
Synaptic Transmission: Long-Lasting Potentiation 

by a Postsynaptic Mechanism 

Abstract. Slow decreases of ionic conductance across neluronal cell membranes, 
which generate slow synaptic potentials, can increase the effectiveness of synaptic 
transmission. Slow conductance decreases of sufficient magnitude increase the am- 
plitude of monosynaptic fast excitatory postsynaptic potentials in B cells of the bull- 
frog sympathetic ganglion. By this postsynaptic mechanism, activation of one synap- 
tic pathway can cause an increase in transmission, lasting several minutes, across 
another synapse. This may provide an important mechanism for synaptic integration 
and control of neuronal interaction. 

An understanding of the mechanisms 
of synaptic transmission and their reg- 
ulation may be important in the eluci- 
dation of the cellular mechanisms under- 
lying complex nervous functions. The 
postsynaptic mechanisms by which exci- 
tatory postsynaptic potentials (EPSP's) 
are generated and combine might provide 
a locus for control of synaptic function. 
However, the vast majority of known 
postsynaptic electrical responses are of 
short duration (tens of milliseconds). 
Thus, postsynaptic interactions of such 
electrical responses are necessarily 
brief and require a high degree of 
synchrony of convergent inputs. These 
interactions, therefore, do not provide 
lasting modification of responsiveness. 
In addition, when fast synaptic potentials 
combine, the result is at most their 
algebraic sum, and often is less (1). 
We report here a postsynaptic mech- 
anism by which activation of one syn- 
aptic pathway can increase transmis- 
sion in a known monosynaptic second 
pathway. Further, component post- 
synaptic responses combine to generate 
potential changes that are larger than 
their algebraic sum. This effect can last 
several minutes, and thus is unusually 
long for known integrative mechanisms 
in the vertebrate nervous system. 

At most synapses, the postsynaptic po- 
tentials (PSP's) are generated by increas- 
es of ionic conductance across the nerve 
cell membrane (2). However, it has been 
shown that slow synaptic potentials in 
several neuron types can be generated 
by decreases in ionic conductance (3). 
Decreases of postsynaptic membrane 
conductance have been detected during 
synaptically and pharmacologically gen- 
erated potential changes in mammalian 
cortex (4) and cerebellum (5), in verte- 
brate sympathetic ganglia (6), and in neu- 
rons of invertebrates (7, 8). In a predic- 
tion based on Ohm's law, it was sug- 
gested that the decrease in resting 
membrane conductance (increase in re- 
sistance) should increase the amplitude 
of conductance-increase PSP's by in- 
creasing the voltage drop generated by 
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a given synaptic current flow (9). To in- 
vestigate the possible functional role of 
conductance decreases in the control of 
synaptic function, we recorded intra- 
cellularly from cells of the excised tenth 
paravertebral sympathetic ganglion of 
the bullfrog Rana catesbeiana. 

Stimulation of preganglionic afferents 
evokes both conductance-increase and 
conductance-decrease PSP's in sympa- 
thetic ganglion neurons. Stimuli applied 
to preganglionic B fibers (10) in the sym- 
pathetic chain produce nicotinic choliner- 
gic fast EPSP's, which are generated by 
increased ionic conductance (11). This 
pathway is known to be monosynaptic 
(12) and in all but a few instances a single 
preganglionic B fiber innervates each B 
cell. In these cells, stimulation of B affer- 
ents also produces a muscarinic choliner- 
gic slow EPSP, which is generated by a 
decreased ionic conductance (6). Since 
the tetanic stimulation used to evoke the 
slow EPSP affects subsequent trans- 
mitter release from B-fiber terminals, 
and thus affects the amplitude of fast 
EPSP's, iontophoretic application of the 
muscarinic agonist methacholine (MCh) 
was used to mimic the slow EPSP (Fig. 
lC). 

The MCh-induced conductance 
change closely paralleled that induced by 
repetitive preganglionic B-fiber stimula- 
tion (13). The effect of a conductance de- 
crease on synaptic transmission was 
therefore studied first by observing the 
effect of iontophoretically administered 
MCh on fast EPSP's. The effect of MCh 
on fast EPSP's showed a strong depen- 
dence on the magnitude of the con- 
ductance change, which varied from cell 
to cell. Fast EPSP amplitude increased 
with large decreases in conductance and 
decreased with small conductance de- 
creases. Decreases of fast EPSP ampli- 
tude are presumably due to the depolari- 
zation of the membrane during the MCh 
response (14). Figure 1 shows the in- 
crease of fast EPSP amplitude caused by 
the iontophoretic administration of 
MCh. In Fig. 1A, fast EPSP's are shown 
before and during the MCh response. 

Both the amplitude and duration of the 
fast EPSP's are increased as the result of 
MCh administration. The change in am- 
plitude and shape of the fast EPSP are 
shown particularly well in the superim- 
posed tracings of the fast EPSP's before 
and during the MCh response (Fig. iB). 
The average peak amplitudes of the fast 
EPSP's changed from 5.6 ? 1.3 mv 
(+ standard deviation) in the control to 
7.9 ? 2.7 mv (N = 20; P < .005) during 
the MCh response. The peak EPSP am- 
plitudes were also averaged excluding 
EPSP's with obvious local responses; 
the means of 5.6 + 1.3 mv (control) and 
6.6 ? 1.8 mv (during MCh) are signifi- 
cantly different (N = 20; P < .05). The 
half-width of the EPSP's increased from 
an average of 21.8 ? 1.6 msec in the 
control to 28.3 + 3.7 msec (N = 20; 
P < .001) during the response. The 
lengthening of the fast EPSP may be due 
to an increase of the resistance capaci- 
tance time constant of the membrane 
caused by the decreased membrane con- 
ductance (increased resistance) (15). In 
addition, these enlarged EPSP's often ac- 
tivated local responses and action poten- 
tial generation (16). Furthermore, the 
peak depolarization reached by a fast 
EPSP arriving during the conductance- 
decrease depolarization was greater than 
the sum of the separately evoked fast 
and slow depolarizations. 

Two types of experiments separate 
the effects of membrane depolarization 
on fast EPSP amplitude from the effect 
of decreased membrane conductance. 
First, as reported previously, electrical 
depolarization of the membrane de- 
creased, but did not increase, the fast 
EPSP amplitude (11). Second, mem- 
brane potential was held at resting level 
during the MCh response. Figure ID il- 
lustrates the fast EPSP amplitude distri- 
bution prior to and during the MCh re- 
sponse, in the absence of a membrane po- 
tential change. The average fast EPSP 
amplitude increased from 2.7 mv in the 
control to 3.3 mv during the MCh re- 
sponse (N = 20). The increase in the av- 
erage fast EPSP amplitude was statisti- 
cally significant (P < .025). Note also 
the increase in the number of larger 
amplitude EPSP's, for example, the num- 
ber of EPSP's greater than 3.25 mv in- 
creased from three in the control to ten 
during the MCh response. Since EPSP's 
greater than a certain amplitude trigger 
action potential generation, such an in- 
crease in the number of large EPSP's can 
have a very significant effect on transmis- 
sion of impulses at a synapse. In this and 
in many other experiments, fast EPSP 
amplitude was reduced with d-tubocura- 
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rine (dTC), I to 25. tg/ml, to prevent ac- 
tion potential generation during the MCh 

response. Experiments in which dTC 
was used produced results no different 
from those in which dTC was not used. 

It is important to know whether such a 

postsynaptic potentiation of synaptic 
transmission can be elicited by stimula- 
tion of physiological pathways. To test 
this possibility, we utilized a separate 

preganglionic pathway to generate con- 
ductance decreases. Repetitive stimula- 
tion of the eighth spinal nerve produces 
in B cells a slow depolarization lasting 
many minutes, the late slow EPSP (17). 
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2 n X |Fig. 1 (left). Effect of MCh on fast EPSP's. (A) Monosynaptic fast 

2L|~~~~ ~~EPSP before (left) and during (right) MCh response. Intracellular re- 
cording in a B cell with no nicotinic antagonists present. Fast EPSP 

0 0, , ,1 4 , , , ' , , 8 ,' 542elicited by stimulation of preganglionic B fibers with a single, constant, 
0.7 1.4 2.1 2.8 3.5 4.2 4.9 5.6 0.5-msec rectangular pulse in the sympathetic chain rostral to the seventh 

Amplitude of EPSP (mv) ganglion. Stimulus frequency, one per 5 seconds. The MCh was admin- 
istered by iontophoresis, as in C. In this cell, MCh increased membrane 

resistance by 8 megohms. (B) Comparison of fast EPSP's before and during MCh responses. Superimposed tracings of control (dotted lines) 
and potentiated (solid lines) EPSP's from A. Calibration in B also applies to A. (C) Response of B cell to MCh administered by iontophoresis. 
Time of administration indicated by MCh. Changes in membrane resistance tested by current pulses of -0.15 na and 2 seconds in duration 
applied intracellularly every 5 seconds by way of a Wheatstone bridge. The bridge was balanced before drug application such that membrane 
potential deflections produced by current pulses did not appear as deflections from the recorded baseline. At the peak of the slow muscarinic 
depolarization input resistance of the membrane increased by 23 megohms. During the period of MCh iontophoresis, there was a decrease in 
membrane resistance. A brief nicotinic increase in membrane conductance, not exceeding the duration of drug application, was frequently 
observed during the iontophoresis of MCh; it was antagonized by curare (dTC) and had the electrophysiological properties of the nicotinic fast 
EPSP. (D) Histograms of the effect of MCh on fast EPSP amplitudes. Control and experimental values were compiled from four MCh applications. 
Top: amplitude distribution of fast EPSP's for 25 seconds prior to administration of MCh. Bottom: amplitude distribution of fast EPSP during 
MCh response with membrane potential held at resting level. Values of EPSP amplitude were taken for 25 seconds beginning 20 seconds after 
the start of iontophoretic MCh administration. The MCh was administered for 10 seconds, as in C. Fast EPSP's were evoked one per 5 seconds. 
To prevent the firing of action potentials by synaptic excitation, fast EPSP's were reduced in amplitude by 5 xg/ml of dTC. Records in C and D 
from the same neuron; A and B are from a different cell than C and D. Records in A and B are from photographs of an oscilloscope; records in C are 
from a rectilinear pen recorder (Brush model 280). Standard electrophysiological techniques were used for intracellular recording (6). Fig. 2 

(right). Effect of late slow EPSP on fast EPSP's. (A) Late slow EPSP (elicited by repetitive stimulation of the eighth spinal nerve at a frequency 
of 50 hz for 2 seconds) with conductance decrease. The period of stimulation is indicated by S. Intracellular recording in a B cell. Current pulses 
of -0.15 na and 2 seconds duration were applied every 5 seconds as in Fig. 1C. Membrane resistance increased by 19.5 megohms during the late 
slow EPSP. (B) Monosynaptic fast EPSP's elicited by stimulation of sympathetic chain once per 5 seconds (see Fig. 1). Left: records of fast EPSP's 

prior to stimulation of the eighth nerve. Right: records of fast EPSP's during late slow EPSP. Note the increased fast EPSP amplitude and duration, 
as well as the initiation of an action potential. Stimulation of eighth nerve as in A; records from a different B cell. Resistance increase during late 
slow EPSP, 6.5 megohms. Concentration of dTC, 25 /ig/ml. (C) Effect of late slow EPSP on spike generation by fast EPSP's. Same test as in B 
with fast EPSP elicited at a frequency of one per 5 seconds. The graph divides the experimental period into 30-second segments. During each 
segment, six fast EPSP's were elicited. During the 4.5-minute control period, no fast EPSP's fired spikes. After stimulation of the eighth nerve 
(labeled S), enlarged fast EPSP's began to fire spikes. Spike generation ceased after about 2.5 minutes, although fast EPSP's remained enlarged 
for the duration of the late slow EPSP. The intracellular experiments reported here were corroborated by separate experiments in which we 
recorded from postganglionic axons utilizing suction electrodes or the sucrose gap technique. In partially curarized ganglia, transmission of pre- 
ganglionic B volleys through the ganglion was increased by conditioning stimulation of the eighth nerve (20). 

1438 SCIENCE, VOL. 194 

A 
Control 

* =.^ 

B 

..* Control 

E 

20 msec 

D 
10 

cL 
0. 

0 

L 

E 

z 

JPM%M. 

vwp 



Membrane conductance decreased dur- 
ing the late slow EPSP (Fig. 2A) and, as 
with MCh responses, the magnitude of 
the conductance decrease varied from 
cell to cell. The amplitude and duration 
of the fast EPSP increased during the 
late slow EPSP (Fig. 2B), and the in- 
creased amplitude fast EPSP's often 
initiated action potential generation 
(Fig. 2B). In the experiment shown in 
Fig. 2C, prior to eighth nerve stimulation, 
no fast EPSP's fired spikes, but after 
stimulation the fast EPSP's generated 
spikes for about 2.5 minutes. At the peak 
of the response, five out of six fast EPSP's 
fired action potentials, which is a clear 
demonstration of the facilitation of trans- 
mission in one synaptic pathway by 
activation of another. 

In the preceding experiments, when 
the pharmacological or physiological 
stimuli produced large decreases in post- 
synaptic membrane conductance, they 
increased fast EPSP size. This suggests 
that the potentiation of synaptic trans- 
mission is caused by changes in post- 
synaptic membrane properties (18). Our 
findings indicate that different types of 
depolarizations have different con- 
sequences for neuronal interaction. That 
is, conductance increases (19) and elec- 
trical depolarization of the membrane 
(11) decrease synaptic potentials gener- 
ated by a given excitatory input, whereas 
conductance decreases potentiate them. 
By augmenting, rather than diminishing, 
a synaptic input, a conductance decrease 
makes that input more effective in the 
generation of action potentials. 

This control of the efficacy of synaptic 
transmission may be important in the 
function of neurons of the central ner- 
vous system. Central neurons receive an 
abundance of converging inputs, and sev- 
eral types of central neurons have con- 
ductance-decrease responses (4, 5). It is 
thus possible that increasing transmis- 
sion in a synaptic pathway by a con- 
ductance-decrease response may have a 
function in information processing in the 
central nervous system. A synaptically 
evoked conductance decrease has been 
implicated in a behavioral response in 
the marine mollusc Aplysia (8). Further, 
lasting modification of responsiveness to 
a synaptic input might be a mechanism 
for storage of information at the cellular 
level. Long-term control of postsynaptic 
membrane properties might provide such 
a modification of responsiveness. 
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Cytodifferentiation in Mouse Mammary Gland 

Abstract. Isografts of heterotypic recombinants of embryonic mammary epithe- 
lium with salivary mesenchyme lndergo development morphogenetically resembling 
that of salivary gland. However, cytodifferentiation of the epithelium is like that of 
mammary gland. In lactating hosts these isografts respond to endogenous hormonal 
stimulation and synthesize a milk protein, a-lactalbumin. 
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Many studies have shown that inter- 
actions between epithelium and stroma 
are required for organogenesis and, ulti- 

mately, cytodifferentiation to proceed 
(1-4). 
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ies have tended to support the general 
principle that mesenchyme largely con- 
trols development of form (morphogene- 
sis), while epithelium is the determinant 
of the type of cytodifferentiation to be ex- 
pressed. To exemplify, in an early study 
of feather regeneration Wang (5) found 
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Table 1. Development of 16-day mammary gland epithelia combined with mammary and sali- 
vary mesenchyme, 3 weeks after transplantation under the kidney capsule in 4-week-old synge- 
neic female mice. 

Source of No. of No. of grafts Developmental response 
mesenchyme explants recovered of mammary epithelium 

Renal stroma 20 4 (20%) Degeneration 
Mammary (16-day) 18 11 (61%) Mammary gland-like 
Salivary (14-day) 24 18 (75%) Salivary gland-like 
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