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Current-source density analysis was used to estimate the 
magnitude of the synaptic excitation at the basal and apical 
dendritic synapses of CA1 following commissural stimula- 
tion in the urethane-anesthetized rat, before and after a ft-fre- 
quency patterned primed burst tetanus. Stimulation of the 
contralateral CA3 or the contralateral CA1 stratum oriens 
excited both the basal and apical dendrites in CA1 about 
equally. However, primed burst tetanization of the contra- 
lateral CA3 or CA1 stratum oriens resulted in significant 
long-term potentiation (LTP) only at the basal dendrites and 
not at the apical dendrites. Stimulation of the contralateral 
CA1 stratum radiatum excited the apical dendrites more than 
the basal dendrites of CAl, but tetanization of this contra- 
lateral site gave little change in the apical or basal dendritic 
excitation. Tetanization of the contralateral CA1 stratum ra- 
diatum after an intraventricular administration of bicuculline, 
a GABA, antagonist, however, resulted in significant LTP at 
both the apical and basal dendrites. It was concluded that, 
in the intact hippocampus in viwo, the threshold for LTP at 
the commissural apical dendritic synapse was high in com- 
parison to that at the basal dendritic synapse and this high 
threshold may be partly caused by inhibitory interneurons 
that predominantly synapsed on the apical dendrites. Thus, 
the basal and apical dendrites of the CA1 pyramidal cells 
are not equal in their propensity for long-term plasticity. 

[Key words: CA 1, CA3, apical dendrites, basal dendrites, 
long-term potentiation, inhibition, hippocampalcommissure] 

A long-lasting increase in synaptic response known as long-term 
potentiation (LTP) occurs following a brief, high-frequency 
stimulus to an afferent pathway. LTP has been observed at many 
different synapses in the brain (Teyler and Discenna, 1987) and 
has been implicated as a substrate for memory. The conditions 
for the induction and maintenance of LTP have been extensively 
examined in vitro, especially in brain slices (Madison et al., 
1991). 

LTP was first discovered in vivo, at the perforant path to the 
dentate gyrus synapse (Bliss and Lomo, 1973). Since then, dif- 
ferent properties of LTP were found for various afferents to the 
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dentate gyrus, including the medial and the lateral perforant 
path and the commissural input (Levy and Steward, 1979; Mc- 
Naughton, 1980; Douglas et al., 1982; Abraham et al., 1985; 
Levy and Desmond, 1985; Steward et al., 1990). The properties 
of LTP was also found to be different at the commissural synapse 
as compared to the mossy fiber synapse in CA3 (Chattaji et 
al., 1989; Zalutsky and Nicoll, 1990). In contrast, differential 
properties of LTP at different synapses in CA1 have not been 
systematically studied. The pyramidal cells of CA 1 possess two 
distinct dendritic trees, the apical and the basal dendrites, each 
receiving afferent inputs from CA3 through the commissural 
and the associational (Schaffer collateral) fibers (Blackstad, 1956; 
Swanson et al., 1978; Frotscher, 1983; Tamamaki et al., 1988; 
Ishizuka et al., 1990). In addition, septal and perforant path 
inputs synapse at restricted layers in CA1 (Raisman et al., 1965; 
Yeckel and Berger, 199 1). The many laminated afferent inputs 
to CA1 suggest possibilities of a rich interaction of synaptic 
inputs and plasticity. 

Studies of LTP in the hippocampal slice in vitro seem to 
suggest that the basal and apical dendritic synapses showed 
equal propensity for an input-specific LTP (Andersen et al., 
1980; Sastry et al., 1986). Commissural afferents were known 
to be effective in evoking LTP (Buzsaki, 1980; Bliss et al., 1983; 
Diamond et al., 1988) but differences between apical dendritic 
versus basal dendritic LTP in CA1 have not been reported. 
Using field potential recordings in freely behaving rats, we showed 
that the commissural basal dendritic synapse exhibited a con- 
sistently more robust and larger LTP than the apical dendritic 
synapse (Leung et al., 1992), though apical dendritic LTP could 
be found under some conditions (Staubli and Lynch, 1987; Leung 
and Shen, 1991; Leung et al., 1992). In all of the in vivo studies, 
LTP was shown as an enhancement of the field potential. Field 
potentials are, by definition, generated by field currents that 
consisted of both local and distant (volume-conducted) com- 
ponents (Leung, 1990). When multiple synapses are activated, 
an enhancement of a field potential may be interpreted as either 
an enhancement of the local currents or a decrease or change 
of the distant, volume-conducted currents. Thus, a quantitative 
assessment of LTP should use the increase in local synaptic 
current density. 

Current-source density (CSD) analysis reveals the amount of 
current moving out of (source) or into (sink) the intracellular 
medium (Freeman and Nicholson, 1975; Leung, 1990). An api- 
cal dendritic EPSP will give an active sink in stratum radiatum, 
and a basal dendritic EPSP will give a sink in stratum oriens. 
In this article, CSD analysis was used to study the change in 
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the different dendritic sinks in CA1 following tetanization of 
various sets of commissural inputs to CAl. It is known that 
stimulation of the CA1 led to antidromic firing of CA3 cells 
(Buzsaki and Eidelberg, 1982a) and excited the homotopic con- 
tralateral CA 1 (Andersen, 1960). It was further found that stim- 
ulation of stratum oriens and stratum radiatum of CA1 resulted 
in different ratios of basal versus apical dendritic excitation of 
the contralateral CA1 (Leung et al., 1992). Thus, in addition to 
CA3 stimulation, a subset of the commissural input was acti- 
vated by stimulation of stratum oriens or stratum radiatum of 
the contralateral CA 1. The anesthetized rat was used because 
of its stability for sequential potential field mapping. 

Materials and Methods 
Male hooded rats weighing between 250 and 350 gm were anesthetized 
with 1.2 gm/kg urethane intraperitoneally and placed in a stereotaxic 
apparatus. Animal body temperature was maintained between 36°C and 
37°C via a rectal thermistor probe and heating pad. 

One to three stimulating electrodes (125 pm Teflon-insulated steel 
wires) were placed at (1) anterior left CA3 (LCA3) at P2.1, L1.7, 3.1 
mm below the skull surface; (2) let? CA1 (LCAl) stratum oriens at P3.5, 
L2.7, 2.8 mm below the skull surface; and (3) LCAl stratum radiatum 
at P3.5, L2.7,3.2 mm below the skull surface (Fig. 1). The three stimulus 
sites served to activate the basal and apical dendrites of the contralateral 
CAf‘in different proportions (Buzsaki and Eidelberg, 1982a; Leung et 
al.. 1992). The depth of the stimulus electrode was optimized by slight 
(&. 1 mm) movements, monitored to evoke the largest responses. Pho- 
toisolated constant-current pulses of 0.2 msec duration were delivered 
cathodally to one of the three sites at ~0.2 Hz repetition rate. A screw 
in the frontal skull served as the stimulus anode. 

Extracellular potentials were recorded with reference to a cerebellar 
screw using 4-l 2 MQ glass micropipettes filled with 2 M sodium acetate 
and 4% pontamine sky blue. The electrode was mounted on a Burleigh 
6000 Inchworm Microdrive (1 pm step resolution). Spatial coordinates 
were with respect to bregma, and in most experiments, the track through 
the right CA1 was at P3.5, L2.7. The extracellular field potentials were 
amplified and bandpass filtered at 0.1-2 kHz using an Axoclamp-2A 
amplifier and an Intronix 20004-F signal conditioner. The sweeps were 
displayed on an oscilloscope, digitized at 10 kHz, and averaged (typically 
eight sweeps) to give averaged evoked potentials (AEPs) using a custom 
program on an IBM AT-compatible computer. Paired pulses at 30-50 
msec interpulse intervals were delivered at just above threshold to each 
of the three stimulus sites; it is known that homosynaptic but not het- 
erosynaptic paired-pulses showed presynaptic facilitation (Lomo, 197 1; 
Muller and Lynch, 1989). A laminar profile was then recorded in the 
right CA1 (P3.5, L2.7) at 50 pm depth intervals, typically in 20 steps, 
in a deep-to-surface direction using single pulses applied at two times 
the visually detectable threshold of each stimulus. Pilot and post hoc 
input-output data indicated that LTP was not significantly different at 
various test stimulus intensities. A laminar profile required approxi- 
mately 20-30 min to complete. The recording electrode was then fixed 
at the site of maximal positive field potential (presumed CA 1 cell layer; 
see below), and AEPs were recorded for a 20 min baseline period prior 
to tetanization. A tetanus of suprathreshold intensity (400-600 PA, 0.2 
msec pulses to ensure maximal LTP) consisted-ofeight patterned primed 
bursts, at 10 set intervals, with each primed burst consisting of a single 
pulse followed 190 msec later by 10 pulses at 100 Hz. The patterned 
primed burst presumably reproduced CA3 pyramidal cell complex spike 
burst (spike interval within burst at 10 msec) modulated at a theta 
frequency (Ranck, 1973; Buzsaki et al., 1983). Primed bursts were shown 
to be effective in eliciting LTP in the CA1 region without evoking 
afterdischarges (Diamond et al., 1988; Leung et al., 1992). After teta- 
nization, AEPs at the CA1 cell layer were recorded for up to 60 min. 
At 30-60 min after tetanus, when the cell layer AEP was rather stable, 
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another deep-to-surface laminar profile was recorded. For any given 
experiment, only one single site was tetanized but pre- and posttetanus 
laminar profiles were recorded for all stimulus sites. In order to minimize 
electrode movement, responses from different stimulus sites were re- 
corded at a fixed depth. 

One-dimensional (depth z) current-source densities (CSDs) were cal- 
culated from the laminar profile of AEPs. The currents in the x- and 
y-directions were assumed to be negligible (Leung, 1979), as was ex- 
pected from the extensive divergence of the commissural input (Swan- 
son et al., 1978), and supported by data in two rats in which AEPs were 
mapped in multiple (z-direction) tracks in the frontal plane (not shown). 
The one-dimensional CSDs were calculated using the formula 

csaz) = [2+(z) - +(z + 2Az) - +(z - 2Az)]o, 
(2Az)* 

where CSD(z) is the CSD at depth z, @p(z) is the AEP at depth z, Az is 
the depth interval (50 wm), and 6, is the conductivity in the z-direction. 

The above CSD formula (a second-order differencing using 100 pm 
intervals) is equivalent to first smoothing the AEPs at every 50 pm 
interval with scaling factors (I/4, l/2, l/4) over three depths (Freeman 
and Nicholson, 1975; Leung, 1990) and then obtaining CSDs at each 
50 pm interval. It was among the simplest formula that effectively 
reduced the noise of the CSDs (Freeman and Nicholson, 1975). Con- 
ductivity in the CA1 region was not measured here. Although the con- 
ductivity was reported to be lower in the pyramidal cell layer than in 
the dendritic layers, the assumption of homogeneous conductivity only 
incurred a small error in the calculated CSDs (Holsheimer, 1987; con- 
firmed in vivo by W. Wadman, L. S. Leung, and F. H. Lopes da Silva, 
unpublished observations). Thus, (r, was assumed to be constant and 
the CSDs were calculated in arbitrary units (mV/mm*), proportional to 
the actual current densities. The integrated (total) size of the current 
sinks at the basal or apical dendrites was quantified by summing the 
CSDs in stratum oriens (typically over 100 pm) or stratum radiatum 
(typically over 200 pm). An apical-to-basal dendritic sink ratio was 
defined as the ratio of the integrated size of the sink at the apical den- 
drites to that at the basal dendrites. 

The stability of the preparation to repeated laminar profile recordings 
was studied in four control animals. The “pretetanus” (first) and “post- 
tetanus” (second) laminar profiles were recorded as in experimental 
animals, with the tetanus substituted with 88 pulses applied at 0.1 Hz. 
Little change was observed in the AEPs and CSDs after the 88 pulses 
(Fig. 2). The total basal and apical dendritic sinks after the 88 pulses 
were 100 + 5% and 95 -C 4% (n = 4) respectively, of the “pretetanus” 
baseline values. 

Some rats were injected with bicuculline in the lateral ventricle. In 
these animals, a 13-mm-long, 23 gauge outer cannula was stereotaxically 
lowered into the right lateral ventricle to a depth of 3.1 mm from the 
skull surface and fixed to two skull anchor screws via dental cement. A 
14-mm-long, 3 1 gauge inner cannula was placed through the fixed outer 
cannula at the time of microinjection; 10-15 pg (injection volumes, 
0.75-3 ~1) of either (+)-bicuculline or (-)-bicuculline methiodide dis- 
solved in saline was microinjected into the right cerebral ventricle over 
a period of 1 min. Then, the inner cannula was removed after 2 min 
more. In some rats (controls), laminar profiles were recorded before and 
SO-90 min after bicuculline (without tetanization). In the experimental 
rats, laminar profiles were obtained before and after bicuculline injection 
and 40-60 min after tetanization (which was delivered 20-30 min after 
bicuculline). CSD analysis was estimated as described above. 

At the end of each experiment, the stimulating electrode positions 
were marked bv lesion with a DC current of 0.5 mA for l-10 sec. The 
recording micropipette was placed at the depth of the maximal positive 
field potential (i.e., presumed stratum pyramidale) and a 5-10 PA anodal 
current (cerebellar reference screw serving as cathode) was passed for 
10-15 min to eject dye from the recording pipette. All animals were 
perfused with saline and 4% formaldehyde, and the fixed, excised brains 
were sliced coronally (40~pm-thick sections) and stained with thionin 
for histological inspection. 

Figure 1. A, Schematic stimulus and recording electrode positions: frontal sections (from Paxinos and Watson, 1986) at 2.1 and 3.5 mm posterior 
to bregma. The tips of the stimulus electrodes were located in stratum oriens and stratum pyramidale of the LCAl and in the CA3 regions. The 
recording electrode track was in right CA1 at P3.5 as indicated. B, Stimulus location (arrow) at CA1 stratum oriens for rat in Figures 3 and 4. C, 
Stimulus location (arrow) at the middle of a lesion for CA 1 radiatum/moleculare stimulation for rat in Figures 5 and 6. D, Stimulus location (arrow) 
at CA3 for rat in Figures 7 and 8. 
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Figure 2. AEP and CSD profiles in 
CA1 of a control rat, at the peak of the 
response (14 msec latency) evoked by 
contralateral CA3 stimulation. The 
“tetanus” was 88 pulses applied at 0.1 
Hz instead of the usual primed bursts. 
A, AEP profiles before (pretet) and after 
(post-tet) the “tetanus,” done 80 min 
apart, were similar. B, CSD profiles be- 
fore and after the control “tetanus” were 
also similar. 

- 4000 control “tetanus” CA3 

1 -E- pretet 

B 

40001 I , I , I , s , I , 1 , Q , I , 0 , r I 
1.5 1.6 1.7 1.8 1.9 2 2.1 2.2 2.3 2.4 2.5 

200 
Depth (mm) 

-0- pretet 
+- post-tet 

1.3 1.6 

Results 
LCAI stratum oriens stimulation 

ratio of the total sink (area of the sink) at the apical dendrites 
to that at the basal dendrites (the apical-to-basal dendritic sink 
ratio) was 2.07 f 0.4 (n = 8). 

The stimulus threshold for evoking a visually detectable re- Tetanization was applied to the LCA 1 stratum oriens in eight 
sponse at the contralateral CA 1 stratum pyramidale was 110 + rats. At 20 min after the tetanus, the positive AEP peak (pop- 
8.9 PA (mean + SEM, n = 8). Following stimulation of the ulation EPSP) at the right CA1 cell layer was enhanced to 160 
contralateral CA1 stratum oriens (Fig. lB), a small negative f 20% (n = 6) of the baseline. Immediately after the tetanus, 
field potential was found at stratum oriens and a large negative a population spike (not present before the tetanus) was evoked 
potential at stratum radiatum of CA 1, surrounding a high-am- at 2 x threshold stimulus intensity in all rats. The evoked field 
plitude positive potential near stratum pyramidale (Fig. 3A,B). response at the basal dendrites and cell layer was often poten- 
CSD analysis revealed a large and broad sink at the apical den- tiated (solid arrow, Fig. 3). However, an increase of the negative 
drites and a small and narrow one at the basal dendrites (Fig. field potential at the apical dendrites was rarely seen; the latter 
3C, 4A). A major source was found in stratum pyramidale, and was actually decreased in the example shown (open arrow, Fig. 
a minor one in stratum lacunosum/moleculare. The peak mag- 3). The basal dendritic potentiation was confirmed by CSD 
nitude of the basal dendritic sink was equal to or sometimes analysis as a significant increase of the basal dendritic sink, while 
larger than that of the apical dendritic one (Fig. 4A), though the the apical dendritic sink was relatively unchanged (Fig. 4B com- 

1.7 1.8 1.9 2 2.1 212 213 2:4 2:5 
Depth (mm) 
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pared to Fig. 4A). Across rats, the peak integrated basal sink 
was potentiated to 157 * 10% (n = 8) of the baseline, whereas 
the change in the peak integrated apical dendritic sink was 107 
f 6% in the same eight rats (Table 1). This differential poten- 
tiation resulted in a significant decrease of the apical-to-basal 
sink ratio to 1.52 +- 0.2 (n = 8; Table 1). The small (if any) 
population spike during posttetanus mapping was not large 
enough to change the CSD profile generated by synaptic cur- 
rents. However, in order to emphasize the early (presumably 
monosynaptic) currents without the complication of spiking, 
CSDs at 2 msec after response onset were integrated at the basal 
and apical dendritic layers. The amount of potentiation at each 
dendritic zone at 2 msec from onset was comparable to its 
respective value at the peak of each sink (Table 1). At 2 msec 
after onset and at the time of the peak response, the potentiation 
at the basal dendrites was larger than that at the apical dendrites 
(P < 0.05, Wilcoxon). 

Figure 3. A, Typical AEP profile re- 
corded in CA1 at 50 pm intervals fol- 
lowing stimulus of contralateral CA1 
stratum oriens; AEP sweep was dis- 
played only after the shock artifact. 
Numbers at left are approximate depths 
from the neocortical pial surface in mil- 
limeters; the exact position of the CA1 
cell layer was labeled by dye injected at 
1.95 mm. After tetanization ofthe same 
site (post-tetanus), the surface-negative 
potential (sofidarrow) increased but the 
deep negative potential (open arrow) 
decreased. B, Field potential map (in 
rV) at 14 msec latency (indicated by 
dotted line in A) indicates a large neg- 
ative potential at the apical dendrites 
and a very small one at the basal den- 
drites. C, CSD profile (in mV/mmz) at 
14 msec clearly reveals sinks in both 
basal and apical dendritic regions, with 
a major source at the CA1 pyramidal 
cell layer (PYR) and a minor source in 
stratum lacunosum/moleculare. PYR 
refers to the pyramidal cell layer in this 
and subsequent figures. 

LCAl stratum radiatum stimulation 

The threshold for CA 1 stratum radiatum stimulation was 72.1 
f 6.0 I.JA (n = 6). The AEP profile revealed an apparent dipole 
field with a deep-negative field and a surface- (and cell layer-) 
positive field (Fig. 5). In contrast to the LCAl stratum oriens 
stimulus, a negative potential was not prominent at the alvear 
surface. As would be expected from the AEP laminar profile, 
CSD profiles showed a large current sink at the apical dendrites, 
accompanied by a large source at the cell layer (Fig. 6A), and a 
small source at stratum moleculare (not shown in Fig. 6). In 
addition, CSD analysis also revealed a small current sink at the 
basal dendrites. The magnitude of the apical dendritic sink was 
typically larger than the basal dendritic sink (Fig. 6A), giving 
an apical-to-basal dendritic sink ratio of 2.76 f 0.4 (Table 1). 

Tetanization was applied to the LCAl stratum radiatum in 
six rats. The peak of the positive AEP at the CA1 cell layer was 
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Figure 4. CSD profiles along a single 
vertical track through right CA1 at 9, 
11, 13, 15, and 17 msec latency follow- 
ing a test stimulus to CA1 stratum or- 
iens (A). Before tetanus, the basal den- 
dritic and apical dendritic sink and 
corresponding strata pyramidale and 
moleculare sources all peaked at 15 
msec. B, 35-50 min after tetanus, the 
source sinks still peaked at about 15 
msec latency. The basal dendritic sink 
was potentiated, together with the cor- 
responding pyramidal (PYR) cell layer 
source, while the total apical dendritic 
sink remained relatively unchanged. 
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observed to increase to 122 + 11% (n = 5) of the baseline at 
20 min after tetanization. However, by the time ofAEP mapping 
at 30-60 min posttetanus, depression rather than potentiation 
of the field potential at the apical dendrites was often observed 
(Fig. 5). The CSDs indicated little posttetanic change in the basal 
dendritic sink at any latencies (Table 1). Posttetanic change of 
the apical dendritic sink was found to be significantly depressed 
only at the peak and not at the rise (2 msec from onset) of the 
sink (Table 1). At the peak, the apical dendritic sink was de- 
pressed to 8 1 + 7% (n = 6) of the baseline value, while the basal 
dendritic sink was relatively unchanged at 94 + 15% (n = 6; 
Table 1). The apical-to-basal sink ratio was slightly but not 
significantly reduced after the tetanus to 2.49 f 0.5 (Table 1). 

LCA3 stimulation 
The stimulus threshold at CA3 was 69.1 f 6.4 PA (n = 1 l), 
lowest among the three stimulus sites. The AEP profile (Fig. 7) 
was similar to that following CA1 stratum oriens stimulation; 
that is, negative responses were observed at the alvear surface 
and apical dendrites, flanking a cell layer-positive response. 
Activation of both the basal and apical dendrites was confirmed 
by sinks in strata oriens and radiatum (Fig. 8A). The apical-to- 
basal dendritic sink ratio was 2.97 f 0.7 (Table 1). LCA3 stim- 
ulation, however, evoked responses that were faster than those 
evoked by LCAl stratum oriens stimulation. 

CA3 was tetanized in 11 rats. The peak positive response at 
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Table 1. Integrated basal dendritic and apical dendritic sink size (in mV/mmZ), apical-to-basal 
dendritic sink ratio (A:B), and percentage change of sink after a homosynaptic tetanus 

CA1 CA1 stratum CA3 CA1 radiatum 
stratum oriens radiatum Bicuculline 

Stimulus site/condition (n = 8) (n = 6) (n= 11) (n = 6) 

Pretetanus peak sink size 
Basal sink (mV/mm2) 89k 15 108 +- 33 70 f 9 40 f 8 

Apical sink (mV/mm*) 164 + 22 253 +- 49 163 zk 22 178 f 33 

A:B 2.07 + 0.4 2.76 +- 0.4 2.97 + 0.7 4.76 + 0.4 

Posttetanus peak sink size 
Basal sink (mV/mmz) 134 + 18 100 +- 24 86 f 10 57 -+ 7 

Apical sink (mV/mm*) 187 f 27 212 +- 48 179 f 27 220 * 30 

A:B 1.52 & 0.2* 2.49 2 0.5 2.54 + 0.5 3.86 -+ 0.3* 

Posttetanus percentage change at peak of sink 
Basal sink (Oh) 157 + 10*t 94+- 15 130 f 9* 168 k 19*t 
Apical sink (%) 107 + 6 81 & 7* 109 * 10 123 -t 8* 

Posttetanus percentage change at 2 msec after sink onset 
Basal sink (Oh) 167 + lS*t 121 +- 19 153 f 18** 169 & 35*t 
Apical sink (%) 119 + 15 115 +Z 32 136 * 21 120 + 7* 

* p < 0.05, ** p < 0.01, Pre- versus posttetanus change in sink size or A:B ratio, Wilcoxon. 
t p < 0.05, basal dendritic larger than apical dendritic sink change, matched Wilcoxon. 

the CA1 cell layer was increased to 152 f 9% (n = 8) of the 
baseline at 20 min after the tetanus. Immediately after the tet- 
anus, a population spike was observed at 2 x threshold stimulus 
intensity in seven of eight rats (but it was not observed in any 
of the rats before tetanus). In the example shown, tetanization 
resulted in a potentiation of the field potential at the basal den- 
drites and, to a lesser degree, that at the apical dendrites (Fig. 
7). CSD analysis confirmed that the potentiation of the peak 
integrated sink at the basal and apical dendrites for the particular 
example was 178% and 128%, respectively (Fig. 8). As a group, 
the peak basal dendritic sink was found to be potentiated to 130 
+ 9% while the peak apical dendritic sink was relatively un- 
changed at 109 -e 10% (n = 11) and the apical-to-basal sink 
ratio decreased slightly (Table 1). Analysis of basal and apical 
sinks at 2 msec from response onset gave similar values (Table 
1). There was no significant correlation between the magnitude 
of potentiation of the apical dendritic sink and the stimulus 
threshold or between potentiation and the apical-to-basal den- 
dritic sink ratio. 

Latency and conduction velocity 

In control animals, the onset latency was shortest with contra- 
lateral CA3 stimulus, at 6.4 & 0.4 msec (n = 10) while that for 
a contralateral CA 1 stimulus, at either stratum oriens or radia- 
turn, was 8.2 f 0.4 msec (n = 8, n = 6, respectively). Assuming 
a 0.5 msec fixed delay in stimulation and synaptic delay, and 
that the activated commissural fibers projected in a straight line 
through the ventral hippocampal commissure (at P1.3), the on- 
set latencies translated to a conduction velocity of about 0.9 m/ 
set for each stimulus site. For any stimulation, the response at 
the basal dendrites apparently rose more quickly than that at 
the apical dendrites. At 2 msec following response onset, the 
basal dendritic sink typically reached half-maximal value while 
the apical dendritic sink reached less than 30% of its peak value. 
In about half of the rats, the onset of the basal dendritic sink 
appeared to be earlier than the apical dendritic sink, but as a 
group, the difference was not significant. 

CA1 Stratum Radiatum Stimulus 
AEP Profiles 

Pm-tetanus Post-tetanus 

23c 

240 

250 

260 
PYR 

270 

290 

290 

200 

3.10 lnl” LS 
10 m  

Figure 5. Responses recorded along a single track in right CA1 fol- 
lowing a test stimulus applied to the contralateral CA 1 stratum radiatum 
site: AEP laminar profiles recorded before and after tetanization, py- 
ramidal cell layer was shown by dye injection. Note the increased prom- 
inence of the surface-negative response after the tetanus (solid arrow). 
Following tetanization, the negative field potential at the apical dendrites 
was decreased (open arrow) as well as the positive potential at the cell 
layer. 
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Heterosynaptic responses 
Paired pulses applied to two separate sites (among CA1 stratum 
oriens, CA1 stratum radiatum, and CA3) at low intensity and 
30-50 msec interpulse intervals did not result in “heterosynap- 
tic” facilitation, while paired pulses delivered to the same site 
(“homosynaptic”) revealed facilitation (not shown). This sug- 
gests that a low-intensity stimulus at each site was mainly ac- 
tivating a different set of synapses than stimulus at a different 
site. 

Following tetanization of the CA3 pathway, peak responses 
to test pulses applied to CA1 stratum radiatum were depressed 
in five of six rats (74 + 13%, n = 6, of the integrated apical sink 

before tetanus). However, at 2 msec after response onset, no 
significant change in heterosynaptically evoked sink size was 
found. 

Apical dendritic LTP following bicuculline injection 
It was hypothesized that the lack of LTP at the apical dendrites 
may result from tonic or evoked inhibition (see Discussion). In 
order to test this hypothesis, GABA,-mediated inhibition was 
blocked by an intraventricular injection of bicuculline, before 
the delivery of the primed burst. Only the CA 1 stratum radiatum 
was tetanized, since this site resulted in a consistent depression 
of the peak apical dendritic sink. 

The stimulus threshold for this group was 67.8 f 8.7 PA (n 
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= 6) similar to the previous group using CA1 stratum radiatum 
as a tetanus site. Following the injection of bicuculline into the 
lateral ventricle, physiological effects were observed within a 
couple of minutes. The effects included an increased breathing 
rate, and an increase in the late (20-40 msec latency) evoked 
responses. Less consistently observed was an enhancement of 
the EPSP at early latency, which was occasionally accompanied 
by a population spike. However, by 80-90 min after bicuculline 
(no tetanus was given), little change of the AEP laminar profiles 
was observed and the integrated sinks at the basal and apical 
dendrites were 99 f 8% and 94 + 3% (n = 5), respectively, of 
the baseline values. If a tetanus was delivered in the presence 
of bicuculline, the field response at both basal and apical den- 
dritic regions were potentiated. CSD profiles at 40-60 min post- 
tetanus revealed potentiation of both the basal and the apical 
dendritic sinks, at 2 msec from onset or at the peak (Fig. 9). 
Across six rats, the peak basal and apical dendritic sinks showed 
significant potentiation at 168 f 19% and 123 + 8%, respec- 
tively, with similar potentiation values at 2 msec from response 
onset (Table 1). 

High-frequency tetanization 
A,1 set train of pulses at 200 Hz and 400-600 PA (0.2 msec 
duration) was delivered to the contralateral CA3 in five rats. In 
all five rats, the change of the basal dendritic sink was greater 
than that of the apical dendritic sink. The basal dendritic sink 
was increased to 113 f 9% (n = 5) of the baseline, somewhat 
smaller than that following a primed burst, while the apical 
dendritic sink change was relatively unchanged at 102 I~I 7% of 
the baseline. 

Discussion 
Validity of CSD analysis 
CSD analysis has been applied to the study of hippocampal 
LTP. Melchers et al. (1986) concluded that sink (excitation) 
following perforant path stimulation increased more at the prox- 
imal than the distal dendrites of the dentate granule cells. Taube 
and Schwartzkroin (1988) observed early sinks at the CA 1 ra- 
diatum/pyramidale border and late sinks at the proximal basal 
dendrites following stratum radiatum stimulation in the in vitro 
slice. These in vitro sinks were probably related to synchronous 
(population) spiking, which was of low threshold and prominent 
in the slice in vitro but not in vivo. Except for the few minutes 
immediately posttetanus, population spikes were not prominent 
and they did not appear in the laminar profiles (evoked at 2 x 
response threshold) of this study. 

As far as we know, no previous study has addressed the quan- 
titative changes of the synaptic responses at the basal versus the 
apical dendritic regions of CA1 . The use of the CSD is essential 
in this study, since it separates the basal and the apical dendritic 
excitatory currents. The field potential is a sum of the local and 
distant currents flowing through a volume-conducting medium. 
Similarly, the intracellular potential recorded by a single mi- 
croelectrode reflects the sum of basal and apical excitatory cur- 
rents electrotonically conducted through the somatodendritic 
processes. Thus, other than using voltage-sensitive dyes (cf. 
Grinvald et al., 1988), CSD is the best technique that can sep- 
arate the basal and apical dendritic excitation. 

The excitatory activation of CA1 at or near the synaptic site 
was typically observed as a negative deflection of the extracel- 
lular field potential. However, the lack of a negative potential 
at the synapse by no means indicates an absence of local synaptic 
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Figure 7. Responses recorded in right CA1 following a test stimulus 
applied to the contralateral LCA3: AEP profiles recorded before and 
after tetanization of the same site. Onset latencies were shorter than 
after LCA 1 stimuli (Figs. 3.5). In this examnle. both the surface-negative 
(solid arrow, basal cjen&it&)8nd the deep top&r arrow, apical den&tic) 
negative potentials were enhanced following tetanization. 

activation. Following contralateral CA1 stratum radiatum stim- 
ulus, a surface-negative potential was not usually observed at 
the basal dendrites since the field was dominated by the major 
source and sink pair at the cell layer and apical dendrites, re- 
spectively (Figs. 5, 7). However, CSD analysis clearly revealed 
a basal dendritic sink, and this sink became more prominent 
after tetanization, often giving rise to a clear surface-negative 
field potential after a tetanus (Figs. 5, 7). In conclusion, the field 
potential, especially at sites distal to the largest sink or source, 
may be dominated by distal sources and sinks through volume- 
conducted currents. Thus, interpretation of the polarity and 
amplitude (or its change after a tetanus) has to be made with 
caution. 

Commissural activation of basal and apical dendrites of CA1 
Stimulation of the CA1 resulted in excitation at both the basal 
and apical dendrites of the contralateral CA 1, being strongest 
at the point homotopic to stimulation (Andersen, 1960). Con- 
tralateral CA 1 stimulation presumably antidromically fired CA3 
cells bilaterally via the associational/commissural (CA3 to CAl) 
pathways (Swanson et al., 1978; Buzsaki and Eidelberg, 1982a). 
In this study, different CA 1 stimulations served to activate dif- 
ferent sets of afferents to the contralateral CAl. It may be in- 
ferred that stimulation of the contralateral CA1 stratum oriens 
activated axons (or CA3 cells) that, as a population, projected 
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about equally to stratum oriens and stratum radiatum of CA1 . 
However, stimulation of contralateral CA 1 stratum radiatum 
activated axons (or CA3 cells) that projected largely to CA1 
stratum radiatum (apical dendrites). Direct stimulation of the 
contralateral CA3 excited cells of both types, those that pro- 
jected equally to both the basal and the apical dendrites of CA1 
and those that projected largely to the apical dendrites. Ana- 
tomical studies indicate that interhilar CA3 and CA4 projected 
more to the stratum radiatum than stratum oriens of the con- 
tralateral CA1 (Fig. 5 of Gottlieb and Cowan, 1973; Laurberg, 
1979), while other parts of CA3 projected more to the stratum 
oriens than stratum radiatum of the contralateral CA1 (Swanson 

et al., 1978). As would be expected, direct stimulation of CA3 
cells was more effective (lower threshold) than stimulation of 
contralateral CA 1 in exciting commissural afferents to CA 1. 

Andersen et al. (1978) reported that the afferent fibers in 
stratum oriens and radiatum of CA1 in the hippocampal slice 
had a conduction velocity of 0.3 m/set. However, whether these 
were commissural fibers was not known. Similarly, the con- 
duction velocity of the fastest fimbria fibers was measured at 
7.5 m/set in the rat (Andersen, 1960) but this did not consider 
conduction along the smaller axonal branches from CA3 to CA 1. 
We estimated that the fastest commissural fibers (from contra- 
lateral CA3 or CAl) projecting to CA1 conducted at 0.9 m/set. 
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D@erential potentiation of basal and apical dendritic sinks 

A differential propensity toward synaptic plasticity was ob- 
served at the basal and apical dendrites of CA1 pyramidal cells. 
When the basal dendrites were a major site of excitation, fol- 
lowing a contralateral CA1 stratum oriens or CA3 stimulation, 
LTP was consistently observed at the basal dendritic synapse. 
When the apical dendritic synapse was the major site of exci- 
tation, following a contralateral CA1 stratum radiatum stimu- 
lation, little LTP was observed and, in fact, depression of the 
apical dendritic response was sometimes observed. However, 
in the situation where both apical and basal dendrites were 
strongly activated, as evoked by a contralateral CA3 stimula- 
tion, many experiments (6 of 11) revealed an apical dendritic 
LTP. 

Potentiation of the EPSP at the apical and basal dendrites 
(evoked by stratum radiatum and stratum oriens stimulation, 
respectively) appeared to be achieved with equal ease in the 
hippocampal slice in vitro (Andersen et al., 1980; Sastry et al., 
1986; Diamond et al., 1988). However, in these and other stud- 
ies, the extracellular medium was often manipulated (e.g., by 
increase in K+ and Ca2+) to facilitate LTP and quantitative 
measures of the success rate of LTP at each dendritic site have 
not been reported. The in vitro hippocampal slice was more 
excitable than the hippocampus in situ. The stimulus threshold 
of the afferent evoked CA1 population spike in the transverse 
slice was typically < 1.5 x the population EPSP threshold in 
vitro (cf. Zhao and Leung, 199 l), but >2 x the EPSP threshold 
intensity in the anesthetized rat or the freely moving rat (Leung, 
1980). The increased excitability probably resulted from sev- 
ering the spatially extensive collaterals of the inhibitory inter- 
neurons, thus reducing the tonic or evoked inhibition (Schwartz- 
kroin, 198 1). On account of the inherent differences between in 
vivo (in situ) and in vitro preparations, the success rate for LTP 
is not expected to be the same in the two preparations. 

LTP has been reported for the hippocampal CA1 in vivo (Buz- 

saki, 1980; Bliss et al., 1983; Diamond et al., 1988), but few 
studies distinguished between basal dendritic versus apical den- 
dritic excitation or LTP. Bliss et al. (1983) showed examples of 
an enhancement of a negative field potential at the CA1 apical 
dendrites following CA3 tetanization in urethane-anesthetized 
rats. However, the latter rats had an unilateral kainic acid lesion, 
which resulted in reduced inhibition in CA1 among other ab- 
normalities (Schwartzkroin, 1986). After a theta pattern burst 
tetanus delivered to CA3 in behaving rats, Staubli and Lynch 
(1987) reported a 30% increase of the negative response at the 
CA1 stratum radiatum. The latter and other reports of poten- 
tiation at the apical dendritic synapse following ipsilateral stim- 
ulation (cf. Hesse and Teyler, 1976) were not at odds with the 
results here. Our main result was that the apical dendritic LTP 
was less robust than the basal dendritic LTP. Though we did 
not find it in this study, apical dendritic LTP was apparently 
more readily elicited in the freely moving rat by a high-frequency 
(50-200 Hz) tetanus that typically evoked an afterdischarge 
(Buzsaki, 1980; Leung and Shen, 1992; afterdischarges were 
also observed by Staubli and Lynch, 1987). 

Mechanisms underlying d$erential LTP capability 

It is possible that the differential propensity for LTP is caused 
by the difference in the excitatory synapses at the basal and 
apical dendrites. We are not aware of any overt ultrastructural 
differences between the excitatory (spine) synapses on the basal 
and apical dendrites of CA1 pyramidal cells. Several anatomical 
studies reported a generally heavier commissural projection to 
stratum oriens than radiatum of CA1 (Swanson et al., 1978; 
Laurberg, 1979; van Groen and Wyss, 1988). However, dense 
commissural projection to the CA1 stratum radiatum has also 
been reported (Gottlieb and Cowan, 1973; Laurberg, 1979), as 
confirmed by the major sink in stratum radiatum in this study. 
Thus, it is not likely that an excitatory (depolarizing) input was 
lacking at the apical dendrites following commissural stimula- 
tion. It is, however, possible that the NMDA receptor at the 
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apical dendritic synapse is modulated differently than that at 
the basal dendritic synapse; for example, glycine may not be 
present at the former synapse (cf. Young and Fagg, 1990). 

An established mechanism for the control of LTP is inhibi- 
tion, and differential inhibition at the apical and basal dendrites 
may result in differential propensity for LTP. GABA, antago- 
nists decreased the threshold and increased the success rate of 
LTP (Wigstrom and Gustafsson, 1985; Gustafsson and Wigs- 
tram, 1988). The suppression of inhibition may enhance the 
tetanus-induced depolarization sufficiently to activate NMDA 
receptors (Gustafsson and Wigstrom, 1988). It is known that 
commissural stimulation may activate inhibitory intemeurons 
in a feed-forward fashion (Buzsaki and Eidelberg, 1982a; 
Frotscher et al., 1984; Schwartzkroin and Kunkel, 1985; Kunkel 
et al., 1988). There may be some difference in the inhibition 
evoked by afferents coursing in stratum oriens versus those in 
stratum radiatum. Afferents in the stratum radiatum may excite 
the lacunosum/moleculare intemeurons (L/M intemeurons) that 
hyperpolarized the apical dendrites (Lacaille and Schwartzkroin, 
1988; Lambert et al., 1991). In contrast, afferents in stratum 
oriens may excite the alveus/oriens intemeurons (O/A inter- 
neurons; Lacaille et al., 1987), which seemed to hyperpolarize 
the CA1 cells maximally at the pyramidale/oriens border (Lam- 
bet-t et al., 199 1). Apical dendritic afferents may be less effective 
than basal dendritic afferents in eliciting LTP because of the 
relative robust apical dendritic inhibition during the patterned 
primed burst tetanus. Perhaps the O/A intemeurons did not 
mediate inhibition directly on the basal dendrites, as opposed 
to a direct apical dendritic inhibition by L/M intemeurons. 
Furthermore, L/M intemeurons had an intrinsic propensity to 
spontaneous bursting at the theta frequency (Lacaille et al., 1987; 
Lacaille and Schwartzkroin, 1988; Fraser and MacVicar, 199 l), 
suggesting that a theta frequency tetanus may maximally acti- 
vate the L/M but not the O/A intemeurons. 

The involvement of inhibitory mechanisms in suppressing 
apical dendritic LTP was confirmed by the application of a 
tetanus in the presence of bicuculline, a GABA, antagonist. 
With bicuculline, both the basal and apical dendrites showed 
significant potentiation following tetanization (about 170% and 
120%, respectively). The larger basal dendritic than apical den- 
dritic LTP may result from a higher concentration of bicuculline 
at the basal dendrites, which are closer to the lateral ventricle 
(site of injection), than the apical dendrites. Alternatively, it 
may be suggested that some differences between basal and apical 
dendritic LTP remained after bicuculline. Similarly, LTP could 
be elicited at the commissural to dentate gyrus afferents only 
after bicuculline infusion (Douglas et al., 1982; Steward et al., 
1990). 

Davies et al. (1991) reported that theta frequency primed 
burst was incapable of eliciting LTP in CA1 cells following a 
high dose of GABA, antagonist that presumably blocked the 
presynaptic GABA, receptors. It may be suggested that inhib- 
itory intemeurons at the apical dendrites may be subjected to 
less GABA, presynaptic inhibition than the intemeurons at the 
basal dendrites. However, we have no evidence for or against 
the latter hypothesis. 

The possibility of potentiating the basal but not the apical 
dendritic synapse on the same cell suggests that LTP may be 
expressed at discrete dendritic locations, even though both syn- 
apses are activated. The expression of LTP may be controlled 
by the local postsynaptic depolarization during the tetanus, as 
shown by White et al. (1988) for the dentate gyrus. Here, we 

inferred that the dendritic depolarization is controlled also by 
the local inhibition. 

Depression 
Homosynaptic depression of the peak but not the early rising 
phase of the apical dendritic sink was observed, often following 
tetanization of CA1 stratum radiatum (Table 1). The mecha- 
nism underlying this depression is not known. It is possible that 
intemeurons may be potentiated (Buzsaki and Eidelberg, 1982b; 
Taube and Schwartzkroin, 1987), and that they mediated a late 
inhibition, either postsynaptically (shunting EPSP currents) or 
presynaptically. The heterosynaptic depression of the CA 1 ra- 
diatum response following CA3 stimulation may be similarly 
mediated. Whether the depression relates to that following low- 
frequency stimulus (Staubli and Lynch, 1990) or that in the 
visual cortical neurons (Artola et al., 1990) remains to be stud- 
ied. 

Functional significance of d@erential LTP 
While an experimental stimulus is inherently artificial, it may 
be argued that similar activation patterns may be produced by 
physiological activity of particular sets of CA3 cell. A CA3 cell 
may project, in different proportions, to the apical and basal 
dendritic layers of CA 1 (cf. Tamamaki et al., 1988; Ishizuka et 
al., 1990). Furthermore, CA3 cells sometimes fired a series of 
complex spikes (at an instantaneous frequency of 100-200 Hz) 
that are modulated at the theta frequency (Ranck, 1973; Buzsaki 
et al., 1983) somewhat similar to the patterned primed burst 
tetanus. 

The differential propensity for LTP at basal and apical den- 
dritic synapse in this study confirmed and extended the results 
of an earlier study using field potentials in behaving rats (Leung 
et al., 1992). In addition, we now have preliminary data that in 
the behaving rat, the apical dendritic LTP, when elicited, was 
mainly resistant to NMDA antagonist 2-amino-5-phosphono- 
valerate (APV), while the basal dendritic LTP was blocked by 
APV (Leung and Shen, 1992, 1993). Basal and apical dendritic 
responses were also modulated by behavior in different ways 
(Leung, 1980; Buzsaki et al., 198 1). At this point, the functional 
significance of the differential LTP can only be speculated. On 
account of its low threshold and relatively transient nature (Leung 
et al., 1992), basal dendritic potentiation would increase and 
decrease relatively quickly, while the apical dendritic LTP would 
occur only after a certain degree of disinhibition, perhaps pro- 
vided by coactivation of the basal dendritic afferents or other 
subcortical or entorhinal afferents to CA 1. 
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