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A current-source density (CSD) analysis was carried out in 
the CA1 region of the hippocampal slice (1) to determine 
the pattern of current flow in pyramidal ceils upon ortho- 
dromic stimulation and (2) to test the hypothesis that EPSP- 
to-spike potentiation is produced by an alteration in this 
distribution of current sinks and/or sources. The results in- 
dicated that 2 sinks occur near the cell body layer (in addition 
to the sink associated with the EPSP) in response to or- 
thodromic stimulation of the apical dendrites. An early (i.e., 
short-latency) sink was present along the radiatum/pyram- 
idale border and was evident throughout the time course of 
the evoked field potential. This sink peaked in magnitude 
just prior to the peak of the population spike and was as- 
sociated with orthodromic stimulation; it was not seen with 
antidromic stimulation. A second, later, sink occurred in the 
proximal portion of the basal dendrites and had a charac- 
teristic time course similar to the population spike; this sec- 
ond sink was also present during antidromic stimulation. 
There was some suggestion that the earlier dendritic sink 
shifted apically with development of long-term potentiation 
(LTP). The existence and movement of such an active zone 
in these cells may help to explain the dissociation of EPSP 
and spike potentiation in LTP. 

An important, but poorly understood, finding from previous 
studies of long-term potentiation (LTP) mechanisms (Andersen 
et al., 1980, 1984) is that cell propensity for spike initiation in 
response to orthodromic stimulation increases following high- 
frequency stimulation (HFS), a change often seen despite an 
unchanged EPSP (Bliss and Lomo, 1973; Taube and Schwartz- 
kroin, 1988). Several investigations (Andersen et al., 1980; Wil- 
son, 198 1; Wilson et al., 1981; Abraham et al., 1985) have 
indicated that the population spike is potentiated more than 
can be explained simply on the basis of potentiation of the 
population EPSP. These findings suggest a change in the cou- 
pling between EPSP and spike initiation. 

The existence of an EPSP-to-spike (E-S) component in LTP 
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argues for mechanisms other than facilitation of synaptic trans- 
mission as critical to LTP. One possibility, yet unexplored, is 
that the E-S potentiation is produced by some alteration in the 
distribution of current sinks and/or sources in the neurons. For 
example, changes in the density and/or location of dendritic 
calcium and sodium channels (Wong et al., 1979; Benardo et 
al., 1982) could lead to altered patterns of current flow in the 
dendrites. A change in the origin or intensity of current flow in 
the dendrites could alter transfer of current to the spike initiation 
zone. To test this hypothesis, we performed a one-dimensional 
current-source density (CSD) analysis before and after a LTP 
conditioning train. 

Preliminary reports concerning some of these findings have 
been presented (Taube and Schwartzkroin, 1985). 

Materials and Methods 

Transverse slices from adult guinea pig hippocampus were prepared and 
maintained as described in the accompanying paper (Taube and 
Schwartzkroin, 1988). One-dimensional CSDs are often calculated by 
using averaged field potentials from a single, but moving, microelec- 
trode. This calculation uses the average of several events over time; 
consequently, small changes in the field potential from one event to the 
next may be obscured in the averaging process. In order to avoid this 
potential problem, we constructed a 3-electrode array using a Narshige 
triple manipulator. The array was moved along a track parallel to the 
axis of the hippocampal pyramidal cells. This procedure enabled us to 
record and calculate the CSD at a specific site for a single event. 

To construct the array, 3 extracellular microelectrodes were made 
from fiber-filled glass micropipettes and filled with 2 M NaCl (tip resis- 
tance was approximately 5-10 MQ); each of the microelectrodes had a 
similar tip resistance (& 2 Ma). The 3 electrodes were spaced 25-30 Km 
apart and aligned perpendicular to the CA1 pyramidal cell layer. The 
triple-electrode array was moved along a track perpendicular to stratum 
(str.) pyramidale, at intervals of 30 pm, from str. radiatum to str. oriens 
(Fig. 1). Accurate placement of the array was accomplished with the 
aid of a graticule placed in the eyepiece of a stereomicroscope. At each 
position, the array was lowered into the slice to a depth of 50 Frn; deeper 
penetrations were avoided in order to prevent possible tissue injury. 

A special pair of bipolar stimulating electrodes was constructed such 
that the tips were fixed 70-80 pm apart. The stimulating electrodes were 
placed in the str. radiatum at a distance of 200-300 pm from the str. 
pyramidale and were positioned along an axis parallel to the str. py- 
ramidale in an attempt to activate a discrete fiber bundle. Prior to HFS, 
evoked field potentials were collected for 3 or 4 different stimulus 
strengths. The lowest stimulus intensity was adjusted until a small (usu- 
ally l-2 mV) population spike was present in the field potentials. Base- 
line stimulation frequency for the CSD experiments was 0.2 Hz. At each 
location of the triple-electrode array, 6 field responses were recorded 
and averaged for each stimulus strength. Following collection of field 
responses, the triple-electrode assembly was returned to the pyramidal 
cell body layer. Subsequently, the magnitude of the evoked population 
spike was compared with the magnitude of the population spike evoked 
from the same location at a time prior to collection of field responses. 
If the magnitude of the 2 population spikes were within 10% of one 



1646 Taube and Schwartzkroin - LTP: CSD Analysis 

P- --- 

~ 

Field Recordings 

.5 

.l 

CSD at Point 12 = -u(A-2B+c)/4h2 

where Q = conductivity tensor 

Figure I. Illustration of the procedure used for the triple-electrode array CSD measurements. Three electrodes (A-C), spaced 30 pm apart, were 
aligned perpendicular to the stratum (str.) pyramidale in CA1 hippocampus. The 3 electrodes were moved along a track parallel to the pyramidal 
cell axis, at 30 pm intervals, beginning at position 1 and ending at position 20. At each location, several field potential responses were recorded in 
response to stimulation of str. radiatum (Stim); 3 different stimulus strengths were tested. Six CSD records were calculated from 6 field potential 
responses at each stimulus strength, and these CSDs were averaged. In addition, the 6 field potential responses from the middle electrode (B), at 
each different stimulus strength, were averaged (shown on the right). Two trains of HFS (100 Hz, 1 set), spaced 3 set apart were applied to str. 
radiatum at the low stimulus strength. If, after 20 min, LTP had developed in the population spike, another series of 6 field potential responses 
were obtained at the low stimulus strength condition. 

another, then 2 HIS trains (100 Hz, 1 set each), spaced 3 set apart, 
were delivered through the same stimulation electrode at the low stim- 
ulus strength. Field responses were again recorded at the baseline stim- 
ulation rate, starting at 20 min after the HFS. 

The amplified voltage signals were stored on magnetic tape. The CSDs 
were calculated and analyzed off-line on a Norland 3001 computer. 
Population spike amplitude was computed as the difference between the 
peak negativity and the averaged value of the preceding and following 
peak positivities. LTP was defined as being present when the average 
population spike amplitude recorded at the cell body layer 20 min 
following HFS was at least 125% of control values. 

The one-dimensional CSD at point x was calculated using the fol- 
lowing formula: 

I, = -o(E,-~ - 2E, + Ex,J/4h2 
where Z, = the current at location x, h = the sampling distance (h = 30 
pm in our experiments), E, = the extracellular voltage at location x, 
Exmh = the extracellular voltage at location x - h, Ex+h = the extracellular 
voltage at location x + h, and a = the tissue conductivity tensor. 

Reported values for the tissue conductivity vary for different neu- 
roanatomical regions of the brain (Ranck, 1963; Nicholson and Free- 
man, 1975.). The value is dependent on the direction of current flow 
and the anatomical barriers present within the tissue. Because of the 
anisotropic nature of the nervous system, assigning a precise value for 
c in our calculations is difficult and subject to error. Since the purpose 
of our study was to make a comparison between the relative CSD values 
before and after development of LTP, we have chosen not to include 
this term in our calculations; instead, we have expressed the CSD as 

mV/cm*. Thus, our computed values are only proportional to the true 
CSD. 

Results 
Triple-electrode array experiments 
Nine experiments with the triple-electrode array were carried 
out in slices showing LTP of the population spike 20 min fol- 
lowing HFS. Prior to HFS, CSD records were collected for 3 or 
4 different stimulus strengths. The lowest stimulus intensity was 
adjusted to evoke a small population spike (l-2 mV) in str. 
pyramidale, and this stimulus strength was used for HFS. If the 
population spike (measured in str. pyramidale) was potentiated 
20 min following HFS, another track of field potentials (evoked 
at the low stimulus strength) was recorded and the CSD records 
computed. The particular pre-HFS stimulus strength that pro- 
duced a pyramidale population spike most similar to the post- 
HFS population spike was used for comparing differences in the 
CSD records. The sink associated with pyramidal cell discharge 
per se was thus “equated,” so that differences between pre- and 
post-HFS CSDs could be attributed to an EPSP-to-spike cou- 
pling mechanism. An estimate of the “closeness” between the 
2 experimental conditions being compared was calculated by 
taking the ratio between the peak amplitude of the population 
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spike at the high stimulus strength pre-HFS condition and the 
peak amplitude of the population spike at the low stimulus 
strength post-HFS condition. In the 9 experiments described 
below, the mean ratio between the magnitudes of these 2 pop- 
ulation spikes was 0.974 + 0.322. The CSD records were quite 
noisy and were therefore computer-smoothed (5 point averag- 
ing). Six “smoothed” records were collected at each electrode 
location for each stimulus strength used; these records were then 
averaged for analysis. 

The first columns of Figure 2A-C depict the averaged extra- 
cellular voltage recordings from one experiment under 3 differ- 
ent stimulus conditions. The voltage traces represent the av- 
eraged extracellular recordings obtained from the middle 
electrode of the triple-electrode array. The conditions shown 
are (1) pre-HFS at low stimulus strength, (2) pre-HFS at high 
stimulus strength (i.e., a stimulus intensity producing a response 
similar to 3), and (3) post-HFS at low stimulus strength. The 
average of 6 computed CSDs for each electrode position is il- 
lustrated in the second columns of Figure 2A-C. To help clarify 
the differences between the pre- and post-HFS CSD records, 6 
time points were chosen for analysis and the CSD value at each 
time point measured. The 6 time points, shown in the lower- 
left portions of Figures 3 and 4, were chosen based on the ex- 
tracellular voltage waveform evoked in str. pyramidale, before 
HFS, at the stimulus strength that produced a field recording 
comparable to the post-HFS potentiated response. The time 
points were as follows: 

Time point a: midway up the initial rising slope. 
Time point b: peak of the first positivity. 
Time point c: midway down the initial negative-going slope. 
Time point d: peak of the negativity. 
Time point e: midway up the second rising slope. 
Time point f: peak of the second positivity. 

The CSD value for each time point was then replotted versus 
its position along the pyramidal neuron (Fig. 3). The results 
from averaging CSDs from 9 different experiments are shown 
in Figure 4. 

Prior to HFS, orthodromic activation of the apical dendrites 
in the distal portion of str. radiatum produced 2 different and 
distinct sinks near str. pyramidale (Figs. 3, 4). At a time before 
the first peak positivity of the field potential (time point a), a 
weak sink (referred to as the “early sink”) occurs at the pyram- 
idale/radiatum border and a broader, weak source (referred to 
as the “early source”) occurs along the pyramidale/oriens bor- 
der. At the peak of the first field positivity (time point b), the 
early sink and source both increase in magnitude. A spatially 
widespread, weak source is present throughout the proximal 
portion of str. radiatum at time point a and remains through 
the first peak positivity in the field recording (time point b); it 
wanes during the downward phase of the population spike (time 
points c and d) and is no longer seen during and after the upward 
(positive-going) phase of the population spike (time points e and 
f). During the downward phase of the population spike (time 
point c), the early sink reaches its peak amplitude and occurs 
over a larger portion of the proximal apical dendrites. In ad- 
dition, a second sink (referred to as the “late sink”) begins to 
develop in str. oriens, about 60 Mm from the cell body layer. At 
time point c, the early source magnitude is increased compared 
with time point b. Furthermore, a second source develops (re- 
ferred to as the “late source”) in the distal portion of str. oriens, 
particularly at the higher stimulus strength condition and in the 

post-HFS record. At the peak of the population spike (time point 
d), the early sink is decreased; the late sink attains its largest 
amplitude under the high stimulus strength and post-HFS con- 
ditions but is absent during the low stimulus strength condition. 
Both the early and late sources are present at time point d, with 
the late source remaining very small in the low stimulus strength 
condition. During the upward phase of the population spike 
(time point e), the early and late sinks decline in magnitude; the 
early source remains prominent, but the late source amplitude 
is much reduced. At the peak of the second positivity in the 
field recording (time point t), the early sink and early source are 
still present while the late sink and late source have disappeared. 

Our CSD records do not indicate a clear sink in the apical 
dendrites which reflects local synaptic activation. The likely 
explanation for this absence is that our bipolar stimulating elec- 
trodes, even when optimally positioned, activated a relatively 
wide band of fibers in the apical dendritic region. Our sampling 
interval of 30 pm was therefore too small to detect a discrete 
synaptic sink. To check for this possibility, we computed the 
CSD values using “the second nearest neighbor” technique, with 
a sampling interval of 60 km. With this procedure, an apical 
dendritic sink corresponding spatially to the level of placement 
of the stimulating electrode became evident (see CSD values 
for time points c and d in Fig. 6). 

Following HFS, the pattern of sinks and sources did not change 
dramatically. However, in 3/9 experiments there was a small 
shift in the early sink toward the apical dendrites (indicated by 
an asterisk at time points c and d in Figs. 3 and 4). The shift 
was approximately one recording point, a distance of 30 Mm. 
Figures 2 and 3 depict the results from 1 of these 3 experiments. 
In this experiment, the shift was most prominent during the 
development and peak of the population spike (time points b- 
d). When the sink shifted, the early source shifted in parallel, 
most prominently during the peak of the population spike (time 
point d). In addition, the late sink and source appeared to broad- 
en toward the cell body layer. In 2 of the remaining 6 experi- 
ments, a 30 pm shift in the early sink could be detected, but the 
shift was subtle. The remaining 4 experiments showed no move- 
ment of sink or source from pre- to post-HFS conditions. The 
presence or absence of a shift in the early sink following HFS 
was not a function of the amount of potentiation in the popu- 
lation EPSP or population spike. In 214 experiments where there 
was no shift in the early sink, there was a high degree of poten- 
tiation in the population EPSP and population spike. 

The averaged CSD records (Fig. 4) indicate small shifts in the 
early sink and early source but not in the late sink and late 
source. Statistical tests between the pre-HFS high stimulus 
strength condition and the post-HFS low stimulus strength con- 
dition indicate a significant difference in the early sink magni- 
tude during the downward phase and at the peak of the popu- 
lation spike (time points c and d; p < 0.05, Student’s t test). 

In 2 of the 9 experiments, we computed the CSDs using both 
the triple-electrode array and the average field potential ob- 
tained from the middle electrode of the electrode array. The 
comparison showed no significant differences between tech- 
niques. There was, however, more noise and variability in the 
procedure using the field potentials averaged from the single 
electrode. Since the small sink shifts seen in the triple-electrode 
array experiments were not consistently observed, we attempted 
to clarify this inconsistency by performing 2 other types of ex- 
periments. First, we calculated CSDs in the CA1 area evoked 
by antidromic stimulation. Second, we conducted a CSD anal- 
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Figure 2. Field potentials (left columns) and calculated CSD records (right columns) in response to orthodromic stimulation under 3 different 
stimulus conditions. The position number of the middle electrode of the triple-electrode array is shown on the left; position 1 corresponds to str. 
radiatum/moleculare border and position 20 to the str. oriens/alveus border (see Fig. 1). The cell body layer is located between positions 13 and 
14. Orthodromic stimulation was applied to the distal str. radiatum. A, Low-intensity stimulus strength; B, high-intensity stimulus strength; C, 
post-HFS. Responses were obtained at the low stimulus strength, 20 min after delivery of 2 trains of HFS to str. radiatum. Each field potential 
and CSD record is an average of 6 traces. Positivity (sources) is upward; negativity (sinks), downward. The dashed line running through the CSD 
records in A illustrates where CSD values for time point c were chosen for constructing the graphs in Figure 3. 

ysis when 2 different orthodromic pathways were activated but 
only one pathway received HFS. These experiments were per- 
formed with a single electrode recording procedure, rather than 
with the triple-electrode array. 

Antidromic experiments 
In 4 antidromic stimulation experiments, 2 bipolar stimulating 
electrodes were used, one positioned in the alveus and the sec- 
ond in the distal portion of str. radiatum (Sl and S3 in Fig. 5). 
A series of pre-HFS field recordings were collected for both 
orthodromic and antidromic stimulation; a similar series was 
collected 20 min following a LTP-inducing train of HFS ap- 
plied to the orthodromic pathway. The CSDs were computed 
as in the previous experiments and CSD graphs constructed 
based on the 6 different time points. An additional 3 time points 
were chosen for the antidromic stimulus based on the pre-HFS 
antidromically evoked waveform in str. pyramidale. The first 

time point (time point x in the lower-right corner of Fig. 6) 
corresponded to the midpoint on the initial declining (negative- 
going) slope; the peak of the negativity was chosen for the second 
time point (time point y in Fig. 6); and the third time point 
corresponded to the midpoint on the following rising (positive- 
going) slope of the antidromic field potential (time point z in 
Fig. 6). 

As in the triple-electrode array, experimental results indicated 
the presence of 2 distinct sinks with orthodromic stimulation. 
However, antidromic stimulation produced a sink only near the 
pyramidale/oriens border. This observation suggests that the 
sink near the pyramidale/oriens border can be attributed to 
activation of the initial segment “trigger” region of a group of 
pyramidal cells. In these experiments, no movement of the sinks 
and sources, produced by orthodromic stimulation, was ob- 
served following a period of HFS to the orthodromic pathway 
(Fig. 6, time points c and d). However, post-HFS CSD analysis 
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of the antidromically elicited potential showed a 30 Mm shift of 
the sink toward the basal dendrites in 214 experiments. 

Double orthodromic inputs 
In the double orthodromic input experiments, 2 stimulating 
electrodes were positioned in different portions of str. radiatum. 
One electrode (Sl in Fig. 5) was located as in previous experi- 
ments, near the radiatum/moleculare border. The second elec- 
trode (S2 in Fig. 5) was positioned in the proximal portion of 
str. radiatum, on the “opposite side” of the recording electrode 
track from the first stimulating electrode. For these studies, it 
was critical that the 2 stimulating electrodes activated different 
groups of fibers. We used a paired-pulse manipulation (with the 
2 orthodromic inputs separated temporally by 50 msec) to test 
this independence. Stimulating electrode placements were con- 
sidered acceptable when a “test” pulse delivered to electrode 
Sl showed no population spike facilitation by a conditioning 
pulse delivered to electrode S2 (Fig. 7B). Homosynaptic paired- 
pulse testing (i.e., paired-pulse testing with a given stimulating 
electrode) always produced a significant increase in the test pop- 
ulation spike as compared to the conditioning population spike 
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(Fig. 7C). This method has been used previously for selective 
activation of different orthodromic inputs (Creager et al., 1980). 

As with the antidromic experiments, only a single recording 
electrode was used for CSD analysis. Five extracellular field 
potential samples were collected and averaged at each location 
along the recording track. In 3 separate experiments, pre-HFS 
CSD records indicated the presence of 2 different sinks for both 
orthodromic inputs. LTP was observed only in the pathway 
receiving the HFS; the nontetanized pathway was not poten- 
tiated, confirming earlier reports of the homosynaptic nature of 
LTP in the CA1 area (Schwartzkroin and Wester, 1975; An- 
dersen et al., 1977, 1980; McNaughton and Barnes, 1977; Alger 
et al., 1978). CSD analyses indicated no movement of either 
the early or late sink, in either tetanized and untetanized path- 
ways, following induction of LTP. 

Discussion 
The purpose of the CSD experiments were 3-fold: first, to de- 
termine the pattern of current flow in pyramidal cells upon 
orthodromic activation; second, to determine whether this pat- 
tern changed following development of LTP; and third, if the 
sink/source pattern was altered, to determine if the altered pat- 
tern could explain E-S potentiation. 

Current-source density analysis utilizes extracellular record- 
ings to determine the temporal and spatial distributions of cur- 
rent sinks and sources in nerve tissue. Nicholson and Freeman, 
applying current-source density theory to nervous system tissue, 
described a 3-dimensional mathematical model to be used for 
calculating the CSD (Freeman and Nicholson, 1975; Nicholson 
and Freeman, 1975). The accuracy of applying this technique 
along a single axis (i.e., one-dimension) was also studied using 
a cylindrical model. They demonstrated that application of the 
one-dimensional CSD analysis was warranted only when the 
ratio of diameter to length of the cylinder had values > 1. A 
large synchronous ensemble of neurons was also necessary to 
insure accuracy. In the present experiment, small interelectrode 
sampling distances (yielding a diameter-to-length ratio > l), 
coupled with the synchronous response of pyramidal neurons 
to stimulation, satisfied these requirements for applying the one- 
dimensional CSD technique. 

In applying the CSD technique to the hippocampal slice CA1 
region, 2 key assumptions must be considered. First, it is as- 
sumed that the conductivity of the extracellular tissue does not 
change following induction of LTP. In addressing this issue, 
Dietzel et al. (1982) found no significant changes in extracellular 
volume (and by extrapolation, in extracellular conductivity) fol- 
lowing conditioning trains. Second, the CSDs were computed 
with the assumption that the extracellular tissue in the CA1 
region was isotropic. We have no data to support this conten- 
tion. In fact, Jefferys (1984) has found that the extracellular 
resistivity in the pyramidal and granule cell body layers is 1.5- 
3 times that in dendritic layers. When this increased resistivity 
is taken into account in our calculations, the intensity of the 
sinks and sources are reduced slightly in the pyramidal cell body 
layer, but the overall pattern and location of the sinks and sources 
remain unchanged. 

Our CSD experiments revealed 2 spatially distinct sinks near 
the cell body layer (and distinct from the sink corresponding to 
the dendritic EPSP). The first of these sinks (the “early” sink) 
peaked just prior to the peak of the population spike and was 
localized near the pyramidale/radiatum border. The second sink 
(the “late” sink) developed coincident with the peak of the pop- 
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Figure 3. Comparison of CSD ampli- 
tudes at 6 different time points for 3 
different stimulus conditions. Six time 
points (a-f), which represent identified 
components of the pre-HFS ortho- 
dromically evoked waveform recorded 
at the str. pyramidale/oriens border (see 
inset in the lower-left comer) were cho- 
sen for analysis. CSD amplitudes were 
measured at these 6 time points for each 
position of the triple-electrode array. 
Plots were then constructed comparing 
the CSD amplitudes (ordinate), under 
the 3 different stimulus conditions, rel- 
ative to the electrode position along the 
pyramidal neuron axis (abscissa). The 
3 different stimulus conditions were: low 
stimulus strength, high stimulus 
strength, and low stimulus strength, 20 
min after 2 trains of HFS (100 Hz, 1 
set) spaced 3 set apart. The CSD am- 
plitude graphs indicate the develop- 
ment of 2 distinct sinks near the cell 
body region. The early sink appeared 
at time point a, peaked at time point c, 
and was still present at time point f. The 
late sink, which was evident only under 
conditions of high stimulus strength and 
post-HFS conditions (i.e., when there 
was a large population spike), first ap- 
peared at time point c, peaked at time 
point d, and was no longer present by 
time point f. A well-defined shift in the 
early sink (asterisk) occurred at time 
points c and d in the post-HFS records 
from this slice. The flat portion of the 
plot (left and right extremities of each 
trace) represents zero (i.e., no current 
flux). 
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ulation spike and was localized to str. oriens, 30-60 pm from Generation of the late sink seems clear-cut. The late sink first 
the cell body layer. The EPSP sink could be detected in the distal appears when the population spike is initiated (time point c), 
portion of str. radiatum (when the second-nearest-neighbor pro- reaches a peak at the time of the peak in the population spike 
cedure was used to compute the CSDs and was broadly distrib- (time point d), and disappears when the population spike has 
uted. ended (after time point e). When the stimulation intensity was 
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Comparison of CSD Amplitudes at 6 Different Time Points 
Averaged Across 9 Animals 

Time Point 

a 

b 

Early Source 

Late Source 

Time Points Figure 4. Graph similar to Figure 3, 
except each plot represents the average 
CSD profile from 9 different slices/ex- 
periments. The early sink and source 
are labeled in trace (time point) c; the 
late sink and source are labeled in trace 
d. The post-HFS shift in the early sink 
(asterisk) was significant in traces c and 
d (p < 0.05). 

subthreshold for population spike generation, the late sink did sink appears in proximal str. oriens because the initial segment 
not appear in the CSD records. CSD records computed during trigger zone of the pyramidal neurons is located there. 
antidromic stimulation indicate the presence of only this sink The development of a sink at the radiatum/pyramidale border 
(not of the early sink). These observations indicate that the late is less easily explained. This sink develops very early in time- 
sink is associated with the discharge of pyramidal neurons; the it was evident at the first measured time point-and increased 
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Figure 5. Illustration of the position of the stimulating electrodes in 
the CA1 area for the antidromic and double orthodromic stimulation 
experiments. For the antidromic experiments, stimulating electrodes 
were positioned at S 1 and S3. For the double orthodromic experiments, 
stimulating electrodes were positioned at Sl and S2. 

to its peak amplitude just prior to the peak of the population 
spike. The graphs of the computed CSD averages indicate that 
this sink has a prominent spatial distribution along the radia- 
tum/pyramidale border and spreads into the apical dendrites 
for 70-80 km. This sink cannot be attributed to the discharge 
of pyramidal neurons because it (1) occurs before the population 
spike, (2) is absent from the antidromically activated system, 
and (3) occurs under conditions of low stimulus intensity when 
pyramidal cell discharge is minimal. This sink presumably rep- 
resents the activation of channels in the very proximal portion 
of the pyramidal cell apical dendrites. Existence of active sodium 
and calcium channels in pyramidal cell dendrites has been re- 
ported (Wong et al., 1979; Benardo et al., 1982). Perhaps this 

sink represents the activation of a portion of dendritic mem- 
brane by the postsynaptic potential; activation of such channels 
may play a role in bringing pyramidal cells to a discharge thresh- 
old. This sink in the proximal apical dendrites persists long after 
the population spike has terminated. Ifthe sink were attributable 
to activation of calcium channels, the slow kinetics of calcium 
channel inactivation may help explain its long-term nature, and 
also account for the common occurrence of depolarizing after- 
potentials in pyramidal cells (Kandel and Spencer, 196 1). Pre- 
vious CSD studies in CA1 (Leung, 1978; Cauller et al., 1985) 
or in dentate (Jefferys, 1979) have not reported the presence of 
a sink in the proximal apical dendrites. However, the spatial 
sampling intervals used in those studies were much larger than 
our sampling interval of 30 pm. Since the magnitude of this 
early sink was large only along the radiatum/pyramidale border, 
it may have easily been missed. 

The findings from the CSD experiments following develop- 
ment of LTP are inconclusive. The results from the experiments 
with the triple-electrode array, comparing potentiated responses 
at low stimulus intensity with pre-HFS responses at higher stim- 
ulus intensity, indicated a small tendency for the early sink in 
radiatum/pyramidale to shift distally following induction of LTP. 
The results averaged across all 9 experiments show this trend. 
However, later experiments that employed a single moving elec- 
trode to calculate CSDs did not show a shift in the early sink. 
In theory, there should be no difference between the 2 proce- 
dures. We compared methods for CSD analysis within a given 
experiment; CSDs computed using the field potential averages 
from the middle electrode of the triple-electrode array were not 
significantly different from the CSDs based on the single- and 
triple-electrode procedures. The discrepancy between proce- 
dures also cannot be attributed to misplacement of the triple- 
electrode array: when the post-HFS track of extracellular po- 
tentials is compared to the pre-HFS measures, the pattern of 
sinks and sources at early and late time points (i.e., before and 
after the sink shift time points c and d) superimpose (i.e., they 
align at identical locations along the neuron, see time points a 
and fin Figs. 3 and 4). Finally, shifting of the sink following 
HFS was not a function of the degree of potentiation in the 
population EPSP or population spike. 

The roles that the early sink may serve in cell function and 
development of LTP are currently unclear. However, recent 
studies offer possible insights. Kelso et al. (1986) reported that 
LTP is induced in a weak afferent input (i.e., where HFS of the 
orthodromic pathway alone will not induce LTP) when the HFS 
of the afferent input is paired with intracellular injection of 
depolarizing current. This finding suggests that there are de- 
polarizing current-activated processes in the membrane (pos- 
sibly dendritic) that facilitate the induction of LTP. It is possible 
that depolarizing current activates excitatory channels (e.g., 
NMDA-activated cation channels) in the proximal portion of 
the apical dendrites, which contribute to the early sink seen in 
our experiments. Wigstrom and Gustafsson (1984) showed that 
induction of LTP only occurred when there was a negative ex- 
tracellular voltage shift in the dendrites during the HFS period; 
they interpreted this voltage shift as a sign of a dendritic de- 
polarizing process that may be involved in mediating LTP. This 
extracellular negativity may correspond to activation of the 
membrane channels contributing to the early sink. 

It is also interesting to speculate about the possible signifi- 
cance of a post-HFS shift in the early sink. Movement of the 
sink with development of LTP might indicate the creation of a 
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Comparison of CSD Amplitudes for Orthodromic 
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new active zone along the dendritic membrane. A shift of the 
sink in a distal direction suggests that the new active zone is 
closer to the site of EPSP generation-and thus more likely to 
be activated by the EPSP. This active portion of dendritic mem- 
brane may then play a role in bringing cells to discharge thresh- 
old; the increased likelihood of activation of this dendritic seg- 
ment would help explain the increased probability of cell 
discharge during LTP. The movement of such an active zone 

Figure 6. Comparison of CSD mea- 
sures for orthodromic and antidromic 
stimulation. Time points c and d were 
selected from orthodromically evoked 
waveforms recorded in str. pyramidale 
(see inset at lower left); time points x 
and y were selected from antidromi- 
tally evoked waveforms (see inset at 
lower right). The “second-nearest- 
neighbor technique,” using an inter- 
electrode distance of 60 pm, was used 
to compute the CSDs (see text for de- 
tails). CSD amplitudes (ordinate) are 
shown relative to electrode position 
along the pyramidal neuron axis (ab- 
scissa). An apical dendritic sink, asso- 
ciated with synaptic activation, is seen 
with orthodromic stimulation (mter- 
isks in traces c and d); this “synaptic” 
sink was not detectable when smaller 
spacing distances (i.e., 30 pm) were used 
to compute the CSDs (see Figs. 3 and 
4). The early sink and source are present 
during orthodromic stimulation (traces 
c and d) but not during antidromic 
stimulation (traces x and y). The late 
sink and source are present under both 
stimulating conditions. With ortho- 
dromic stimulation, there was no post- 
HFS shift of either early or late sink. 

would have no necessary effect on EPSP potentiation, and it 
could explain the dissociation between EPSP and spike poten- 
tiation in LTP. 

At least 2 difficult objections can be raised to the notion that 
a shift of the early sink contributes to E-S potentiation. First, 
LTP in the CA1 area has been shown to be specific to the 
tetanized pathway (Schwartzkroin and Wester, 1975; Andersen 
et al., 1977, 1980; Alger et al., 1978). It is difficult to explain 
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Figure 7. Paired-pulse paradigm for 
determining independence of inputs in 
the double orthodromic stimulation ex- 
periments. To insure that the 2 stim- 
ulating electrodes in str. radiatum ac- 
tivated different groups of fibers, 
stimulating electrodes were positioned 
such that a test pulse delivered to Sl 
showed no facilitation when preceded 
by a conditioning pulse delivered to S2. 
A, Response to stimulation of S 1 alone. 
B, Heterosynaptic paired-pulse condi- 
tion. The test pulse to Sl preceded (50 
msec) by a conditioning pulse at S2. 
The response to Sl stimulation shows 
no population spike facilitation. Facil- 
itation would be expected if S 1 and S2 
were activating an overlapping set of 
fibers. C, Homosynaptic paired-pulse 
condition. The test pulse to Sl was pre- 
ceded (50 msec) by a conditioning pulse 
to the same electrode. The response to 
the second stimulus of the pair shows 
dramatic facilitation of the population 
spike. 
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how a change in the proximal dendrites (close to the cell body) 
would maintain such specificity; activated synapses in any part 
of the apical dendritic tree might excite this portion of dendritic 
membrane. A change in location of this proximal dendritic sink 
should have an impact on the ability of EPSPs, generated almost 
anywhere in the apical dendrites, to bring the cell to discharge 
threshold. Interestingly, there is now some indication that E-S 
(as opposed to the V-E) potentiation in the CA1 is actually 
heterosynaptic, as shown by Abraham et al. (1985) for the den- 
tate. Another objection to the hypothesis that sink movement 
contributes to LTP concerns our finding that no alteration in 
spike discharge threshold was measured in our intradendritic 
recordings following development of LTP (Taube and Schwartz- 
kroin, 1988). Since our intradendritic recordings were distal to 
the portion of dendritic membrane associated with the early 
sink, an apical shift in the sink would be expected to influence 
the amount of injected current (in the dendrite) required to 
discharge the cell. Indeed, it remains unclear if sink movement 
does occur following HFS, or how it might explain the E-S 
component of LTP. 

In conclusion, the results from the CSD experiments indicate 
that 2 sinks develop near the cell body layer (in addition to the 
sink associated with the EPSP) in response to orthodromic stim- 
ulation of the apical dendrites. The early sink is (1) present along 
the radiatum/pyramiclale border, (2) evident throughout the time 
course of the evoked field potential, (3) peaks in magnitude just 
prior to the peak of the population spike, and (4) is associated 
only with orthodromic stimulation. The second, or late, sink 
occurs in the proximal portion of the basal dendrites and has a 
characteristic time course similar to the population spike. In 
some experiments, the early dendritic sink shifted apically fol- 
lowing development of LTP, however, this change was incon- 
sistent, and of questionable functional significance. 
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