
Frequency-Dependent Noradrenergic Modulation of Long-Term 
Potentiation in the Hippocampus 

Abstract. Norepinephrine, briefly superfused during high-frequency stimulation of 
the mossy fibers in the rat hippocampal slice in vitro, produced a reversible increase 
in the magnitude, duration, and probability of induction of long-term synaptic 
potentiation in the CA3 subfield. Similar results were obtained with isoproterenol, 
whereas propranolol or timolol reversibly blocked long-term potentiation. Norepi- 
nephrine had little apparent effect on responses obtained during low-frequency 
stimulation of the mossyfibers. These data suggest that norepinephrine can mediate 
long-lasting, frequency-dependent modulation of synaptic transmission in the mam- 
malian brain. Furthermore, the results suggest a plausible mechanism for some of 
the known associative interactions between synaptic inputs to hippocampal neurons. 

Long-term potentiation (LTP) of syn- 
aptic transmission, as observed in the 
hippocampal formation, is widely re- 
garded as a candidate substrate for as- 
pects of memory in the central nervous 
system (1). LTP can be induced by brief 
high-frequency stimulation (2); it can last 
hours or longer (3); and, since the con- 
current activation of multiple synaptic 
inputs may be required for LTP, it seems 
to have associative properties (4). Inves- 
tigation of LTP has focused on the locus 
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and nature of factors critical for its in- 
duction (5) ,  on its biochemical and ultra- 
structural correlates (6), and on modula- 
tory influences (7). The possibility that 
features of LTP depend on, or are sub- 
ject to, modulation from neurons whose 
cell bodies are extrinsic to the hippocam- 
pal formation is intriguing. 

Recent evidence suggests that the in- 
tegrity of serotonergic and noradrenergic 
projections to the dentate gyrus is impor- 
tant for the complete expression of LTP 

: 80 .t-+-+l%o 
n 0 25 50 75 0 25 0 

Time (minutes) Time (minutes) 

Fig. 1. (A) Schematic diagram of the hippocampal slice preparation, showing the positioning of 
recording and stimulating electrodes. Abbreviation: MF, mossy fiber. (B) Effect of bath-applied 
NE (10 pM) on LTP. The arrows indicate the time of the conditioning train (100 Hz, 2 seconds, 
50 pA) used to induce LTP. The horizontal bar labeled 10 pM NE depicts the duration of NE 
application. The symbols represent ten sweep (0.2 Hz) averages of population EPSP amplitudes 
normalized to the preconditioning average amplitude. The ten stimuli at 0.2 Hz were repeated at 
10-minute intervals after conditioning. We chose this procedure for testing response amplitude, 
which is somewhat different from that normally used, because in preliminary studies we found 
that the decay rate of LTP was influenced by the frequency of testing. In all figures shown, the 
standard errors are smaller than the symbols. (C) Effect of 10 pM NE plus 100 nM propranolol, 
a p-receptor antagonist, on the induction of LTP. Data sampled at 1 ,5 ,  10, and 15 minutes after 
conditioning are shown for the second episode to illustrate PTP. The enhancement of LTP by 
NE was blocked by propranolol. Propranolol alone also reversibly blocked the induction of 
LTP without affecting PTP (data not shown). Conditioning parameters were 100 Hz, 2 seconds, 
75 p A  (D) Effect of bath-applied NE on the induction of LTP. In the first two episodes, 
repetitive stimulation (100 Hz, 2 seconds, 30 FA) resulted in brief PTP, followed by a somewhat 
longer lasting response depression, but no LTP. When NE was present during the conditioning 
train in the third episode, LTP was induced. Data from episode 4 demonstrate that the effect 
was reversible. 
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observed at the perforant path-granule 
cell synapse (8). There is evidence of 
noradrenergic projections to the hippo- 
campus (9) and of the ability of norepi- 
nephrine (NE) to serve as a neuromodu- 
lator (10). We now report that brief appli- 
cation of NE during high-frequency stim- 
ulation of the mossy fiber pathway 
reversibly increases the magnitude, du- 
ration, and probability of induction of 
LTP in the CA3 subfield of the rat hippo- 
campal slice in vitro. These effects seem 
to be mediated by P-adrenergic recep- 
tors. 

Transverse slices (400 pm thick) from 
the hippocampi of adult male Sprague- 
Dawley rats were maintained at 34°C and 
continuously superfused with an oxygen- 
ated Krebs solution (11). Standard extra- 
cellular recording and stimulating tech- 
niques were used. 

In the CA3 subfield, there were 
marked variations among slices both in 
the intensity of stimulation required to 
elicit LTP and in LTP duration. LTP was 
considered to have occurred when input- 
output curves of population excitatory 
postsynaptic potential (EPSP) amplitude 
versus stimulus current were shifted to 
the left by more than 20 percent 15 
minutes after the conditioning train (12). 
LTP duration was quantified as the time 
at which the amplitude of the population 
EPSP, with respect to the precondition- 
ing baseline response, had decayed to 
half the amplitude measured 15 minutes 
after conditioning (half-decay time). LTP 
magnitude was measured 15 minutes af- 
ter the conditioning train. Fifty of the 
slices from which data were taken (21 
percent of the total) showed single or 
multiple episodes of LTP of the pop- 
ulation EPSP amplitude that displayed 
half-decay times of 20 to 110 minutes 
(13). 

Figure 1B illustrates the effect of bath 
application of 10 p,M NE on LTP. The 
half-decay times for the control and 
wash LTP episodes were 56 and 25 min- 
utes, respectively, whereas the half-de- 
cay time for the episode in which NE 
was present during high-frequency stim- 
ulation was 108 minutes (14). In ten 
experiments, NE produced a three- to 
fourfold increase in the half-decay time 
for LTP. In these same ten experiments, 
NE also produced a reversible increase 
in LTP magnitude (Table 1). 

Qualitatively similar effects on LTP 
magnitude and duration were observed 
with the P-adrenergic agonist isoprotere- 
no1 (1 pM, n = 4). The P-adrenergic 
antagonist propranolol (10 to 100 nM) 
blocked the effect of NE on LTP (Fig. 
1C) and caused a reversible blockade of 
LTP (n = 5) without affecting posttetanic 
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potentiation (PTP). LTP was also revers- 
ibly blocked when propranolol alone was 
present in the bath during tetanic stimu- 
lation (n = 5). Although propranolol has 
well-characterized local anesthetic prop- 
erties in other preparations (15), we ob- 
tained similar, reversible blockade of 
LTP with timolol (100 nM) (data not 
shown), a p-adrenergic antagonist that is 
much less potent as a membrane stabiliz- 
ing agent (n = 10) (16). 

LTP is commonlv found to be a 
"threshold" phenomenon; that is, a crit- 
ical conditioning train intensity seems to 
be required for its induction (4). We 
questioned whether the addition of NE 
to the bath during a conditioning train, 
which had previously not resulted in 
LTP, would facilitate LTP induction. To 
test this possibility, we used a procedure 
beginning with two conditioning trains 
that resulted in PTP of the population 
EPSP followed by brief response depres- 
sion. An identical third train of tetanic 
stimulation was then applied in the pres- 
ence of 10 p,M NE, and LTP was in- 
duced (Fig. I D )  (n = 4). This effect was 
reversible; high-frequency stimulation at 
the same intensity did not result in LTP 
after NE had been washed from the bath. 
Similar results were obtained with 1 p,M 
isoproterenol (n = 3). 

The drugs used in this study had nei- 
ther marked nor consistent effects on the 
input-output curves (obtained at 0.2 Hz) 
for the population EPSP amplitude ver- 
sus stimulus intensity taken before the 
high-frequency conditioning train. At the 
concentrations used, bath application of 
NE or isoproterenol resulted in either a 
small rightward shift in the input-output 
curve or no change. Since we never 
observed a leftward shift, these drugs did 
not augment synaptic efficacy in the ab- 
sence of high-frequency conditioning 
stimulation. In five separate experi- 
ments, no augmentation of population 
EPSP amplitude was observed in the 
presence of NE (10 p,M, n = 3) or 
isoproterenol (1 pM, n = 2) when the 
mossy fibers were stimulated at a low 
frequency (0.2 Hz) for 20 to 30 minutes. 
Under those conditions, NE and isopro- 
terenol either had no effect on the small 
response depression commonly ob- 
served in control saline, or accentuated 
the depression. These data, together 
with the finding that NE or isoproterenol 
enhances the efficacy of mossy fiber 
synaptic transmission when accompa- 
nied by high-frequency stimulation, sug- 
gest that these effects depend on fre- 
quency; they are specifically expressed 
after repetitive stimulation of the mossy 
fibers. 

Recent work in Aplysia has shown that 

Table 1. Mean (k standard error of the mean) 
effects of bath application of NE on LTP 
duration (half-decay time) and magnitude 
(percentage of baseline) (n = 10). 

Con- Duration* Magnitude* 
dition (minutes) (70) 

Control 50.9 * 6.9 149.9 * 7.5 
NE 139.3 * 13.9t 199.9 * 15.9t 
Wash 34.7 k 3.7 154.1 * 8.9 

*Significant overall treatment effect: for duration, 
F(2, 18) = 20.30, P < 0.01; for magnitude, F(2, 
18) = 8.37, P < 0.01. tsignificantly different 
from control and wash episodes (Scheff6 test): for 
duration, control versus NE, F = 12.50, and wash 
versus NE, F = 17.50, d.f. = 2,18, P < 0.01; for 
magnitude, control versus NE, F = 6.79, and wash 
versus NE, F = 5.70, d.f. = 2,18, P < 0.05. 

the temporal contiguity of the activation 
of sensory neurons, and of neurons that 
mediate heterosynaptic facilitation of 
transmitter release in the sensory neu- 
rons, results in greater synaptic facilita- 
tion than that produced by heterosynap- 
tic stimulation alone (17). Furthermore, 
this activity-dependent neuromodulation 
appears to underlie LTP of synaptic con- 
nections from sensory to motor neurons 
in Aplysia (18). At crayfish neuromuscu- 
lar junctions, octopamine has been found 
to mediate activity-dependent increases 
in synaptic efficacy by a presynaptic 
mechanism (19). Our results are similar 
in some ways to these forms of activity- 
dependent modulation, except that we 
found no enhancement of synaptic trans- 
mission by NE in the absence of high- 
frequency stimulation. We have not yet 
determined the locus of the effects medi- 
ated by NE, nor the temporal require- 
ments on the interaction between tetanic 
stimulation and NE. 

Our results suggest that activity in 
NE-containing fibers in CA3 could mod- 
ulate the consequences of high-frequen- 
cy mossy-fiber activation if the NE-con- 
taining fibers were active at the appropri- 
ate time. Our finding that low concentra- 
tions of propranolol or timolol can 
reversibly block the induction of LTP of 
the population EPSP suggests that tetan- 
ic stimulation normally activates surviv- 
ing NE-containing fibers in the slice and 
that this heterosynaptic activity modu- 
lates the magnitude, duration, and prob- 
ability of induction of LTP in the CA3 
subfield. Some of the known associative 
properties of LTP might be explained on 
this basis if it is assumed that the stron- 
ger stimulus intensities, which are nor- 
mally required for LTP and associative 
LTP, release a suprathreshold amount of 
NE, which in turn modulates the expres- 
sion of both LTP and associative LTP 
(4). Our finding of frequency-dependent 
neuromodulation of the mossy fiber syn- 
apses by NE, and the recent voltage- 

clamp analysis of this synaptic input 
(20), should permit a detailed biophysical 
study of LTP. 
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Uncertainty of Histologic Classification of Experimental Tumors 

Konstantinidis et al. (I) reported that a 
single systemic dose of a rapidly metabo- 
lized carcinogen promoted the develop- 
ment of malignant tumors at sites of 
chronic inflammation. In support of this 
conclusion, they stated that 14 of 47 
carcinogen-treated rats developed malig- 
nant "soft tissue tumors" at a focus of 
buccal mucosal irritation, whereas other 
carcinogen-treated or control rats devel- 
oped only "hyperplasia and severe in- 
flammatory infiltration." Although the 
authors implied that some rats died as a 
result of malignancy [see reference 4 in 
(I)], no actual data were presented re- 
garding the biologic behavior of "malig- 
nant tumors" as opposed to benign or 
hyperplastic lesions. Instead, cellular 
proliferations apparently were classified 
as malignant tumors because of their 
histologic features (legend to table 1). 

The use of histologic criteria to assess 
the "malignancy" of tumefactions in lab- 
oratory rodents (2) is particularly conve- 
nient in large studies of experimental 
carcinogenesis because it permits ani- 
mals to be killed as soon as their "tu- 
mors" are palpable. The lesions then are 
classified on the basis of cytologic or 
histologic features generally associated 
with malignancy, such as hypercellular- 
ity, hyperchromatism, increased mitotic 
activity, and appareit local invasion. 
However, the predictive value of these 
criteria can vary markedly depending on 
tumor type, organ, and species. As a 
result, the validity of individual cytologic 
or histologic indicators of malignancy 
must be established separately for each 
histologic variety of neoplasm under in- 
vestigation (3). Spindle cell prolifera- 
tions, which accounted for 10 of the 
authors' 14 cases, are among the most 
difficult to classify by histology. In man, 
certain spindle cell lesions with extreme 
cellular pleomorphism and hyperchro- 
matism rarely, if ever, metastasize and 
are generally cured by simple excision 
(4). Other benign proliferations of fibro- 
blasts characterized by hypercellularity, 
mitotic activity, and apparent invasion of 

adjacent connective tissue may not even 
represent true neoplasms (5). In contrast 
to human spindle cell tumors, which 
have been studied extensively, spindle 
cell proliferations in murine rodents are 
poorly understood (6). Although they are 
among the more common experimentally 
induced "tumors," they rarely occur 
spontaneously. Furthermore, the wide- 
spread practice of killing experimental 
animals soon after their lesions have 
developed has left unanswered many 
questions about their natural history. 

It has been recognized for decades 
[see, for example, (7)] that histologic 
confirmation of metastatic growth repre- 
sents the most convincing proof of a 
tumor's malignancy. Alternatively, cer- 
tain neoplasms that rarely metastasize 
are regarded as malignant because they 
grow relentlessly and invade contiguous 
normal structures such as blood vessels, 
muscle, or bone. Tumor size is an unreli- 
able criterion of malignancy since even 
benign lesions can occasionally achieve 
great bulk (8). Once the natural history 
and histologic features of a particular 
class of tumors is well understood, it 
would seem reasonable, under certain 
circumstances, to evaluate these lesions 
by histology alone. This is clearly indi- 
cated in the management of human neo- 
plasms because the objective is to inter- 
vene before the disease's natural history 
has become clinically evident. It is less 
easily justified in work with experimen- 
tal animals, however, and is particularly 
unsuitable during investigations of new 
mechanisms of carcinogenesis. 

Konstantinidis et al. (I) provided no 
data about tumor metastasis, pattern of 
local invasion, tumor size, or associated 
morbidity and mortality. Although, in 
their report, the authors referred to the 
lesions listed in table 1 as "histologically 
malignant," in my opinion the findings 
illustrated in figure 1 are difficult to dis- 
tinguish from inflammation accompanied 
by fibroblast proliferation. Furthermore, 
all of the cytologic features mentioned in 
the figure legend may be exhibited by 

benign neoplasms or hyperplastic pro- 
cesses. The reference to the "dropping- 
off phenomenon" (legend to figure ID) 
and the fact that the authors classified 
separately the nine "malignant soft tis- 
sue tumors" and the single "fibrosarco- 
ma" suggest that they considered the 
former to be derived from epithelial cells 
rather than fibroblasts. Making this dis- 
tinction is particularly difficult (4) and 
ideally should be confirmed by electron 
microscopy (9). Finally, the method used 
to determine the interval until tumor 
appearance should be clearly explained, 
since most rats presumably had preexist- 
ing lesions related to hyperplasia and 
inflammation. 

The observations of Konstantinidis et 
al. may have important implications and 
should be supported by additional infor- 
mation about the actual biologic behav- 
ior of the induced lesions. Without such 
data, the nature of these lesions, and 
therefore the conclusions of the study, 
remain unsettled. 
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