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Abstract 

Long-term potentiation (LTP) in the hippocampus is a long- 
lasting enhancement of synaptic efficacy produced by a brief, 
high frequency repetitive stimulation of afferents. LTP has 
generated a great deal of interest as a candidate mechanism 
in learning and memory. A recent in viva study has shown 
that depletion of norepinephrine (NE) or serotonin (5-hy- 
droxytryptamine, 5-HT) reduced LTP in the dentate gyrus 
produced by stimulation of the perforant path. However, it 
was impossible to tell whether this resulted from depletion 
in the hippocampus, itself, or was secondary to depletion of 
other brain areas, and no comparison between hippocampal 
cell fields was done. Therefore, we have examined the ef- 
fects of depletion of NE or 5-HT on LTP in the dentate and 
field CA1 of the isolated in vitro hippocampal slice prepara- 
tion. 

We report here that NE depletion markedly reduces the 
occurrence and amplitude of LTP in the dentate, but not in 
field CAl. In contrast, depletion of 5-HT does not prevent 
occurrence of LTP in either area. Furthermore, pharmacologic 
data indicate that P-receptor stimulation of adenylate cyclase 
is probably the mechanism of NE’s action in the production 
of LTP in the dentate. These results suggest that endogenous 
hippocampal NE is more important to LTP in the dentate than 
is endogenous 5-HT. 

In the hippocampus, brief, high frequency stimulation of afferents 
gives rise to a long-lasting increase in the amplitude of the evoked 
population spike. This enhancement has been termed long-term 
potentiation (LTP) and has been described for a number of neuronal 
inputs to the hippocampus (Bliss and Lmmo, 1973; Schwartzkroin 
and Wester, 1975; Alger and Teyler, 1976). The amplitude of the 
postsynaptic population spike is up to 10 times greater than the 
response prior to repetitive stimulation (Schwartzkroin and Wester, 
1975). LTP can last for weeks in the intact animal (Bliss and Gardner- 
Medwin, 1973; Douglas and Goddard, 1975) and for the life of the 
hippocampal slice (10 hr or longer) (Alger and Teyler, 1976; Ander- 
sen et al., 1977). The extremely long duration of hippocampal LTP 
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and the possible involvement of the hippocampus in memory proc- 
esses (Milner, 1972; Berger, 1984) have led to suggestions that LTP 
may be a good model for learning and memory (Swanson et al., 
1982). 

In addition to other extrinsic and intrinsic pathways terminating in 
the hippocampus, there are major afferent systems arising from 
noradrenergic and serotonergic nuclei of the brainstem that project 
widely to the hippocampus. Noradrenergic innervation of the hippo- 
campus arises from neurons of the locus ceruleus. Noradrenergic 
fibers travel in the dorsal noradrenergic bundle, join the median 
forebrain bundle, and then enter the hippocampus by three path- 
ways: through the ventral amygdaloid bundle-ansa peduncularis, the 
ipsilateral fasciculus cinguli, and the fornix (Ungerstedt, 1971; Lind- 
vail and Bjorklund, 1974). The densest projection is to the layer 
interior to the granule cell layer of the dentate gyrus, followed by 
stratum radiatum of CA3 and stratum lacunosum of CA1 and CA2 
(Crutcher and Davis, 1980; Loy et al., 1980). 

The serotonergic innervation of the hippocampus arises almost 
exclusively from neurons of the median raphe nucleus, ascends in 
the median forebrain bundle, and passes via the fornix and cingulum 
to the hippocampus. Again, the densest innervation is found in the 
interior borders of the dentate granule cell layer, although other 
hippocampal areas are also well innervated (Conrad et al., 1974; 
Azmitia and Segal, 1978). Stimulation of each of these pathways 
can modulate both the spontaneous activity of single units and the 
amplitude of evoked potentials from other inputs (Segal and Bloom, 
1974; Bliss and Wendlandt, 1977; Winson, 1980). In addition, there 
is evidence that these ascending pathways are involved in the 
reinforcement of conditioned behavior (Stevens et al., 1969; Crow 
and Wendlandt, 1976; Mason and Iversen, 1977). Furthermore, 
depletion of norepinephrine (NE) has been shown to alter perforant 
path transmission through the dentate gyrus (Dahl et al., 1983). 

A recent in vivo study has shown that LTP in the dentate is 
reduced by prior depletion of NE by 6-hydroxydopamine (6-OHDA), 
or of serotonin (5hydroxytryptamine, 5-HT) by 5,7-dihydroxytryptam- 
ine (5,7-DHT) or p-chlorophenylalanine (PCPA) (Bliss et al., 1983). 
However, it was impossible to tell in vivo whether this resulted from 
depletion in the hippocampus itself, or depletion of other brain areas, 
Since stimulation of a variety of other brain areas has been shown 
to influence hippocampal neuronal excitability (Segal and Bloom, 
1974; Winson, 1980; Swanson et al., 1982) it is possible that 
depletion of a noradrenergic or serotonergic input to one of these 
areas might secondarily modulate LTP in the hippocampus. In 
addition, generalized stimulation of the angular bundle in viva may 
antidromically stimulate brain areas supplying axons to this input 
(e.g., the median raphe; Conrad et al., 1974; Azmitia and Segal, 
1978) which may in turn project to the hippocampus either directly 
or through other brain areas (e.g., the locus ceruleus; Conrad et al., 
1974). Therefore, we elected to examine the effects of depletion of 
NE or 5-HT on LTP in the in vitro hippocampal slice preparation. In 
this way, we could isolate the hippocampus from from tonic extra- 
hippocampal inputs and apply compounds in the bath at known 
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concentrations, We employed depletion methods identical to those 
in the in vivo study (Bliss et al., 1983) to facilitate data comparison. 

We report here that NE depletion specifically and markedly re- 
duces LTP in the dentate, as measured by frequency of occurrence 
and population spike amplitude, but has no effect on LTP In field 
CAI. In contrast, depletion of 5HT does not reduce frequency of 
occurrence of LTP, and only slightly reduces the degree of potentia- 
tion of population spike amplitude, in the dentate, and has no effect 
on LTP in field CAl, Furthermore, pharmacologic studies indicate 
that P-receptor stimulation of adenylate cyclase is important for LTP 
in the dentate. These results suggest that endogenous hippocampal 
NE is more important to LTP in the dentate than is endogenous 5 
HT. A part of this work has been published previously in abstract 
form (Stanton and Sarvey, 1984a). 

Materials and Methods 
Anm~a/s. Male Sprague-Dawley rats (150 to 250 gm) were obtatned from 

Hilltop Laboratory Animals (Scottsdale, PA). 
I\/lateria/s. The hydrochlondes of 6-hydroxydopamine, 5,7-dthydroxytryp- 

tamtne, para-chlorophenylalantne, 5-hydroxytryptamtne, and noreptnephnne, 
and 0-pthaldehyde, and lodtne were obtained from Stgma Chemical Co. (St. 
LOUIS, MO). n-Heptane and butanol were obtatned from Fischer Scientiftc 
(Ptttsburgh, PA). Forskoltn was kindly donated by Dr. John W. Daly, National 
lnstttute of Arthrttts. Diabetes, Digestive, and Kidney Diseases, National 
Institutes of Health (Bethesda, MD). Desmethyllmtpramtne hydrochloride was 
the generous gtft of Dr. T. P. Pruss. Revlon Health Care Group (Tuckahoe, 
NY). 

E/ectrophys/o/ogy. Transverse htppocampal slices (400 pm thick) were 
prepared wtth a Mcllwain tissue chopper (Brtnkmann Instruments Co., West- 
bury, NY). Slices were placed on a nylon mesh at the interface between 
buffer and a humtdifled atmosphere of 95% 02/5% CO* and were conttnu- 
ously perfused with phystologic solution at 35°C and pH 7.2. The modifted 
Krebs-Ringer buffer had the following ionic compositton (in millimolar con- 
centratton) NaCI, 124; KCI, 5; MgSO,, 1.3; KH2POI, 1.25; NaHC03, 26; 
glucose, 10. CaC12 was trtrated to give a free [Ca”] of 2.2 mM, as measured 
by a Ca?sensitive electrode 

Slices were capable of producrng stable orthodromic responses for at 
least 8 hr Sttmull were delrvered with bipolar electrodes placed either on the 
Schaffer collateral axon fibers in stratum radlatum or on the perforant path 
axons in stratum moleculare. Orthodromic field potentials were recorded with 
glass microelectrodes (2 M NaCI, 2 to 5 megohms) placed In the CA1 
pyramidal or dentate granule cell body layer, respectively. 

Drugs were applied extracellularly at known concentrations by switching 
perfusion reservotrs. The perfusion flow rate was maintained at 3 mt/mtn with 
a peristaltic pump. All drugs, w&h the exceptton of forskolin, were dtrectly 
soluble in physiologic buffer at all concentrattons employed. Forskolin was 
ftrst dissolved In dlmethylsulfoxlde (DMSO) to a concentratton of 100 mM 
and then was dtluted tn physiologtc buffer. The largest concentratton of 
DMSO in forskolin solutions employed was 0 14 mM, whereas 100 times that 
concentration of DMSO tested alone had no effect on neuronal excitability. 
Furthermore, DMSO concentrations as high as 500 mM have been shown 
not to affect forskoltn-stimulated adenylate cyclase acttvity (Huang et al., 
1982). 

Prior to repetitive strmulatlon, sltces were Incubated for 60 min, and three 
repetttions of the base line Input-output relation (I/O; stimulus Intensity versus 
population spoke amplitude) were determined over a 15.min period. Then 
slices were repetitively stimulated with 200 pulses at etther 20 Hz for 10 set 
via the stratum radtatum in CAI, or 100 Hz for 2 set via the perforant path 
in the dentate, with an Intensity that evoked a population spike of approxi- 
mately 40% of the maximal base line response. These stimulus parameters 
were chosen because they were maxlmally effective in productng LTP in 
these areas l/O curves were determlned at 1, 5, 15, and 30 min after 
repetitive stimulation. 

Depletion. Animals to be depleted of NE with 6-OHDA were anesthetized 
with Chloropent (Fort Dodge Laboratories, Fort Dodge, IA; 3 mg/kg, 1-p ) and 
Injected btlaterally in the dorsal noradrenergtc bundle (6 pg/stde In 2 ~1 of 
0.9% NaCl contatning 0.2 mg/ml of /IascorbIc actd), using the following 
stereotactic coordinates (measured from zero at the midpoint of the interaural 
line), 2.4 mm anterior, 0.8 mm lateral, and 2.9 mm dorsal (Kbnig and Kllppel, 
1963). Sham-operated controls were injected with an identical volume of 
0.9% NaCl plus I-ascorbtc acid. In some animals, fast green dye (0.1 mg/ 
ml) was injected into the dorsal noradrenerglc bundle or lateral ventricle, to 
verify penetratton of the dye into the desired site. 

Animals were depleted of 5-HT wtth 5,7-DHT by unilateral freehand 

infecttons in the lateral ventricle (330 pg In 0.9% NaCl containing 0.2 mg/ml 
of /-ascorbic acid), 1.5 mm lateral to bregma and 3.5 mm below the skull 
(Nobel et al., 1967). These animals were pretreated with desmethylimipramine 
(DMI; 20 mg/kg, i.p., in sterile H*O) 40 to 60 min before 5,7-DHT injection to 
protect noradrenergtc terminals. Sham-operated controls were injected wtth 
an identical volume of 0.9% NaCl plus /-ascorbic acid. Slices were prepared 
from these animals 14 to 21 days after injection, when levels of depletion 
were maximal (Bliss et al., 1983). Antmals were depleted of 5-HT wtth PCPA 
by two injections, 48 and 24 hr before slice preparation (400 mg/kg, i.p., in 
sterile H20). 

Biochemical assays. Hippocampi of control and depleted animals were 
removed, frozen, and stored at -70°C until NE or 5-HT was assayed by 
spectftc spectrofluorometric assay (Maickel et al., 1968). In addition, at the 
begtnntng of some experiments, one hlppocampus was randomly selected 
for the preparation of slices, while the remaining ttssue from this stde and 
the entire contralateral htppocampus were frozen at -70°C for assay rater. 
These assays permitted resolution down to 2 ng of NE or 5HT, and standard 
curves were linear over a range of 5 to 100 ng. Internal standards were 
employed to correct for percentage recovery of the extraction procedure, 
and there was <l% cross-reactivity in either assay for the other monoamine 
or dopamine. Transmitter levels were expressed as nanograms per milligram 
of protein. (Bradford, 1976). 

Data analysis. Extracellular responses were sampled on line by digitizing 
oscilloscope (Tektrontx, Inc., Beaverton, OR, model 7D20), transferred to a 
MING 1 l/23 computer (Digital Equipment Corp., Marlboro, MA) and stored 
as the average of eight responses. Spike amplitude was defined as the 
average of the amplitude from the peak early positivity to the peak negativity, 
and the amplitude from the peak negativity to the peak late posttivity (Alger 
and Teyler, 1976) Population spike amplitude has been shown to reflect the 
number and synchrony of neurons firing in the vlctnlty of the recording 
electrode (Andersen et al., 1971) and to correlate with the slope of the 
excitatory post-synaptic potenttal (EPSP) as well as with spike latency (Bliss 
and Gardner-Medwin, 1973). The standard deviation of control spike ampli- 
tudes was averaged from pooled control slice standard deviations, and LTP 
was defined as a spike amplitude increase of greater than 2 SD from the 
mean of three control base line responses 30 min after repetitive stimulation. 
In slices which showed potentiation at this time, potentiation lasted for hours 
(Stanton and Sarvey, 1984c). An earlter time was not chosen because large 
spike amplitude increases often occur immediately after repetitive stimulation 
and last up to 15 min in the absence of LTP. 

All values in the text are expressed as mean f SEM. Comparison of the 
frequency of occurrence of LTP was evaluated by x2 test, comparing all 
groups to the control frequency of occurrence of LTP in the appropriate 
recording area (75% for dentate, N = 12; 57% for CA1 , N = 28). Comparison 
of average population spike amplitudes between different groups of sltces 
was evaluated by the two-tailed Student’s t test for unpatred observattons. 
The level of significance for all statistical tests was preselected to be p < 
0.05. Linear regression was performed by Newton’s method of least squares 
linear analysts (Goldstein, 1964). 

Results 

Transmitter levels in depleted animals 

NE. The mean level of hippocampal NE in control animals (N = 
8) was 210 + 30 pg/mg of tissue wet weight. In animals injected 
bilaterally with 6-OHDA in the dorsal noradrenergic bundle and 
assayed 14 to 21 days later (N = 12) the NE concentration was 
35.5 + 7.8 pg/mg of tissue. Thus, mean depletion of NE was 83.1 
f  5.4%. This value is comparable to depletion produced with these 
methods in in vivo experiments (Bliss et al., 1983). 

Serotonin. The mean level of hippocampal5HT in control animals 
(N = 8) was 328 f  15 pg/mg of tissue wet weight. The mean 
depletion in animals treated with 5,7-DHT plus DMI (N = 5) was 69.0 
+ 6.0% and in animals treated with PCPA (N = 3), 76.2 + 1.4%. 
These values are also comparable to those produced with these 
methods in vivo (Bliss et al., 1983). 

Depletion of NE specifically reduced LTP in the dentate 

The frequency of occurrence and the percentage of change in 
the amplitude of the evoked population spike during LTP were 
compared for normal slices and those depleted of NE or 5-HT. After 
establishing a stable base line I/O relation for 15 to 30 min, the slices 
were repetitively stimulated via the perforant path for dentate record- 



The Journal of Neuroscience Depletion of NE Reduces Hippocampal LTP in Dentate Gyrus 2171 

B CA1 

0’ 30’ 

i+ 
* 

v 

* 

C FASCIA DENTATA 

0’ 36 

---- 
--P ILL 

* * -I 

Figure 7. A, The hippocampal slice preparation, showing both recording sites (dentate and CAl) and both stimulus sites (perforant path (Perf) and 
Schaffer collaterals (Sch)). Only one set of recording and stimulus sites was employed in a given slice. i3, Control LTP in field CA1 The population spike 
was recorded In CA1 Just prior to (0’), and 30 min after (30’), repetitive stimulation of the Schaffer collaterals (20 Hz/l0 set). The potentiation after 30 min 
was 300% of control spike amplitude Asterisks denote stimulus artifact. C, Control LTP in the dentate. The population spike was recorded in the dentate, 
and repetitive stimulation was applied to the perforant path (100 Hz/2 set). Potentlation here after 30 min was 225% of control amplitude. Calibration for B 
and C: 1 mV, 5 msec. 

ings, or via the Schaffer collaterals for CA1 recordings. A schematic 
drawing of the slice with both stimulating and recording paradigms 
is shown in Figure 1A. Figure 1, B (CAl) and C (dentate), shows 
examples of population spikes exhibiting LTP 30 min after repetitive 
stimulation. This potentiation typically lasted for many hours in the 
slice preparation (Stanton and Sarvey, 1984c). 

Dentate. Depletion of NE with 6-ODHA (Fig. 2A) virtually eliminated 
both the frequency of occurrence of LTP (x2, p < 0.05) and the 
increase in average population spike amplitude (Student’s t test, p 
< 0.05) produced after repetitive stimulaGon. Slices cut from NE- 
depleted animals were no different in population spike or dendritic 
EPSP waveform or amplitude but were markedly impaired in their 
ability to exhibit LTP in the dentate gyrus. 

Experiments to control for depletion of dopamine or other non- 
specific effects of the toxin were performed by injecting animals 
with DMI 40 to 60 min before injection of 6-OHDA, to block uptake 
of the toxin into noradrenergic nerve terminals. In slices cut from 
these animals 14 to 21 days later, neither the frequency of occur- 
rence nor the amplitude of LTP differed from those seen in control 
slices (Fig. 2A). 

CA 7. In contrast to the dentate gyrus, depletion of NE by 6-OHDA 
did not impair either the frequency of occurrence or the amplitude 
of LTP in field CAI, when repetitive stimulation was applied to the 
Schaffer collaterals (Fig. 213). 

Depletion of 5-HT did not affect LTP in either dentate or CA 1 

Dentate. Depletion of 5HT with either 5,7-DHT or PCPA was 
unable to affect the frequency of occurrence of LTP produced in 
the dentate gyrus by stimulating the perforant path (Fig. 3A). In the 
case of 5,7-DHT, there was no significant difference in the average 
population spike amplitude increase seen during LTP. However, 
PCPA was able to reduce somewhat the average population spike 
amplitude increase after repetitive stimulation (Student’s t test, p < 
0.05). 

CA 7. In field CAI, depletion of 5HT had no effect on either the 
frequency of occurrence of LTP or the average population spike 
amplitude after repetitive stimulation of the Schaffer collaterals (Fig. 
38). 

The time course of the recovery of hippocampal NE levels was 
paralleled by the recovery of LTP in the dentate 

Another group of animals was treated with 6-OHDA to deplete 
hippocampal NE and then was allowed longer periods (21 to 42 
days) for hippocampal NE levels to recover. The time course of 
recovery of hippocampal NE levels was closely paralleled by the 
recovery of LTP produced in the dentate by repetitive stimulation of 
the perforant path. Increasing percentage of depletion in the hippo- 
campus was well correlated with a greater reduction in the mean 
population spike amplitude increase after repetitive stimulation (Fig. 
4, r = -0.926; Student’s t test, p < 0.05, r = 0). This supports the 
hypothesis that the reduction in LTP seen with 6-OHDA treatment is 
due to depletion of hippocampal NE. 

The P-antagonist propranolol and &-antagonist metoprolol 
decrease LTP in the dentate 

Since involvement of NE in production of LTP in the dentate gyrus 
was strongly supported by our data, the next question became the 
identification of the noradrenergic receptor subtype mediating the 
effect. Previous work in our and other laboratories has shown that 
NE alone, under a variety of application procedures, can produce a 
long-lasting potentiation of the population spike in the dentate, and 
that this effect is antagonized by P-receptor antagonists (Neuman 
and Harley, 1983; Stanton and Sarvey, 1984b). Therefore, we began 
by testing the ability of the P-antagonist propranolol and the p,- 
antagonist metoprolol to affect LTP produced in the dentate by 
repetitive stimulation of the perforant path. 

Slices from nondepleted rats were preincubated for 30 min with 
bath-applied propranolol (20 PM) or metoprolol (20 PM) and then 
repetitively stimulated via the perforant path. P-Receptor blockade 
markedly reduced both the frequency of occurrence (x2, p < 0.05) 
and the increased population spike amplitude (Student’s t test, p < 
0.05) of LTP (Fig. 5). Neither antagonist alone affected the population 
spike amplitude or waveform. These results further support the 
conclusion that the action of NE in supporting potentiation of the 
population spike in the dentate is mediated by P-receptor activation, 
and probably /I-receptors specifically. 

In contrast, LTP in field CA1 did not seem to be reduced by 
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Ffgure 2. A, Percentage of occurrence of LTP (open bars) and percentage of increase in population spike amplitude (mean + SEM, hatched bars), In 
the dentate 30 mln after repetitive stimulation of the perforant path. Above each open bar is the number of slices showing LTP per total number of slices 
tested. LTP was defined as an Increase in population spike amplitude greater than 2 SD over mean control amplitudes 30 min after repetitive stimulation. 
Depletion of NE by 6-OHDA virtually ellmlnated both the frequency of occurrence (*, x2, p < 0.05) and the increased amplitude (*, Student’s t test, p < 
0 05) of LTP. When animals were pretreated 40 to 60 min before 6-OHDA InjectIon with DMI (20 mg/kg, 1.p.) to prevent uptake of the toxin tnto noradrenergic 
terminals, there was no effect on LTP. 6, In contrast, depletion of NE by 6-OHDA did not impair LTP in field CA1 , when repetitive stimulation was applied to 
the Schaffer collaterals. 

preincubatlon in propranolol (20 1~; mean = 202%, N = 2), indicat- 
ing much less importance for P-receptors in LTP in this area. 

The deny/ate cyclase stirmhnt forskolin restores LTP in the 
dentate of slices depleted of NE 

Since @-receptor activation in a wide variety of neuronal systems 
has been shown to employ 3’,5’-cyclic adenosine monophosphate 
(CAMP) as an intracellular “second messenger,” we performed ex- 
periments to test the importance of adenylate cyclase stimulation 
by /!-receptors in the action of NE in the dentate. In addition, these 
experiments demonstrate that NE-depleted slices retain the ability to 
exhibit LTP in the dentate if adenylate cyclase activation is enhanced. 

As previously shown, depletion of NE with 6-OHDA markedly 
reduced both the frequency of occurrence and the increase in 
population spike amplitude of LTP in the dentate gyrus (Figs. 2 and 
6). However, when 6-OHDA-depleted slices were preincubated for 
30 min with the direct-acting adenylate cyclase stimulant forskolin 
(1 FM, in 0.14 mM DMSO) prior to repetitive stimulation, LTP meas- 
ured 30 min after repetitive stimulation of the perforant path was 
restored to normal (Fig. 6). This concentration of forskolin alone had 
no effect on population spike amplitude in the dentate of either 
depleted (N = 8) or control (N = 3) slices. 

Discussion 

Several conclusions can be drawn from these studies. (7 ) Deple- 
tion of NE with 6-OHDA reduces both the frequency of occurrence 
and the population spike amplitude of LTP in the dentate gyrus but 
not in field CAI. (2) In contrast, depletion of 5-HT with either 5,7- 
DHT or PCPA does not reduce the occurrence of LTP in either area, 
although the average increase in population spike amplitude in the 
dentate is somewhat reduced by PCPA. (3) In 6-OHDA-treated 
animals that are allowed longer lengths of time for hippocampal NE 
levels to recover, there is a reversal of the reduction in population 
spike amplitude which correlates well with the recovery of NE levels. 
(4) The p-receptor antagonist propranolol and &-receptor antagonist 
metoprolol are effective blockers of LTP in the dentate but not in 
field CAI, (5) The adenyiate cyclase stimulant forskolin, at a con- 
centration (1 PM) which primes the cyclase for enhanced agonist 
stimulation without directly stimulating CAMP production, reverses 
the effects of depletion of NE on LTP in the dentate. 

In the recent in viva study examining the effect of depletion of NE 
or 5HT on LTP, it was found that depletion of either monoamine 
yielded significant reductions in LTP produced in the dentate by 
stimulation of the perforant path (Bliss et al., 1983). In contrast, we 
have found that depletion of 5HT produces little or no reduction of 
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Fjgure 3. A, Percentage of occurrence of LTP (open bars) and percentage of Increase rn population spike amplrtude (mean ? SEM, hatched bars) in the 
dentate 30 mm after repetitive stimulation of the perforant path. Above each open bar is the number of slices showing LTP per total number of slrces tested. 
Depletion of 5HT wrth either 5,7-DHT or PCPA produced no decrease In the frequency of occurrence of LTP. However, depletion of 5HT wrth PCPA drd 
produce some decrease In the population spike amplitude Increase seen in LTP (*, Student’s t test, p < 0.05) although there was no significant decrease 
with 5,7-DHT treatment. i3, In field CAI, depletion of 5-HT with either 5,7-DHT or PCPA had no effect on either frequency of occurrence or population spike 
amplitude increase of LTP 

LTP In the dentate of hippocampal slices, but that depletion of NE 
virtually eliminates LTP in this area. It seems unlikely that we were 
simply unable to deplete hippocampal 5-HT sufficiently to observe 
effects on LTP, since the levels of depletion achieved were virtually 
identical to those produced in the in vivo study of Bliss et al. (1983). 
The most appealing explanation for this difference is that NE endog- 
enous to the hippocampus is extremely important to the production 
of LTP in the dentate, but that the importance of 5-HT to LTP is at 
sites elsewhere in the brain. Indeed, there is a significant innervation 
of the locus ceruleus by neurons of the raphe nuclei (Conrad et al., 
1974) and it is possible that deficits in serotonergic transmission in 
this area might secondarily produce alterations in noradrenergic 
transmission to the hippocampus in viva that cannot be operative in 
vitro. Alternatively, hrppocampal 5-HT may presynaptically modulate 
tonic transmission levels of another hippocampal input, which is 
altered or no longer effectively modulated by 5-HT in the explanted 
slice. 

An apparent inconsistency within our findings is the result that 
PCPA depletion of 5-HT significantly reduced the average increase 
in population spoke amplitude but did not prevent the occurrence of 
LTP in the dentate, whereas 5,7-DHT depletion of 5-HT had no effect 
on either. Thus may be simply due to the slightly larger amount of 
depletion produced by PCPA. However, it may also be explained by 
the recent finding that PCPA treatment reduces the affinity of NE for 

P-receptors and reduces the amount of CAMP production stimulated 
by NE in cerebral cortex membrane preparations (Manier et al., 
1984). 

Although the depletion data presented here suggest an important 
role for NE localized in the dentate gyrus in the production of LTP, 
there is no clue to its mechanism of action. There are data indicating 
that locus ceruleus stimulation can modulate learned task perform- 
ance (Crow and Wendlandt, 1976; Mason and Iversen, 1977) and 
can increase the synaptic efficacy of the perforant path input to 
dentate granule cells (Assaf et al., 1979). In field CA1 , extracellular 
studies have found that NE has both P-receptor-mediated excitatory 
and a-receptor-mediated inhibitory effects on population spike am- 
plitude (Mueller et al., 1981). Intracellular studies have found NE to 
hyperpolarize, produce a moderate conductance increase, and 
decrease excitability, in both CA1 pyramidal neurons (Langmoen et 
al., 1981) and dentate granule cells (Haas, 1984). Many investigators 
have suggested that NE preferentially reduces slow synaptic events, 
while leaving fast depolarizations like EPSPs unaffacted, as a poten- 
tial way of improving the signal-to-noise ratio of input to the hippo- 
campus (Langmben et al., 1981; Segal, 1982). Interestingly, recent 
studies have shown that NE can decrease a Ca’+-dependent K+ 
current (/J in hippocampal pyramidal cells (Madison and Nicoll, 
1982; Haas and Konnerth, 1983). This effect remains to be tested 
in dentate granule cells, but NE may act via such a suppression of 
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1 

160- The most likely site for NE’s actions is in the dense terminal layer 
in the dentate hilus, immediately interior to the dentate granule cell 
body layer. In this respect, it is interesting to note that a train of 

i lea- 

stimuli, delivered to either the contra- or ipsilateral hilus just before 
or during a conditioning train to the perforant path, can prevent the 
induction of LTP (Douglas et al., 1982). Most directly, recent studies 

e 
in our and other laboratories have shown that application of NE 

3 

alone can produce a long-lasting potentiation of the evoked popu- 

140- 
lation spike in the dentate (Neuman and Harley, 1983; Stanton and 

2 
Sarvey, 1984b) but not in field CA1 (Stanton and Sarvey, 1984b). 

@ 
We have taken the first steps in attempting to elucidate the 

3 receptor mechanisms behind NE’s action in the dentate. The ability 

s 
F 

120 - 
of the P-receptor antagonists propranolol and metoprolol to reduce 
LTP in the dentate indicates that P,-receptor activation is probably 

! 

important in LTP, and it also strengthens the conclusion that NE 

;I 
endogenous to the hippocampus normally plays a role in the expres- 

3 WK 8 sion of LTP. This conclusion is further supported by the experiments 
loo , I I I I 1 

0 20 40 60 80 100 
in which the ability to exhibit LTP was restored in slices from NE- 
depleted animals with a low concentration of forskolin, which was 

% DEPLETION OF NOREPINEPHRINE probably acting through enhanced P-receptor-mediated stimulation 

Figure 4. Average percentage of Increase in population spike amplrtude 
(mean rfr SEM) recorded In the dentate versus percentage of depletton of 
hrppocampal NE In rats treated wrth 6-OHDA and allowed varyrng lengths of 
time for hippocampal NE levels to recover. The time course of recovery of 
NE levels was closely paralleled by the return of the ability to produce LTP 
in the dentate. lncreasrng percentage of depletion was correlated with smaller 
increases In average population spoke amplitude after repetrtrve strmulation 
(I = -0.926; control, N = 12 slices; each depleted animal, N = 4 slices). 

I, to increase the repetitive firing of granule cells responding to high 
frequency stimulation. The specific mechanisms behind NE’s impor- 
tance to LTP in the dentate still remain to be extracted from the 
variety of noradrenergic receptors and effects reported in the hip- 
pocampus. 

of adenylate cyclase. This result assures us that the neuronal 
mechanisms necessary for the production of LTP are intact in the 
6-OHDA-treated animals, but that there simply is not a sufficient 
concentration of NE for expression of LTP. 

Forskolin has been shown to have both a direct stimulating effect 
on adenylate cyclase activity at high doses (100 WM) and a low dose 
(1 to 10 pM) potentiation of the ability of other agonists (such as NE) 
to stimulate CAMP production in a variety of systems (Seamon et 
al., 1981). The concentration of forskolin used in our experiments is 
probably too low to directly stimulate adenylate cyclase activity, but 
it is sufficient to prime the cyclase for enhanced stimulation by the 
residual NE present in the depleted slices and thus, to restore the 
ability of these slices to exhibit LTP. 

Perhaps the most interesting feature of these results is the area 

CONTROL PROPRANOLOL METOPROLOL 

(20vM) (20vM) 
Figure 5. Percentage of occurrence of LTP (open bars) and percentage of increase in population spike amplitude (mean + SEM, hatched bars) in the 

dentate 30 min after repetitive stimulation of the perforant path. Above each open bar IS the number of slices showing LTP per total number of slices tested. 
The P-antagonist propranolol (20 NM) and the &antagonist metoprolol (20 pM) were effective in reducing both the frequency of occurrence (*, x2, p < 0.05) 
and the amplitude Increase (*, Student’s t test, p < 0.05) of LTP in the dentate. 



The Journal of Neuroscience Depletion of NE Reduces Hippocampal LTP in Dentate Gyrus 2175 

a0 

CONTROL 6-O HDA 6-OHDA + 
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1 

Figure 6. Percentage of occurrence of LTP (open bars) and percentage of increase in population spike amplitude (mean + SEM, hatched bars) in the 
dentate 30 mm after repetitrve strmulation of the perforant path. Above each open bar is the number of slices showing LTP per total number of slrces tested. 
As previously shown, depletton of NE wrth 6-OHDA markedly reduces both the frequency of occurrence (*, x2, p < 0.05) and the Increased population 
spoke amplrtude (a, Student’s t test, p < 0.05) of LTP in the dentate. However, when NE-depleted slrces were preincubated for 30 mm wrth the adenylate 
cyclase strmulant forskolrn (1 PM) prior to repetitive strmulatron, LTP was restored to control values. This concentration of forskolrn had no effect alone on 
the population spoke amplitude (not shown). 

specificity they exhibit. Experiments examining the long-term effects 
of NE stimulation of adenylate cyclase on biochemical parameters 
and membrane properties may be more likely to yield changes in 
the dentate than in field CAI, In fact, our laboratory and others have 
shown that NE produces a long-lasting potentiation in the dentate 
(Lacaille and Harley, 1983; Neuman and Harley, 1983; Stanton and 
Sarvey, 198413). In contrast, very recent work has suggested that 
there is a long-lasting potentiation produced by dopamine in field 
CA1 which may be mediated by intracellular rises in CAMP (Gribkoff 
and Ashe, 1984; Gribkoff et al., 1984; Lin-Liu et al., 1984; Mody and 
Miller, 1984) whereas dopamine does not produce potentiation in 
the dentate (P. K. Stanton and J. M. Sarvey, unpublished results). 
NE and dopamine may prove to be area-specific potentiators with 
final common mechanisms of action. 

Previously, we have shown that inhibitors of protein synthesis are 
capable of blocking LTP in field CA1 (Stanton and Sarvey, 1984c) 
and that protein syntheses inhibitors also block the long-lasting 
potentiation produced in the dentate by direct application of NE 
(Stanton and Sarvey, 198413). Furthermore, protein synthesis inhibi- 
tors are effective in blocking LTP in the dentate (P. K. Stanton and 
J. M. Sarvey, unpubltshed results). Taken together, these results 
indicate that future experiments are needed to examine the effects 
of NE and of elevated intracellular CAMP levels produced by many 
transmitters on newly synthesized proteins in the dentate. The wealth 
of competing mechanisms in the neuronal plasticity literature has 
hrnted at the possibility of multiple stimulating and inhibiting pathways 
for neuronal plasticity, perhaps with some final common mechanisms 
(Swanson et al., 1982). Our results suggest that convergence of 
some of these mechanisms in pharmacologically distinct, but elec- 
trophysiologrcally interacting, cell areas may predispose the hippo- 
campus to long-term plastic changes. 

The results presented here suggest separate sites of action for 
NE and 5-HT in the production of LTP first elucidated in viva by Bliss 
et al. (1983). Our results support the hypothesis that NE endogenous 
to the hippocampus is important to the expression of LTP, whereas 

the sites of action of 5-HT are probably remote to this structure. 
Furthermore, we have identified the probable involvement of p,- 
receptor activation of adenylate cyclase in NE’s actions. An inter- 
esting question remaining to be answered concerns what temporal 
contingency is required between noradrenergic activity and the 
conditioning train. Co-stimulation experiments with electrodes placed 
in the locus ceruleus or the median raphe nucleus and in the angular 
bundle should answer this question. Hippocampal monoaminergic 
systems should provide a useful tool for the study of potentiative 
mechanisms and their relation to long-term neuronal plasticity. 
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