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Kappa Opioids Inhibit Induction of Long-Term Potentiation in the 
Dentate Gyrus of the Guinea Pig Hippocampus 
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NMDA receptor-mediated long-term potentiation (LTP) of 
dentate granule cell responses to perforant path stimulation 
was inhibited by the K, opioid receptor agonist U69,593. This 
inhibition was reversed stereospecifically by naloxone and 
blocked by the selective K, antagonist norbinaltorphimine 
(NBNI). NBNI, by itself, had no effect on LTP induced by 
threshold stimulation but significantly enhanced LTP from 
more prolonged stimulation. This effect of NBNI suggests 
that endogenous opioids can regulate LTP in the dentate 
gyrus. In support of this hypothesis, stimulation of dynor- 
phin-containing fibers also blocked LTP production in an 
NBNI-sensitive manner. Finally, dynorphin-mediated inhibi- 
tion of LTP acts primarily on mechanisms of induction rather 
than maintenance or expression, since dynorphin released 
immediately before, but not immediately after, perforant path 
stimulation blocked LTP. Thus, exogenous and endogenous 
K opioids can inhibit induction of long-term potentiation at 
the perforant path-granule cell synapse and may therefore 
regulate plastic changes in synaptic transmission in a brain 
region thought to play an important role in processes of both 
learning and memory and epileptogenesis. 

[Key words: hippocampus, dentate gyrus, K opioids, en- 
dogenous opioids, long-term potentiation, LTP induction] 

High-frequency stimulation of excitatory neocortical (Lee, 1982) 
limbic (Racine et al., 1983) and hippocampal pathways (e.g., 
Bliss and Gardner-Medwin, 1973; Bliss and Collingridge, 1993) 
can produce long-lasting increases in responses to subsequent 
stimulation, a phenomenon known as long-term potentiation 
(LTP). Such LTP can persist for weeks beyond the initial stim- 
ulation (Bliss and Gardner-Medwin, 1973) and has been sug- 
gested to be a cellular basis for learning and memory (e.g., Bliss 
and Collingridge, 1993). LTP has been most extensively studied 
in the hippocampus, due in part to the role this region plays in 
learning and memory. In addition, the highly structured cy- 
toarchitecture of the hippocampus allows selective afferent stim- 
ulation in vivo and in vitro and facilitates study of the neuro- 
chemical mechanisms underlying LTP. From such studies, 
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glutamate has been found to act at NMDA (Harris et al., 1984; 
Wigstrom and Gustaffson, 1984; Morris et a1.,1986; Morris, 
1989) and non-NMDA (Grover and Teyler, 1990; Bashir et al., 
1993) type receptors within the hippocampus to mediate LTP 
induction. Other putative neurotransmitters, including adeno- 
sine (Alzheimer et al., 199 l), glycine (Bashir et al., 1990) GABA 
(Davies et al., 199 1; Morrisett et al., 199 l), acetylcholine (Wil- 
liams and Johnston, 1988) norepinephrine (Hopkins and John- 
ston, 1984) dopamine (Frey et al., 1990), nitric oxide (Schuman 
and Madison, 199 I), and arachidonic acid (Lynch et al., 199 l), 
have all also been reported to play a role in the neurochemical 
modulation of LTP. 

Recently, opioid peptides and their receptors have increas- 
ingly been implicated in the control of LTP in the hippocampus 
(Martin, 1983; Bramham et al., 1988, 1991; Satoh et al., 1989; 
Ishihara et al., 1990; Derrick et al., 199 1, 1992; Xie and Lewis, 
199 1; Bramham, 1992; Terman et al., 1992; Wagner et al., 1993; 
Weisskopf et al., 1993). The hippocampus is rich in p, 6, and K 

opioid receptors (McLean et al., 1987; Zukin et al., 1988; Wag- 
ner et al., 1990, 199 1) and contains the presumed natural ligands 
for these receptors, the enkephalins and dynorphins (Gall et al., 
1981; McGinty et al., 1983, 1984; Weber and Barchas, 1983; 
Chavkin et al., 1985; Crain et al., 1986). The dentate granule 
cells, for example, contain mRNA for both proenkephalin and 
prodynorphin and receive afferent input from the entorhinal 
cortex by way of proenkephalin-containing perforant path fibers 
(Chavkin et al., 1985). The dentate molecular layer, containing 
perforant path axon terminals (among other afferent inputs), 
granule cell dendrites, and numerous interneurons, contains p, 
6, and K binding sites (McLean et al., 1987). In the rat dentate 
gyrus, p (Xie and Lewis, 199 1) and 6 (Bramham et al., 1991) 
opioid antagonists have been reported to block the production 
of LTP. This is consistent with numerous reports of disinhi- 
bitory effects of /I and 6 opioids on neurotransmission within 
the hippocampus (e.g., Zieglgansberger et al., 1979; Lee et al., 
1980; Masukawa and Prince, 1982). 

In contrast, we have recently reported that K opioid agonists 
have principally inhibitory effects in the guinea pig dentate gyrus 
(Wagner et al., 1992). Both dynorphin B and the K,-SpeCifiC 

agonist U69,593 produce an inhibition of perforant path-stim- 
ulated granule cell activity that is blocked by the K,-SekCtiVe 

(Neck et al., 1988, 1990; Takemori et al., 1988) opioid antag- 
onist norbinaltorphimine (NBNI) (Wagner et al., 1992). A pre- 
synaptic, rather than a postsynaptic, site of action for this K 

receptor-mediated inhibition was suggested by (1) the lack of 
effect of K opioids on granule cell resting potentials and mem- 
brane conductances using intracellular (Wagner et al., 1992) and 
whole-cell voltage clamp (Wagner et al., 1993) techniques, and 
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(2) the lack of inhibitory effects on GABA-mediated IPSPs 
(Wagner et al., 1992) or commissural/associational glutamate- 
mediated EPSCs (Wagner et al., 1993). The inhibitory effects 
of K opioids on synaptic transmission in the dentate gyrus led 
us to examine the effects of these opioids on LTP and the long- 
lasting excitatory changes underlying this phenomenon. 

Materials and Methods 
Electrophysiological preparation. As previously described (Wagner et 
al., 1992), adult male 175-250 gm Hartley guinea pigs (Simonsen Lab- 
oratories, Gilroy, CA) were decapitated and the brains quickly removed, 
cooled, blocked, and cut using a Vibratome (Technical Products Inter- 
national) into 600 Frn sections. Hippocampal slices were transferred to 
a warmed (34°C) submerged tissue recording chamber and were perfused 
at I ml/min with modified artificial cerebrospinal fluid (125 mM NaCl, 
3 mM KCI, 4 mM CaCL, 4 mM MgCl,, 1.25 mM NaH,PO,, 26 mM 
NaHCO,, IO mM glucose, and IO PM bicuculline). After an hour of 
equilibration, a 100 pm concentric bipolar electrode was placed in the 
outer molecular layer of the dentate gyrus (Fig. IA) and was used to 
stimulate perforant path fibers with 0.3 msec square-wave pulses of 25- 
300 PA. A glass recording electrode (l-2 pm tip) filled with 3 M NaCl 
was placed in the granule cell layer of the dentate gyrus (Fig. IA) using 
a dissection microscope. A digitizing oscilloscope (5DlO Tektronix, 
Beaverton, OR) was used to measure stimulus-evoked peak-to-peak 
population response amplitudes (e.g., Fig. IB, inset), and the recording 
electrode was advanced to maximize these responses. In certain exper- 
iments, a 100 Frn concentric bipolar electrode was also placed in the 
hilus of the hippocampus (Fig. IA). 

Quantitation of responses. An initial stimulus/response curve was 
determined for granule cell excitation from perforant path stimulation 
(e.g., Fig. 2). Stimuli ofincreasing intensity were given at 1 min intervals 
to the perforant path and granule cell population response (spike) am- 
plitudes recorded. The stimulus intensity that evoked a half-maximal 
granule cell population spike amplitude, S,,? (e.g., Fig. 2), was chosen 
for subsequent test stimuli. S,,? test pulses were then given at 1 min 
intervals throughout the experimental period. Prior to each new tetanic 
stimulation or drug addition, the stimulus intensity for the test pulse 
was adjusted to continue evoking a half-maximal (S,,2) response, and 
at least five baseline test pulses were given. Thus, changes in respon- 
siveness produced by experimental manipulations were based on changes 
from the baseline measures determined immediately prior to each ma- 
nipulation. In a subset ofexperiments, slope ofthe initial rising segment 
of the population spike (extracellular EPSP slope) was concurrently 
measured. 

Perforant path high-frequency stimulation was applied using the mo- 
lecular layer stimulating electrode and consisted of three 100 Hz trains 
of 0.3 msec 300 rA pulses, given one train every IO set (train duration 
varied as a function of the particular experiment) (e.g., Fig. I C). Hilar 
high-frequency stimulation consisted of six I set 50 Hz trains of 0.3 
msec 300 PA pulses, given one train every IO set by way of the stim- 
ulating electrode in the hilus. Long-term potentiation was operationally 
defined as the mean change in population spike amplitude or EPSP 
slope response to five test pulses given beginning 30 min after perforant 
path tetanic stimulation compared with the mean response to five test 
pulses given immediately prior to the tetanus (e.g., Fig. IB). 

Drug effects were studied at equilibrium from I5 to 20 min after 
addition of drug to the artificial cerebrospinal fluid perfusate. Mean 
granule cell population spike amplitude or EPSP slope responses to five 
perforant path test pulses (at S,,,) given immediately prior to drug 
application were compared with the mean response to five test pulses 
of the same intensity given beginning I5 min postdrug. Data were trans- 
formed to percentage of spike amplitude or EPSP slope change (e.g., 
percentage spike amplitude change = (postdrug - predrug mean am- 
plitude/predrug mean amplitude) and statistically analyzed using be- 
tween-subjects and/or within-subjects analyses of variance as appro- 
priate with Tukey’s tests for between group post hoc comparisons (Hays, 
1973). A probability of ~0.05 was chosen for statistically significant 
rejection of the null hypothesis. 

Materials. Bicuculline, U69,593, (-)naloxone and D-2-amino-5- 
phosphonovalerate (APV) were purchased from Sigma Chemical. Nor- 
binaltorphimine was purchased from Research Biochemicals Incorpo- 
rated. (+)Naloxone was a gift from NIDA. All drugs were added to the 
perfusate in a 1: 1000 dilution. 

Results 

The K agonist U69,593 (1 PM) significantly inhibited dentate 
granule cell population spike amplitude evoked by perforant 
path stimulation (by 46 t 5% from predrug values at S,,,; n = 
12) (e.g., Fig. 2) compared to controls exposed to no drug (0.5 
2 0.2% change after 15 min; n = 12). This inhibition was 
blocked by adding either 1 PM (-)naloxone (- 2 +- 6% of predrug 
control; n = 6) (e.g., Fig. 2) or 100 nM norbinaltorphimine 
(NBNI) (3 f  3% of predrug control; n = 6) to the U69,593 
perfusing the slice. Results from a representative experiment 
are shown in Figure 2. Neither opioid antagonist, by itself, sig- 
nificantly affected population spike amplitudes (9 + 8% and -2 
t 4% changes, respectively; n = 7 and 22). Moreover, U69,593 
significantly decreased the slope of the population spike EPSP 
after 15 min (by 23.6 -1- 6%) compared to controls not exposed 
to any drug (increased by 0.25 t 2%). These data replicate and 
extend our previous work (Wagner et al., 1992) demonstrating 
K receptor-mediated inhibition of perforant path-induced gran- 
ule cell excitation. 

As shown in Figure lB, LTP could be produced by a moderate 
tetanus to the perforant path (three 20 msec trains of 100 Hz 
pulses given one train every 10 set). In accordance with the 
findings of others (e.g., Harris et al., 1984; Wigstrom and Gus- 
taffson, 1984; Morris et al., 1986), the NMDA glutamate re- 
ceptor antagonist D-2-amino-5-phosphonovaleric acid (APV) 
(50 WM) applied to the perfusate prior to tetanic stimulation 
blocked LTP production (Fig. 3A) without significantly affecting 
the population response amplitude to test stimuli. U69,593 (1 
PM) also blocked LTP production (Fig. 3A), and the effect of 
U69,593 was reversed when these slices were stimulated again 
in the presence of the opioid antagonist (-)naloxone (Fig. 3B). 
In contrast, the opioid receptor-inactive stereoisomer (Caudle 
et al., 199 l), (+)naloxone was ineffective in reversing the LTP- 
inhibiting effects of U69,593 (Fig. 3B). In addition, the LTP of 
the EPSP slope caused by perforant path tetanus was blocked 
by U69,593 in a naloxone-sensitive fashion (Fig. 3C). The in- 
hibitory effects of U69,593 on LTP were also blocked by coad- 
ministration of the KI-selective antagonist norbinaltorphimine 
(100 nM) (NBNI) with the K agonist (Fig. 3A). However, this 
opiate antagonist had no significant effect on LTP (Fig. 4B) when 
given alone under these conditions (see also Hanse and Gus- 
tafsson, 1992). These results indicate that activation ofKl opioid 
receptors can block LTP production in the guinea pig dentate 
gyrus. 

During our initial characterization of stimulation paradigms 
effective in producing LTP, we examined the effects of varying 
perforant path tetanic stimulus duration on the magnitude of 
LTP produced. Each slice was exposed to only a single tetanus 
paradigm. Tetani consisted of 100 Hz trains given three times 
at 10 set intervals as above (Fig. IC). Tetani of 20, 50, 100, 
and 500 msec durations produced significant increases in pop- 
ulation spike amplitudes measured 30 min posttetanus when 
compared to nontetanized controls-producing potentiation of 
48%, 1 15%, 123%, and 43%, respectively (Fig. 4A). As expected, 
longer tetani produced generally greater potentiation, attaining 
a similar LTP maximum magnitude after 50 and 100 msec 
tetani. This result is in keeping with the well-described phe- 
nomenon of LTP saturation (Huang and Malenka, 1993). Sur- 
prisingly, however, the 500 msec tetanus produced significantly 
less LTP than the 100 msec tetanus (Fig. 4A). In our next study, 
we examined if there was a relationship between the observed 



4742 Terman et al. l K Opioids Inhibit Induction of Long-Term Potentiation 

A 

C 

2.5 

2.0 

1.5 

TET 
1.0 

;bp- ‘-(v-j 
0.5 : I I I I 1 

0 10 20 30 40 50 

TIME (min) 

28 mS 1W Hz PERFORANT PATH TETANUS 

10 SEC 

Figure 1. A, Digitally scanned cresyl violet-stained guinea pig hippocampal slice with schematic representations of the recording and stimulating 
electrode sites used in our studies. The recording electrode (R) was placed in the granule cell layer (G) of the dentate gyms. One stimulating electrode 
(S,,,) was placed in the outer dentate molecular layer (A4) and in certain experiments a second stimulating electrode (S,) was placed in the hilus 



The Journal of Neuroscience, August 1994, 14(8) 4743 

2.5 

- PRE-DRUG CONTROL 

- U69.593 

- U69 8 NALOXONE 

0 1 

0 20 40 60 60 100 120 140 160 160 200 

STIMULUS INTENSITY (KA) 

Figure 2. Representative example of the inhibitory effect of U69,593 
on population spike amplitude. Stimuli of various intensities were given 
at I min intervals to the perforant path and the granule cell population 
spike amplitudes recorded. The stimulus intensity that evoked a half- 
maximal granule cell population spike amplitude, S,,Z, was chosen for 
subsequent test stimuli, and percentage change data were derived from 
responses to this intensity. In this example, 15 min after U69,593 (1 
PM) was added to the perfusate, population spike response amplitudes 
were decreased across all stimulus intensities (U69,593) from predrug 
control values. Coadministration of naloxone (1 FM) with U69,593 for 
15 min (U69 & NALOXONE) reversed the inhibition. 

inhibition of LTP production by K receptor activation and the 
reduced magnitude of LTP produced by supramaximal tetanic 
stimulation. 

We have previously reported that high-frequency stimulation 
of the perforant path can release endogenous opioids (Wagner 
et al., 1990, 1991). We tested whether the reduction in LTP 
magnitude following longer-duration tetani might be sensitive 
to opioid receptor antagonism. Whereas NBNI (100 nM) had 
no significant effect on LTP from either the 20 msec or 100 
msec stimulation paradigms (Fig. 4B), this antagonist did pro- 
duce a significant increase in LTP elicited from the 500 msec 
perforant path stimulation (Fig. 4B). This suggests that an en- 
dogenous opioid agonist is released by the 500 msec stimulation. 
K, receptor activation by this endogenous opioid appears capable 
of decreasing LTP production just as is seen with U69,593 ap- 
plication. 

To determine whether K opioids influence LTP production by 
primarily affecting induction, maintenance, or expression of LTP, 
we turned to another paradigm of endogenous K opioid release 
that we have been studying concurrently. Tetanic stimulation 
of the mossy fibers in the hilus at 50 Hz for 1 set produces a 
release of dynorphin from dentate granule cells (Wagner et al., 
199 1). In the present study, we used this brief and reproducible 
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Figure 3. A, Blockade of NMDA receptor-dependent long-term po- 
tentiation (LTP) by K receptor activation. LTP, defined as the increase 
in population spike amplitude 30 min following a 20 msec 100 Hz 
perforant path tetanus (NO DRUG), was blocked both by the NMDA 
receptor antagonist APV (50 PM) and by the K, opioid receptor agonist 
U69,593 (1 PM). The inhibition of LTP by U69,593 was blocked by 
coadministration of 100 nM of norbinaltorphimine (NBNI) with the K 
agonist. *, significant (p < 0.05) difference from controls receiving no 
tetanus (NO TET), which were simply tested for population spike am- 
plitude stability for 30 min. n = number of slices studied. B, Naloxone 
stereospecifically reverses the K opioid blockade of LTP. Slices exposed 
to U69,593 in A were then perfused with 1 /IM of either the opioid 
antagonist (-)naloxone or its opioid-inactive stereoisomer (+)naloxone 
and given a second perforant path tetanus. Whereas a second 20 msec 
perforant path tetanus still produced no LTP in the (+)naloxone group 
[(+)NAL&U69], (-)naloxone reversed the LTP blocking effects of 
U69,593 [(-)NAL&U69]. A, significant (p < 0.05) difference from 
U69,593 results in A. n = number of slices studied. C, LTP ofthe slope 
of the extracellular EPSP initial segment recorded in the granule cell 
layer (NO DRUG) is blocked by U69,593 (1 PM) alone (1169,593), but 
not when coadministered with (-)naloxone (1 FM) [(-)NAL&U69]. *, 
significant (p < 0.05) difference from nontetanized (NO TET) controls. 
n = number of slices studied. 

method of endogenous K opioid release to compare the effects 
of K opioids released immediately before versus immediately 
after perforant path stimulation (20 msec 100 Hz tetanus) in- 
duced LTP. As previously reported (Wagner et al., 1993), hilar 
tetanic stimulation blocked LTP production in an NBNI-sen- 

t 

(H). B, Example of LTP of the dentate granule cell population (spike) response to perforant path stimulation. Although initially stable, population 
spike amplitude showed a rapid and persistent potentiation following a 20 msec 100 Hz perforant path tetanic stimulus (TE7’) (as in C), showing 
a 37% increase 30 min posttetanus. Inset, Representative oscilloscope tracings of population responses before (a) and after (b) LTP induction 
(TET). Population spike amplitude was measured peak to peak as indicated (arrows). Calibration: 1 mV, 5 msec. C, Schematic of the 20 msec 100 
Hz perforant path tetanic stimulation paradigm used to produce LTP in the majority of the present studies. 
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E;rgu,p 4. A, Parametric evaluation of dentate granule cell population 
spike amplitude LTP produced by various durations of perforant path 
tetanic stimulation. Tetani consisted of three 100 Hz trains of 0.3 wsec 
300 UA muses given one train cvcrv IO set (e.e.. Fig. 1 c‘). Tetani of 20. 
50, 100: and S’OO msec produced significant-LTPY *, significant (p i 
0.05) difference from nontetanized (NO 7%‘7’) controls. In general, 
longer-duration tetani produced greater potentiation except for the 500 
msec tetanus, which produced significantly (p < 0.05) less LTP than 
the 100 msec tetanus. +, significant (p < 0.05) difference between the 
500 msec and 100 msec groups). Each slice was tetanized only once. n 
= number of slices studied. B. NBNI (100 nM) has no effect on LTP 
from 20 msec or 100 msec tetanic stimulation but enhances LTP from 
500 msec of tetanic stimulation. For ease of presentation, NO DRUG 
data is repeated from A. *, significant (p i 0.05) difference from NO 
DRUG controls. Eight different slices were studied in each of the NBNI 
groups. 

sitive manner when given immediately prior to perforant path 
stimulation (Fig. 5A,B). However, when hilar stimulation im- 
mediately followed perforant path tetanic stimulation, there was 
no significant decrease in LTP compared to slices not receiving 
hilar stimulation (Fig. 5B). These findings suggest that K opioids 
arc having their primary effect on LTP by inhibiting induction 
mechanisms. If  maintenance or expression mechanisms of LTP 
were primarily inhibited by K opioids, then rclcase of these pep- 
tides pre- or postinduction would be expected to block LTP to 
a similar degree. 

Discussion 

The principal finding ofthis study is that both pharmacologically 
applied and endogenously released K opioids modulate the re- 
sponse of dentate granule cells to high-frequency stimulation of 
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TIME (MIN) 

PP HILAWPP NBNVHILAWPP PP/HILAR 

Figure 5. A, Representative example of blockade of LTP by hilar 
stimulation given immediately before (HIMRIPP) but not immediately 
after (PPIHILAR) 20 msec of 100 Hz perforant path stimulation. Hilar 
stimulation consisted of six I set trains of 50 Hz 300 FA pulses given 
one train of every IO sec. Whcrcas 30 min after PP/HILAR stimulation 
mean population spike amplitude was increased by 3 I%, 30 min after 
HILAR/PP stimulus pairing produced a 5% decrement in spike ampli- 
tude. The short-term potentiation shown here when hilar stimulation 
preceded perforant path tetanic stimulation was seen for various du- 
rations in about half the slices tested but never lasted more than IO 
min. B, A series of replicates showing that LTP 30 min after perforant 
path tetanic stimulation is inhibited by hilar stimulation given imme- 
diately before (IIILARIPP) but not immediately after (PPIHILAR) per- 
forant path tetani. This inhibition is blocked by I5 min of pretreatment 
with NBNI (100 nM) CNBNIIHILARIPP). *. significant (a < 0.05) dif- 
ference fromcontrols receiving perforant’path titanic stimulation with- 
out hilar stimulation (PP). n = number of slices studied. 

the perforant path. This was evident as two distinct effects on 
long-term potentiation at this synapse. First, consistent with our 
previous hndings in which endogcnous dynorphins were found 
to block LTP induction (Wagner et al., 1993) we show here 
that K, receptor activation by U69.593 is also able to block LTP. 
WC have extended our previous work concerning released cn- 
dogenous opioids by demonstrating that the block of LTP (mea- 
sured at 30 min posttetanus) is due to a K receptor-mediated 
inhibition of the induction process, and not due to inhibition 
or masking of LTP expression. Second, we have described con- 
ditions in which biphasic, homosynaptic modulation of result- 
ing LTP magnitude can occur, and have provided evidence 
indicating that endogenous dynorphin release is likely to un- 
derlie this phenomenon. 

The studies here were all performed in the presence of the 
GABA, antagonist bicucullinc. Thus, in contrast with numerous 
reports describing an inhibition of GABA,, release by other (i.e., 
non-K,) opiate agonists (Zieglgansberger et al., 1979; Lee et al., 
1980; Masukawa and Prince, 1982; Neumaier et al., 1988) the 
effects ascribed here to K, receptor activation arc not mediated 
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by altering GABA release. Instead, in agreement with our pre- 
vious work (Wagner et al., 1992, 1993) we propose that the 
effects of K, receptor activation involve a presynaptic inhibition 
of glutamate release from perforant path terminals. In addition 
to the antagonistic actions of the K opioid antagonist norbinal- 
torphimine, the stereospecific reversal of U69,593 effects by 
naloxone provides strong pharmacologic evidence that the de- 
scribed effects are in fact due to opioid receptor activation. 

In our experimental preparation (i.e., the guinea pig perforant 
path-dentate granule cell synapse in the presence of bicuculline) 
tetanus-induced LTP was APV sensitive (see also Hanse and 
Gustafsson, 1992). The ability ofK[ receptor activation to inhibit 
LTP via a depression of glutamate release fits well with the 
current model for NMDA receptor-mediated induction of LTP 
(for review, see Bliss and Collingridge, 1993). Although it has 
been shown that activation of CNQX-sensitive receptors is not 
required for the induction of LTP (Kauer et al., 1988; Muller 
et al., 1988) a threshold level of postsynaptic depolarization 
must be reached to allow Ca’+ influx through the NMDA re- 
ceptor (e.g., Bliss and Collingridge, 1993). The recent report 
(Bashir et al., 1993) demonstrating that metabotropic glutamate 
receptor activation is required for APV-sensitive LTP also would 
be in agreement with this mechanism for K opioid action. By 
reducing the release of glutamate presynaptically, transmitter 
actions at all types of glutamate receptors would be decreased, 
resulting in a subthreshold stimulus for the generation of LTP. 

A trivial explanation for the inhibition of LTP by U69,593 
might have been that the granule cell response was so depressed 
by this drug that the measurement of LTP was obscured. This 
was not the case, as the test pulse stimulus intensity was read- 
justed in the presence of K opioids to elicit responses comparable 
to those seen in the predrug period. Our finding that LTP is 
inhibited by a transient release of endogenous dynorphins un- 
derscores this point. Initiation of hilar stimulation 1 min prior 
to perforant path tetanus was effective in blocking LTP, whereas 
when this dynorphin-releasing paradigm was begun immedi- 
ately after the tetanus, it was without effect on LTP. This result 
clearly indicates that dynorphin’s LTP inhibitory effects are due 
primarily to an interference with early (within a minute of tet- 
anus onset) induction processes rather than disrupting mecha- 
nisms of LTP maintenance or masking LTP expression 30 min 
later. 

Our observation that the 500 msec duration of a 100 Hz 
tetanus yielded significantly less LTP 30 min posttetanus than 
did a 100 msec tetanus was surprising to us. Obviously, these 
studies were not designed to evaluate systematically the relative 
importance of various stimulus parameters (i.e., intensity, fre- 
quency, duration, or number) on elicited LTP magnitude. None- 
theless, we are unaware of any previous reports in which longer 
or more numerous tetanic stimuli (of the same frequency) re- 
sulted in a significant decrement in the magnitude of the re- 
sulting LTP. As up to 1 set of 100 Hz stimulation is a common 
stimulus in LTP studies, the biphasic phenomenon reported 
here is unlikely to be due to a stimulation-induced lesion of the 
perforant path. Indeed, the reduced LTP magnitude following 
the 500 msec tetanus was completely reversed in the presence 
of NBNI. The implication of this finding is that endogenous 
dynorphin released during the 500 msec perforant path train 
acts to inhibit LTP partially. In support of this hypothesis, we 
have previously demonstrated that high-frequency stimulation 
in the molecular layer can release endogenous dynorphin as 
measured in a neurochemical slice binding assay (Wagner et al., 

1991). In that study, a granule cell source for the released dy- 
norphin was suggested by the finding that release from molecular 
layer stimulation but not hilar stimulation was inhibited by 
blockade of perforant path-granule cell excitatory neurotrans- 
mission by CNQX. Recently, we have identified, using im- 
munohistochemical techniques at the electron microscopic lev- 
el, dynorphin-containing dense-core vesicles within molecular 
layer axons and dendrites (Drake et al., in press) in addition to 
their previously described hilar sources (McLean et al., 1987). 
The finding that endogenous dynorphin’s inhibitory effects oc- 
cur within a few seconds of hilar stimulation onset (Drake et 
al., in press) suggests that these local sources of dynorphin may 
be responsible for these effects. 

Regardless of the specific source of dynorphin responsible for 
the endogenous opioid effects reported here, our data clearly 
support the hypothesis that dynorphins released from granule 
cells in the dentate by high-frequency afferent stimulation can 
act as a retrograde transmitter to feedback and inhibit responses 
to further afferent input. In this way, dynorphin appears unique- 
ly situated to modulate neurotransmission, synaptic plasticity, 
and perhaps memory encoding within the hippocampal for- 
mation. In this regard, exogenous opioids are well known to 
inhibit learning and memory in a variety of in vivo paradigms 
(for review, see McGaugh, 1989). Endogenous opioids have also 
been implicated in such an inhibition, in that opioid antagonists 
have been found to facilitate learning (Messing et al., 1979; 
Gallagher et al., 1983, 1985). Elevated levels of dynorphin have 
been correlated with impaired spatial learning in aged rats (Jiang 
et al., 1989) an impairment found to be attenuated by naloxone 
(Gallagher et al., 1985). Finally, a naloxone-sensitive learning 
deficit is produced by dentate granule cell axonal stimulation 
(Collier and Routenberg, 1984) similar to the hilar stimulation 
that in our studies produced dynorphin release and inhibition 
of LTP induction. 

In considering the functional aspects of dynorphin action in 
the dentate gyrus, it is interesting to compare our findings with 
those ofothers studying opioid regulation ofsynaptic physiology 
in this region. For example, Bramham et al. (199 1) and Xie and 
Lewis (199 1) have reported that endogenous opioids acting at 
6 and p receptors, respectively, have facilitator-y effects on LTP 
generation in the dentate gyrus of rats. Since the activation of 
these types of opioid receptors has been linked to an inhibition 
of GABA release from hippocampal interneurons, such disin- 
hibition may explain the LTP-facilitating effects of w and 6 
opioids, just as has been reported with the GABA, antagonists 
(Wigstrom and Gustafsson, 1985; Hanse and Gustafsson, 1992). 
In the studies reported here, we added bicuculline to the per- 
fusate in an effort to eliminate possible K opioid effects on GA- 
BAergic interneurons as a mechanism for our results. p and 6 
opioid receptor-mediated disinhibition may also explain the 
epileptogenic effects seen with central administration of these 
opioid agonists (e.g., Tortella, 1988). In contrast, dynorphin’s 
inhibitory feedback effects in the dentate gyrus may provide a 
mechanism to avoid pathological consequences of hyperexci- 
tation in this region, including seizure production and cell death. 
K agonists, for example, have been reported to inhibit seizure 
activity in a variety of animal models (Tortella et al., 1986, 
1990; Tortella, 1988) and have been found to be neuroprotective 
in ischemic brain (Birch et al., 1991). In one study (Singh et al., 
1990), a K agonist was reported to stereospecifically block 
NMDA-induced seizures in an NBNI-sensitive manner via pre- 
synaptic K receptors. Furthermore, mossy fiber stimulation, sim- 
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ilar to our hilar stimulation paradigm, has been reported to cause 
a naloxone-reversible seizure threshold elevation in one seizure 
model (Jones, 1991). Finally, in epileptic patients, seizure ac- 
tivity has been correlated with increases in dynorphin-like im- 
munoreactivity and mossy fiber sprouting (Houser et al., 1990). 
This proliferation of granule cell axons extending from the hilus 
back to the molecular-layer has been associated in animal models 
with an increase in recurrent inhibition (Cronin et al., 1992; 
Sloviter, 1992) and may represent a structural adaptation to 

norphin, by providing feedback control of afferent input to the 
hippocampus, may normally act to modulate hippocampal ac- 
tivity between adaptive levels of excitation involved in learning 
and pathological levels of excitation resulting in seizures and 
cell death. 

enhance dynorphin’s negative feedback potential. In sum, dy- 

Derrick BE, Rodriguez SB, Lieberman DN, Martinez JL Jr (1992) Mu 
opioid receptors are associated with the induction of hippocampal 
mossy fiber long-term potentiation. J Pharmacol Exp Ther 263:725- -,,, 
‘x’. Drake CT, Terman GW, Simmons ML, Milner TA, Kunkel DD, 
Schwartzkroin PA, Chavkin C (in press) Dynorphin opioids present 
in dentate granule cells may function as retrograde inhibitory neu- 

Gall C, Brecha N, Karten HJ, Chang K-J (198 1) Localization of en- 

rotransmitters. J Neurosci, in press. 
Frey U, Schroede H, Matthies H (1990) Dopaminergic antagonists 

prevent long-term maintenance of posttetanic LTP in the CA1 region 
of rat hippocampal slices. Brain Res 522:69-75. 
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