 was administered in a dose of 2 g, 10 min prior to
testing. The corresponding aCSF control groups received aCSF at the
same time interval prior to testing as that for the antagonists. *p<0.05
compared to the corresponding aCSF nonstimulated control group (Least
Significant Difference Test following an ANOVA).
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effect was obtained with the doses used for each of the com-
pounds alone. Alternatively, prior occupancy of binding sites by
B-FNA may have allosterically hindered the action of ICI
174864. Such an effect has been reported by D’ Amato and Hola-
day (3). These possibilities also require further investigation.

The antagonists had little, or no, effect on the decrease in
hippocampal levels of ME and DYN occurring coincident with
WDS. There was clearly no effect of the antagonists, given sep-
arately or in combination, on the lowering of DYN levels induced
by stimulation of the perforant path. However, their effect on ME
levels was less clear-cut. Given separately, the antagonists had no
effect on perforant path stimulation-induced reduction in ME. But,
the ME level in the combined antagonist stimulated group, al-
though lowered, was not significantly different from the corre-
sponding aCSF nonstimulated control group. Yet, neither was it
different from the corresponding aCSF-stimulated control group.
Thus whether or not the combination of BFNA and ICI174864
effectively alter the reduction in ME induced by stimulation of
the perforant path is a moot question.

The antagonists also had no effect on the increase in hippo-
campal levels of GABA occurring coincident with WDS. The in-
crease in GABA levels could be due to an increase in synthesis,
an increase in the reuptake or a reduction in release. Increases in
hippocampal GABA have been observed under a variety of ex-
perimental conditions producing hippocampal epileptiform activ-
ity (1, 21, 22). With kainic acid, at least, the increase in GABA
may reflect a decrease in release since intrahippocampal injection
of kainic acid causes an increase in GABA in the contralateral
hippocampus which is unaccompanied by changes in synthesis or
turnover (22). It is tempting to speculate that the increase in
GABA seen in our studies is due to a decrease in release since it
has been postulated that the enhanced excitability of pyramidal
neurons induced by application of opioid peptides to the hippo-
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campus is due to inhibition of GABA containing interneurons (2,
19, 24). If this is the case, however, one might expect that the
antagonists would have reduced the elevation in GABA levels
induced by perforant path stimulation. This did not occur. Since
we measured total hippocampal levels of GABA it is possible that
local changes might have occurred which were undetected. Ex-
periments are currently underway to examine this possibility by a
microdialysis technique which measures the rate of release of
GABA from different subregions of the hippocampus.

The fact that rather high doses of the antagonists only attenu-
ated WDS suggests that the endogenous hippocampal opioid pep-
tides may act to modulate the effect of a neurotransmitter (I-
glutamate?). This notion is strengthened by the findings that
systemic administration of MK-801, a noncompetitive NMDA re-
ceptor blocking agent, both elevates the threshold for and reduces
the number of WDS induced by perforant path stimulation
(Barnes, M. I. and Mitchell, C. L., unpublished) as does intra-
hippocampal injection of gamma-D-glutamyl-glycine (Xie, C.
W., Lee, P. H. K., Mitchell, C. L. and Hong, J.-S., unpub-
lished), a nonspecific glutamate receptor blocking agent. Further
studies concerning this aspect are being conducted.

In summary, the present study confirmed our previous finding
(17) that stimulation of the perforant path produces significant
decreases in the hippocampal levels of ME and DYN and an in-
crease in the hippocampal level of GABA. That endogenous opi-
oids are involved in the WDS elicited by perforant path stimulation
was demonstrated by the fact that the mu opioid antagonist,
B-FNA and the delta opioid antagonist, ICI 174864 attenuated
these WDS. Since electrographic seizure activity occurs in the
hippocampus in conjunction with perforant path stimulation-in-
duced WDS, these data provide further evidence that endogenous
opioid peptides play an important role in the regulation of limbic
system epileptogenic phenomena.

REFERENCES

1. Chapman, A. G.; Westerberg, E.; Premachandra, M.; Meldrum, B.
S. Changes in regional neurotransmitter amino acid levels in rat brain
during seizures induced by L-allyl-glycine, bicuculline and kainic
acid. J. Neurochem. 43:62-70; 1984.

2. Chavkin, C.; Bloom, F. E. Opiate antagonists do not alter neuronal
responses to stimulation of opioid-containing pathways in rat hippo-
campus. Neuropeptides 7:19-22; 1986.

3. D’Amato, R.; Holaday, J. A. Multiple opiate receptors in endotoxic
shock: Evidence for delta involvement and mu-delta interactions in
vivo. Proc. Natl. Acad. Sci. USA 81:2898-2901; 1984.

4. Damiano, B. P.; Connor, J. D. Hippocampal mediation of shaking
behavior induced by electrical stimulation of the perforant path in the
rat. Brain Res. 309:383-386; 1984.

5. Dray, A.; Nuna, L. Selective 8-opioid receptor antagonism by ICI
174,864 in the central nervous system. Peptides 5:1015-1016; 1984.

6. Frotscher, M. Neuronal elements in the hippocampus and their syn-
aptic connenctions. Adv. Anat. Embryol. Cell Biol. 111:2-19; 1988.

7. Frush, D. P.; McNamara, J. D. Evidence implicating dentate gran-
ule cells in wet dog shakes produced by kindling stimulations of en-
torhinal cortex. Exp. Neurol. 92:102-113; 1986.

8. Gall, C.; Brecha, N.; Karten, H. J.; Chang, K.-J. Localization of
enkephalin-like immunoreactivity to identified axonal and neuronal
populations of the rat hippocampus. J. Comp. Neurol. 198:335-350;
1981.

9. Grimes, L.; McGinty, J.; McLain, P.; Mitchell, C.; Tilson, H.; Hong,
. Dentate granule cells are essential for kainic acid-induced wet dog
shakes but not seizures. J. Neurosci. 8:256-264; 1988.

10. Haffmans, J.; Dzoljic, M. R. Effects of delta opioid antagonists on
enkephalin-induced seizures. Pharmacology 34:61-65; 1987.

11. Hong, J.-S.; Yang, H.-Y. T.; Fratta, W.; Costa, E. J. Rat striatal
methionine-enkephalin content after chronic treatment with catalep-
togenic and noncataleptogenic antischizophrenic drugs. J. Pharma-
col. Exp. Ther. 205:141-147; 1978.

12. Hudson, P. M.; Tilson, H. A.; Chen, P. A.; Hong, J.-S. Neurobe-
havioral effects of perethrin are associated with alterations in regional
levels of biogenic amine metabolites and amino acid neurotransmit-
ters. Neurotoxicology 7:143-154; 1986.

13. Lason, W.; Simpson, J. N.; McGinty, J. F. The interaction between
k-opioid agonist, U-50,488H, and kainic acid: behavioral and histo-
logical assessments. Brain Res. 482:333-339; 1989.

14. Lee, P. H. K.; Obie, J.; Hong, J.-S. Opioids induce convulsions and
wet dog shakes in rats: mediation by hippocampal mu, but not delta
or kappa opioid receptors. J. Neurosci. 9:692-697; 1989.

15. McGinty, J. F.; Henriksen, S. J.; Goldstein, A.; Terenius, L.; Bloom,
F. E. Dynorphin is contained within hippocampal mossy fibers: im-
munochemical alteration after kainic acid administration and colchi-
cine neurotoxicity. Proc. Natl. Acad. Sci. USA 80:589-593; 1983.

16. Martin, W. R.; Wikler, A.; Eades, C. G.; Pescor, F. T. Tolerance
to and physical dependence on morphine in rats. Psychopharmacolo-
gia 4:247-260; 1963.

17. Mitchell, C. L.; Grimes, L.; Hudson, P. M.; Hong, J.-S. Stimula-
tion of the perforant path alters hippocampal levels of opioid pep-
tides, glutamine and GABA. Brain Res. 435:343-347; 1987.

18. Nicoll, R. A.; Alger, B. E.; Jahr, C. E. Enkephalin blocks inhibitory
pathways in the vertebrate CNS. Nature 287:22-25; 1980.

19. Ohno, M.; Yamamoto, T.; Araki, H.; Ueki, S. The effect of k-opi-
oid agonist U-50,488H on wet-dog shaking behavior induced by hip-
pocampal stimulation in rats. Psychopharmacology (Berlin) 91:189—
192; 1987.

20. Paxinos, G.; Watson, C. The rat brain in stereotaxic coordinates.
Sydney: Academic Press; 1982.

21. Schmid, R.; Hong, J.-S.; Meek, J.; Costa, E. The effect of kainic
acid on the hippocampal content of putative transmitter amino acids.
Brain Res. 200:355-362; 1980.

22. Schwarcz, R.; Zaczek, R.; Coyle, J. T. Microinjection of kainic acid
into the rat hippocampus. Eur. J. Pharmacol. 50:209-220; 1978.



OPIOID ANTAGONISTS AND WET DOG SHAKES

23.

24.

Siegel, S. Nonparametric statistics. New York: McGraw-Hill, Inc.;
1956.

Siggins, G. R.; Zieglginsberger, W. Morphine and opioid peptides
reduce inhibitory synaptic potentials in hippocampal pyramidal cells
in vitro without alteration of membrane potential. Proc. Natl. Acad.
Sci. USA 78:5235-5239; 1981.

25.

26.

805

Steel, R. G. D.; Torrie, J. H. Principles and procedures of statistics.
New York: McGraw-Hill, Inc.; 1960.

Tortella, F. C.; Holaday, J. W. p and 8 opioid receptor interactions
in a rat model of drug induced seizures. Proc. West Pharmacol. Soc.
27:435-437; 1984.



