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The properties of the synchronously activated radiatum fiber-CAl synaptic population were 
examined with the in vitro hippocampal slice preparation. Periodic fluctuations in synaptic trans- 
mission and in the enhancement of synaptic transmission were observed with periods ranging from 8 
to 20 s. Such periodic fluctuations did not arise from fluctuations in afferent radiatum fiber activity, 
The period and amplitude of the cyclic variations in the enhancement of synaptic transmission were 
found to be altered with repeated electrical stimulation of the radiaturn fibers. These results reflect 
cooperative synaptic actions which must be taken into consideration in the delineation of the 
mechanisms of potentiation. 

The statistical nature of neurotransmission is now well documented 3,~,xa. Recent 

studies, however, using frog neuromuscular junction and electric organ of Torpedo 

marmorata< 5 suggest that slow oscillations in the availability and release of  neuro- 

transmitters may also occur. We now present evidence for periodic fluctuations in 

synaptic transmission and in the enhancement of synaptic transmission for a homoge- 

neous population of synapses within the mammalian central nervous system. In hippo- 

campal slices from rat we recorded evoked field potentials that reflect afferent fiber 

responses and summated dendritic depolarizations (population EPSPs) evoked by the 

electrical stimulation of afferent radiatum fibers that terminate on the apical dendrites 

of CA1 pyramidal cells2,8,1L With stimuli delivered at a rate of 0.5 Hz we found a well 

developed periodicity in the size of  the population EPSP, but not in the afferent 
radiatum fiber response. With paired stimuli (40 ms interstimulus interval) the 

response to the second stimuli was generally greater than the first. This facilitation was 
quantified as a test :control ratio. We found a strong periodicity in the magnitude 

of the test :control ratios with the period of the oscillations ranging from 8 to 20 s in 

different preparations. In any particular slice the periodicity for test:control 
ratios was similar to that observed for responses to single stimuli. Thus a regular 
oscillation appears to exist both in synaptic transmission and in the facilitation of 

transmission which occurs as a result of prior activation. 
Hippocampal slices were prepared from rats (Sprague-Dawley, 100-125 g) with 

methods similar to those previously described 7,s. Slices were sectioned transverse to 
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Fig. 1. Oscillation of evoked population EPSP responses. A: afferent volley (AV) and population 
EPSP as recorded in stratum radiatum in response to a single stimulus applied to radiatum fibers. B: 
control (squares) and test (crosses) population EPSP amplitudes in response to paired stimuli (40 ms 
inter-stimulus interval) applied once every 2 s with observed oscillations of both test and control 
population EPSPs. The period of oscillation for the test responses is 8 s. The oscillation for the control 
responses appear to exhibit two frequency components, one with a period of 8 s and the other with a 
period of 16 s. Note the phase relationship ( ~  180 °) between the control and test responses. C: 
oscillation of the test:control ratio with a major period of approximately 16 s, The large excursion in 
this ratio reflects the phase relationship noted in Fig. lB. D: oscillation of test (crosses) and control 
(squares) afferent volleys. Periodicities are not as distinct as those of the population EPSP and 
fluctuations appear more random in nature. E: fluctuation of afferent volley test:control ratio. Note 
that these fluctuations do not exhibit oscillations like that found for the population EPSP in Fig. 1C. 
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the septo-temporal axis of the hippocampal formation and immediately immersed in a 
cooled (~- 10 °C) and aerated glucose Ringer solution (124 mM NaCI, 5 mM KCI, 1.24 
mM KH~PO4, 1.3 mM MgSO4, 2.4 mM CaCI2, 26 mM NaHCOr, and 10 mM 
glucose). After sectioning, slices were placed upon a nylon net in the inner well of a 
warmed (37 : i  0.5 °C) incubation chamber that also contained the glucose Ringer. A 
gaseous mixture of 95 ~;, Oz and 5 oj/o CO2 was bubbled into the outer well of the 
chamber filled with distilled water for approximately 2 h to create an oxygen gradient 
which results in the diffusion of 02 into the slices. 

Bipolar stimulating electrodes (40-gauge Nichrome) were placed in stratum 
radiatum of subfield CAI, and an isolated constant current source driven by a Grass 
stimulator (Model SD5) was used to excite the radiatum fibers with paired current 
pulses separated in time by 40 ms. Current pulses of 100 #s duration were used I:o 
evoke responses from strata radiatum. The range of current intensities used for the 
majority of the slices typically varied from 30 to 100/zA. A recording electrode ( l -3  
Mf~) filled with 2 M NaCI was placed in stratum radiatum of CAI, but more distal to 
subfield CA3 than the stimulating electrodes, to detect the population EPSP and 
afferent volley (Fig. lA). The amplitude of the population EPSP ranged fiom 0.5 to 1.5 
mV while that for the aft~rent volley ranged from 100 to 700 #V. With the noise level 
kept below 50 ktV, the signal-to-noise ratios for both the population EPSP and afferenl 
volley were adequate to allow a systematic study of periodic fluctuations in amplitude. 
Because of the relative size and time course of the population EPSP with respect to 
that of the afferent volley, however, the simultaneous recording of the affcrent volley 
superimposed upon the population EPSP may introduce an apparent oscillation in the 
afferent volley arising from oscillations in the population EPSP. To eliminate this 
distortion, the afferent volley and population EPSP were recorded ire separate 
preparations. The afferent volley was isolated from the population EPSP in 15 slice 
preparations by temporarily placing the hippocampal slices into a non-aerated glucose 
Ringer solution. This anoxic condition was found to arrest the process of synaptic 
transmission, but not the evoked radiatum fiber activity. These slices were then placed 
in the inner well of the aerated incubation and recording chamber. In 11 other 
preparations, synaptic transmission was maintained in order to evoke and record 
population EPSP responses. The detected evoked responses were amplified via a high 
impedance preamplifier (Transidyne General 1600) and recorded on the FM channels 
of a HP3960 tape recorder for later processing. Paired stimuli of identical intensity 
separated by 40 ms in time were applied once every 2 s. Each recorded evoked response 
was digitized, stored on a computer disc file (HP21MX). The digitized responses were 
analyzed to determine the amplitudes of the evoked responses using algorithms to 
determine the peak negativity of the afferent volley response and the negativity of the 
population EPSP at a fixed latency (1 ms after the stimulus artifact), 

Response amplitudes analyzed as a function of time are illustrated in Fig. lB. It 
is evident from this plot that there are time variations in the size of the population 
EPSPs for both the control (squares) and potentiated (crosses) responses. The time 
variation of the evoked responses was examined in 11 slices by determining the time 
between local maximum and/or minimum values and by frequency analysis using fast 
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Fig. 2. Modification of oscillations in population EPSP test :control ratio by the electrical activation of 
radiation fibers. A: oscillations with suprathreshold stimulation. B: alterations in time period of 
oscillation with suprathreshold stimulation after a brief increase in stimulus intensity. 

Fourier transfolms 7. Ten of  the I 1 slices exhibited well developed oscillations of  the 
population EPSP. The period of  oscillation for the 10 slices ranged from 8 to 20 s. The 
period of  oscillation for individual slices, however, varied less than ~ 20 %. 

It was also noted that control responses of  relatively small amplitude were 
associated with test responses of  relatively large amplitude, while control responses of  
relatively large amplitude were associated with test responses of  relatively small 
amplitude. This relationship is demonstrated by the plot of  test :control ratios shown 
in Fig. 1 C, where the maxima are associated with large test response amplitudes and 
small control response amplitudes and the minima are associated with small test 
response amplitudes and large control response amplitudes. The time between the 
maxima for the responses of  Fig. 1C ranged from 14 to 16 s (each response represents 
an elapsed time of  2 s). 

The oscillations exhibited by the populations EPSPs raised the question of  
oscillations in afferent fiber activity as a possible source of  this periodic behavior. 
Fifteen slices were examined for oscillations in isolated radiatum fiber activity. 
Oscillations in afferent activity and in the test :control ratio of  afferent activity with 
time periods on the order of  8 to 20 s were not observed among the 15 slices, as 
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exemplified by the responses of Fig. 1D and E, respectively. These observations, 
therefore, suggested that the oscillations of the population EPSP and the test :control 
ratios are synaptic in nature. 

Stimulation of the radiatum fbers was found to affect the amplitude and 
frequency of the oscillations in the test :control ratio. One such example is shown in 
Fig. 2. Oscillations in the test:control ratio with a time period of 8 s (Fig. 2, segment 
A) were obtained with a suprathreshold stimulus of 48/~A applied at a frequency of 
0.5 Hz. The period of oscillation under these conditions was altered to 10-14 s 
(segment B) after briefly stimulating the radiatum fibers with increases in current 
intensity up to 60 t~A applied at 0.5 Hz. Similar alterations in time period and 
amplitude of the test :control ratio were induced by stimulating the radiatum fibers at 
various frequencies (2 through 20 Hz). Alterations in oscillation frequency and 
test:control ratios emphasize the influence of previous synaptic events on synaptic 
activity. It should be noted, however, that although alterations in either the time 
period and/or peak test :control ratios of the oscillations weie easily induced, specific 
alterations in response to specific stimulus patterns have yet to be identified. 

The studies described in this report document two types of oscillations. We have 
demonstrated an oscillation of synaptic transmission as indicated by the synchronous 
increases and decreases in the population EPSP amplitude shown in the control and 
test responses of Fig. lB. The second is an oscillation in the facilitation of synaptic 
transmission as shown in Fig. I C. One might propose that the apparent oscillations in 
the population EPSP and its test :control ratio could be explained in terms of the inter- 
actions between EPSPs and inhibitory postsynaptic potentials (1PSPs) arising from the 
activation of inhibitory interneurons by way of the discharge of pyramidal cells, if the 
pyramidal cell population response to the initial stimulus of a stimulus pair is small. 
then the subsequent activation of inhibitory interneurons would also be small. The 
resulting IPSPs in turn would be less effective in inhibiting the second response. On the 
other hand, if the initial pyramidal population response is large, the following EPSP 
could be shunted by the preceding IPSP. The spatial separation of the excitatory 
radiatum terminations and the inhibitory synapses upon hippocampal pyramidal cells, 
however, would make such a mechanism unlikely and difficult to detect with extra- 
cellular field recording techniques. Furthermore, the recurrent inhibitory innervation 
of the pyramidal cells is substantially reduced in transverse hippocampal slice prepa- 
rations because of the severing of longitudinal fibers projecting from the basket cells. 

It seems more likely that the cyclic oscillations may involve periodic changes in 
transmitter release. Evidence for oscillations in transmitter release has been demon- 
strated in the frog neuromuscular junction 9 and in the electric organ of Torpedo 4,'~ 
with time periods of 14 and 5 s, respectively. These time periods correspond well to the 
oscillations in summated EPSPs found in the hippocampal slice. The periodic 
fluctuations in ACh levels observed in the electric organ of Torpedo have been shown 
to correlate with changes in ATP levels which may result from the regulation of 
enzymes involved in the synthesis of the neurotransmitter, as suggested by Israel et 
al.'L 

Oscillations in transmitter release may also be explained in terms of cyc{ic 
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var ia t ions  o f  in t ra te rmina l  Ca 2+ f rom exogenous 10 and bound  endogenous  10,11 

sources, as p roposed  by Meir i  and Rah a mimof f  9. Similar ly oscil lat ions in the 

enhancement  o f  synapt ic  t ransmiss ion with its inverse phase  re la t ionship between 

cont ro l  and test responses may also reflect cyclic var ia t ions in Ca 2+ and in the number  

o f  vesicles avai lable  for  synapt ic  t ransmission.  F o r  instance, the appl ica t ion  o f  a 

control  s t imulus dur ing high concentra t ions  of  in t ra terminal  Ca z+ could result in the 

release of  a significant po r t ion  o f  the avai lable poo l  o f  vesicles. Therefore,  the 

app l ica t ion  o f  a test s t imulus 40 ms la ter  would result  in the release o f  the remaining  

smal ler  fraction o f  the avai lable  pool  o f  vesicles. On the other  hand,  low in t ra terminal  

concent ra t ions  o f  Ca 2~ would result in the release o f  a modera t e  por t ion  o f  the 

avai lable  vesicle pool ,  by the control  stimulus, and therefore,  leave a substant ial  

po r t ion  of  vesicles to be released by the subsequent  test stimulus. Regardless  o f  the 

mechanism(s)  involved,  however,  the cyclic var ia t ions in synapt ic  t ransmiss ion and the 

enhancement  o f  synapt ic  t ransmiss ion indicate a synchrony o f  act ivi ty which reflect 

coopera t ive  synapt ic  actions. 
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The properties of the synchronously activated radiatum fiber-CAl synaptic population were 
examined with the in vitro hippocampal slice preparation. Periodic fluctuations in synaptic trans- 
mission and in the enhancement of synaptic transmission were observed with periods ranging from 8 
to 20 s. Such periodic fluctuations did not arise from fluctuations in afferent radiatum fiber activity, 
The period and amplitude of the cyclic variations in the enhancement of synaptic transmission were 
found to be altered with repeated electrical stimulation of the radiaturn fibers. These results reflect 
cooperative synaptic actions which must be taken into consideration in the delineation of the 
mechanisms of potentiation. 

The statistical nature of neurotransmission is now well documented 3,~,xa. Recent 

studies, however, using frog neuromuscular junction and electric organ of Torpedo 

marmorata< 5 suggest that slow oscillations in the availability and release of  neuro- 

transmitters may also occur. We now present evidence for periodic fluctuations in 

synaptic transmission and in the enhancement of synaptic transmission for a homoge- 

neous population of synapses within the mammalian central nervous system. In hippo- 

campal slices from rat we recorded evoked field potentials that reflect afferent fiber 

responses and summated dendritic depolarizations (population EPSPs) evoked by the 

electrical stimulation of afferent radiatum fibers that terminate on the apical dendrites 

of CA1 pyramidal cells2,8,1L With stimuli delivered at a rate of 0.5 Hz we found a well 

developed periodicity in the size of  the population EPSP, but not in the afferent 
radiatum fiber response. With paired stimuli (40 ms interstimulus interval) the 

response to the second stimuli was generally greater than the first. This facilitation was 
quantified as a test :control ratio. We found a strong periodicity in the magnitude 

of the test :control ratios with the period of the oscillations ranging from 8 to 20 s in 

different preparations. In any particular slice the periodicity for test:control 
ratios was similar to that observed for responses to single stimuli. Thus a regular 
oscillation appears to exist both in synaptic transmission and in the facilitation of 

transmission which occurs as a result of prior activation. 
Hippocampal slices were prepared from rats (Sprague-Dawley, 100-125 g) with 

methods similar to those previously described 7,s. Slices were sectioned transverse to 
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Fig. 1. Oscillation of evoked population EPSP responses. A: afferent volley (AV) and population 
EPSP as recorded in stratum radiatum in response to a single stimulus applied to radiatum fibers. B: 
control (squares) and test (crosses) population EPSP amplitudes in response to paired stimuli (40 ms 
inter-stimulus interval) applied once every 2 s with observed oscillations of both test and control 
population EPSPs. The period of oscillation for the test responses is 8 s. The oscillation for the control 
responses appear to exhibit two frequency components, one with a period of 8 s and the other with a 
period of 16 s. Note the phase relationship ( ~  180 °) between the control and test responses. C: 
oscillation of the test:control ratio with a major period of approximately 16 s, The large excursion in 
this ratio reflects the phase relationship noted in Fig. lB. D: oscillation of test (crosses) and control 
(squares) afferent volleys. Periodicities are not as distinct as those of the population EPSP and 
fluctuations appear more random in nature. E: fluctuation of afferent volley test:control ratio. Note 
that these fluctuations do not exhibit oscillations like that found for the population EPSP in Fig. 1C. 
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the septo-temporal axis of the hippocampal formation and immediately immersed in a 
cooled (~- 10 °C) and aerated glucose Ringer solution (124 mM NaCI, 5 mM KCI, 1.24 
mM KH~PO4, 1.3 mM MgSO4, 2.4 mM CaCI2, 26 mM NaHCOr, and 10 mM 
glucose). After sectioning, slices were placed upon a nylon net in the inner well of a 
warmed (37 : i  0.5 °C) incubation chamber that also contained the glucose Ringer. A 
gaseous mixture of 95 ~;, Oz and 5 oj/o CO2 was bubbled into the outer well of the 
chamber filled with distilled water for approximately 2 h to create an oxygen gradient 
which results in the diffusion of 02 into the slices. 

Bipolar stimulating electrodes (40-gauge Nichrome) were placed in stratum 
radiatum of subfield CAI, and an isolated constant current source driven by a Grass 
stimulator (Model SD5) was used to excite the radiatum fibers with paired current 
pulses separated in time by 40 ms. Current pulses of 100 #s duration were used I:o 
evoke responses from strata radiatum. The range of current intensities used for the 
majority of the slices typically varied from 30 to 100/zA. A recording electrode ( l -3  
Mf~) filled with 2 M NaCI was placed in stratum radiatum of CAI, but more distal to 
subfield CA3 than the stimulating electrodes, to detect the population EPSP and 
afferent volley (Fig. lA). The amplitude of the population EPSP ranged fiom 0.5 to 1.5 
mV while that for the aft~rent volley ranged from 100 to 700 #V. With the noise level 
kept below 50 ktV, the signal-to-noise ratios for both the population EPSP and afferenl 
volley were adequate to allow a systematic study of periodic fluctuations in amplitude. 
Because of the relative size and time course of the population EPSP with respect to 
that of the afferent volley, however, the simultaneous recording of the affcrent volley 
superimposed upon the population EPSP may introduce an apparent oscillation in the 
afferent volley arising from oscillations in the population EPSP. To eliminate this 
distortion, the afferent volley and population EPSP were recorded ire separate 
preparations. The afferent volley was isolated from the population EPSP in 15 slice 
preparations by temporarily placing the hippocampal slices into a non-aerated glucose 
Ringer solution. This anoxic condition was found to arrest the process of synaptic 
transmission, but not the evoked radiatum fiber activity. These slices were then placed 
in the inner well of the aerated incubation and recording chamber. In 11 other 
preparations, synaptic transmission was maintained in order to evoke and record 
population EPSP responses. The detected evoked responses were amplified via a high 
impedance preamplifier (Transidyne General 1600) and recorded on the FM channels 
of a HP3960 tape recorder for later processing. Paired stimuli of identical intensity 
separated by 40 ms in time were applied once every 2 s. Each recorded evoked response 
was digitized, stored on a computer disc file (HP21MX). The digitized responses were 
analyzed to determine the amplitudes of the evoked responses using algorithms to 
determine the peak negativity of the afferent volley response and the negativity of the 
population EPSP at a fixed latency (1 ms after the stimulus artifact), 

Response amplitudes analyzed as a function of time are illustrated in Fig. lB. It 
is evident from this plot that there are time variations in the size of the population 
EPSPs for both the control (squares) and potentiated (crosses) responses. The time 
variation of the evoked responses was examined in 11 slices by determining the time 
between local maximum and/or minimum values and by frequency analysis using fast 
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Fig. 2. Modification of oscillations in population EPSP test :control ratio by the electrical activation of 
radiation fibers. A: oscillations with suprathreshold stimulation. B: alterations in time period of 
oscillation with suprathreshold stimulation after a brief increase in stimulus intensity. 

Fourier transfolms 7. Ten of  the I 1 slices exhibited well developed oscillations of  the 
population EPSP. The period of  oscillation for the 10 slices ranged from 8 to 20 s. The 
period of  oscillation for individual slices, however, varied less than ~ 20 %. 

It was also noted that control responses of  relatively small amplitude were 
associated with test responses of  relatively large amplitude, while control responses of  
relatively large amplitude were associated with test responses of  relatively small 
amplitude. This relationship is demonstrated by the plot of  test :control ratios shown 
in Fig. 1 C, where the maxima are associated with large test response amplitudes and 
small control response amplitudes and the minima are associated with small test 
response amplitudes and large control response amplitudes. The time between the 
maxima for the responses of  Fig. 1C ranged from 14 to 16 s (each response represents 
an elapsed time of  2 s). 

The oscillations exhibited by the populations EPSPs raised the question of  
oscillations in afferent fiber activity as a possible source of  this periodic behavior. 
Fifteen slices were examined for oscillations in isolated radiatum fiber activity. 
Oscillations in afferent activity and in the test :control ratio of  afferent activity with 
time periods on the order of  8 to 20 s were not observed among the 15 slices, as 
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exemplified by the responses of Fig. 1D and E, respectively. These observations, 
therefore, suggested that the oscillations of the population EPSP and the test :control 
ratios are synaptic in nature. 

Stimulation of the radiatum fbers was found to affect the amplitude and 
frequency of the oscillations in the test :control ratio. One such example is shown in 
Fig. 2. Oscillations in the test:control ratio with a time period of 8 s (Fig. 2, segment 
A) were obtained with a suprathreshold stimulus of 48/~A applied at a frequency of 
0.5 Hz. The period of oscillation under these conditions was altered to 10-14 s 
(segment B) after briefly stimulating the radiatum fibers with increases in current 
intensity up to 60 t~A applied at 0.5 Hz. Similar alterations in time period and 
amplitude of the test :control ratio were induced by stimulating the radiatum fibers at 
various frequencies (2 through 20 Hz). Alterations in oscillation frequency and 
test:control ratios emphasize the influence of previous synaptic events on synaptic 
activity. It should be noted, however, that although alterations in either the time 
period and/or peak test :control ratios of the oscillations weie easily induced, specific 
alterations in response to specific stimulus patterns have yet to be identified. 

The studies described in this report document two types of oscillations. We have 
demonstrated an oscillation of synaptic transmission as indicated by the synchronous 
increases and decreases in the population EPSP amplitude shown in the control and 
test responses of Fig. lB. The second is an oscillation in the facilitation of synaptic 
transmission as shown in Fig. I C. One might propose that the apparent oscillations in 
the population EPSP and its test :control ratio could be explained in terms of the inter- 
actions between EPSPs and inhibitory postsynaptic potentials (1PSPs) arising from the 
activation of inhibitory interneurons by way of the discharge of pyramidal cells, if the 
pyramidal cell population response to the initial stimulus of a stimulus pair is small. 
then the subsequent activation of inhibitory interneurons would also be small. The 
resulting IPSPs in turn would be less effective in inhibiting the second response. On the 
other hand, if the initial pyramidal population response is large, the following EPSP 
could be shunted by the preceding IPSP. The spatial separation of the excitatory 
radiatum terminations and the inhibitory synapses upon hippocampal pyramidal cells, 
however, would make such a mechanism unlikely and difficult to detect with extra- 
cellular field recording techniques. Furthermore, the recurrent inhibitory innervation 
of the pyramidal cells is substantially reduced in transverse hippocampal slice prepa- 
rations because of the severing of longitudinal fibers projecting from the basket cells. 

It seems more likely that the cyclic oscillations may involve periodic changes in 
transmitter release. Evidence for oscillations in transmitter release has been demon- 
strated in the frog neuromuscular junction 9 and in the electric organ of Torpedo 4,'~ 
with time periods of 14 and 5 s, respectively. These time periods correspond well to the 
oscillations in summated EPSPs found in the hippocampal slice. The periodic 
fluctuations in ACh levels observed in the electric organ of Torpedo have been shown 
to correlate with changes in ATP levels which may result from the regulation of 
enzymes involved in the synthesis of the neurotransmitter, as suggested by Israel et 
al.'L 

Oscillations in transmitter release may also be explained in terms of cyc{ic 
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var ia t ions  o f  in t ra te rmina l  Ca 2+ f rom exogenous 10 and bound  endogenous  10,11 

sources, as p roposed  by Meir i  and Rah a mimof f  9. Similar ly oscil lat ions in the 

enhancement  o f  synapt ic  t ransmiss ion with its inverse phase  re la t ionship between 

cont ro l  and test responses may also reflect cyclic var ia t ions in Ca 2+ and in the number  

o f  vesicles avai lable  for  synapt ic  t ransmission.  F o r  instance, the appl ica t ion  o f  a 

control  s t imulus dur ing high concentra t ions  of  in t ra terminal  Ca z+ could result in the 

release of  a significant po r t ion  o f  the avai lable poo l  o f  vesicles. Therefore,  the 

app l ica t ion  o f  a test s t imulus 40 ms la ter  would result  in the release o f  the remaining  

smal ler  fraction o f  the avai lable  pool  o f  vesicles. On the other  hand,  low in t ra terminal  

concent ra t ions  o f  Ca 2~ would result in the release o f  a modera t e  por t ion  o f  the 

avai lable  vesicle pool ,  by the control  stimulus, and therefore,  leave a substant ial  

po r t ion  of  vesicles to be released by the subsequent  test stimulus. Regardless  o f  the 

mechanism(s)  involved,  however,  the cyclic var ia t ions in synapt ic  t ransmiss ion and the 

enhancement  o f  synapt ic  t ransmiss ion indicate a synchrony o f  act ivi ty which reflect 

coopera t ive  synapt ic  actions. 
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