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Abstract
The present study investigated the short-term and long-term synaptic plasticity of excitatory synapses formed by the nucleus 
reuniens (RE) and entorhinal cortex (EC) on the distal apical dendrites of CA1 pyramidal cells. RE-CA1 synapses are 
implicated in memory involving the hippocampus and medial prefrontal cortex. Current source density (CSD) analysis was 
used to identify excitatory and inhibitory currents following stimulation of RE or medial perforant path (MPP) in urethane-
anesthetized mice in vivo. At the distal apical dendrites, RE evoked an initial excitatory sink followed by inhibitory sources 
at short (~ 30 ms) and long (150–200 ms) latencies, and often showing gamma (25–40 Hz) oscillations. Both RE-evoked and 
spontaneous gamma-frequency local field potentials displayed the same CSD depth profile. Paired-pulse facilitation (PPF) 
of the distal excitatory sink at 20–200 ms interpulse intervals was observed following RE stimulation, generally higher than 
that following MPP stimulation. Theta-frequency burst stimulation (TBS) of RE induced input-specific long-term potentia-
tion (LTP) at the distal dendritic CA1 synapses, accompanied by reduction of PPF. After TBS of the MPP, the MPP-CA1 
distal dendritic synapse could manifest LTP or long-term depression, but the non-tetanized RE-CA1 synapse was typically 
potentiated. Heterosynaptic potentiation of the RE to CA1 distal synapses may occur after repeated activity of EC afferents, 
or spread of MPP stimulus currents to coursing RE afferents. The results indicate a propensity of RE-CA1 distal excitatory 
synapses to show PPF, LTP and gamma oscillations, all of which may participate in memory processing by RE and EC.

Keywords Nucleus reuniens · Temporoammonic pathway · Paired-pulse facilitation · Long-term potentiation · Gamma 
oscillations · Current source density

Introduction

Two major pathways synapse on the distal apical dendrites 
of pyramidal cells in the CA1 area of the hippocampus. One 
comes from the entorhinal cortex (EC), through the per-
forant path or temporoammonic pathway (Amaral and Witter 
1989), and another comes from the nucleus reuniens (RE) 
(Herkenham 1978; Wouterlood et al. 1990; Dolleman-Van 
der Weel and Witter 1996; Vertes et al. 2006). The distal 
dendritic inputs are critical for hippocampal function. The 
EC (MPP) to CA1 pathway (Amaral and Witter 1989; Wit-
ter et al. 1989) provides spatial information to place cells 

in CA1 (Brun et al. 2002), which is necessary for spatial 
memory recall and consolidation (Remondes and Schu-
man 2004; Brun et al. 2008). The distal dendrites were also 
activated during performance of oculomotor and manual 
working memory tasks (Sybirska et al. 2000). A role of the 
RE has been implicated in learning different aspects of a 
spatial water maze task (Davoodi et al. 2009; Dolleman-
van der Weel et al. 2009), strategy shifting in memory tasks 
(Cholvin et al. 2013), generalization of fear conditioning 
(Xu and Sudhof 2013), and in object discrimination but 
not eye blink conditioning (Eleore et al. 2011). RE is the 
main intermediary structure connecting the medial prefron-
tal cortex to the hippocampus (Vertes 2006). Its role was 
shown to be critical in navigation (Varela et al. 2014; Ito 
et al. 2015), fear generalization (Xu and Sudhof 2013) and 
synchronization of slow oscillations (Hauer et al. 2019). RE 
has been suggested to integrate emotional, motivation, and 
arousal signals received from other limbic cortices, basal 
forebrain, and hypothalamus (McKenna and Vertes 2004; 
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Vertes 2006), and these integrated signals may help with 
memory and navigation in the EC and hippocampus.

Synaptic plasticity, in particular long-term potentia-
tion (LTP), has been proposed to be a cellular correlate of 
memory (Martin et al 2000; Bliss et al. 2007). Both LTP 
and long-term depression (LTD) of the distal apical den-
drites of CA1 were reported in hippocampal slices in vitro 
(Remondes and Schuman 2002, 2003). However, electrical 
stimulation of the stratum lacunosum-moleculare (SLM) 
was expected to activate both the temporoammonic path 
and RE afferents to CA1, and thus the properties of each 
pathway could not be distinguished. LTP induced by stimu-
lation of the MPP in vivo was reported in anesthetized rats 
(Leung et al. 1995), and in freely moving rats (Gonzalez 
et al. 2016). A dual dependence of MPP-induced LTP in 
CA1 on both NMDA receptors and voltage-gated  Ca2+ chan-
nels was found in vitro (Remondes and Schuman 2003) and 
in behaving rats in vivo (Aksoy-Akel and Manahan-Vaughan 
2015). There appear to be few studies of LTP of the RE to 
CA1 synapse in mice. Eleore et al. (2011) did not find LTP 
after high frequency stimulation of the RE. Bertram and 
Zhang (1999) reported LTP of thalamo-CA1 responses after 
midline thalamic stimulation in rats, but their responses did 
not show the characteristic CA1 distal dendritic excitation 
following RE activation (Dolleman-Van der Weel et al. 1997; 
Morales et al. 2007; Hauer et al. 2019).

The distal apical dendrites of CA1 manifest a gamma 
(30–100 Hz) oscillation, independent of a proximal gamma 
oscillation (Belluscio et al. 2012; Fernandez-Ruiz et al. 
2012; Lasztoczi and Klausberger 2014). It was suggested 
that EC driving and dendritic interneurons are involved in 
generating the distal dendritic gamma oscillations (Colgin 
et al. 2009; Lasztoczi and Klausberger 2014, 2019; Fernan-
dez-Ruiz et al. 2017). Gamma oscillations are suggested 
to facilitate sensory processing and memory consolidation 
(Kay and Freeman 1998; Csicsvari et al. 2003; Fries et al. 
2007; Lisman and Jensen 2013).

The purpose of the present study was to investigate the 
short-term and long-term synaptic plasticity at two distal 
apical dendritic synapses on CA1 pyramidal cells in mice—
RE to CA1 and EC to CA1 by medial perforant path (MPP) 
stimulation. We recorded laminar profiles of field potentials 
using a multichannel electrode in urethane-anesthetized 
mice, and applied current source density (CSD) analysis to 
isolate the responses in CA1 and dentate gyrus (DG). The 
CSD profile of evoked distal apical dendritic excitation was 
similar to that of the spontaneous distal dendritic gamma 
oscillations. We reported a relative ease of inducing paired-
pulse facilitation (PPF) and gamma oscillations at the RE 
to CA1 synapse, as compared to the EC-CA1 synapse. LTP 
of the RE to CA1 synapses was readily induced by tetanic 
stimulation of the RE, and unexpectedly, also by tetanic 
stimulation of the MPP.

Methods

Forty mice (20–35 g) were used. Wildtype mice were 
derived after backcrossing of 129/SvEv with C57BL/6 
mice (Al-Onaizi et al. 2016). Mice were housed in stand-
ard cages in a temperature-regulated environment with a 
12:12 h light/dark cycle, with lights on at the 7th h, and 
had ad libitum access to food and water. Experiments were 
conducted during the day (10–22 h). All experiments com-
plied with the Animals for Research Act regulations of the 
province of Ontario and were approved by the Western 
University Animal Care and Use Committee.

Mice were anaesthetized with 1.25 g/kg i.p. of urethane 
solution and supplemented by 5–10% of the initial dose as 
needed (Hutchison et al. 2009). Atropine methyl nitrate 
(7.5 mg/kg, i.p.) was injected to reduce salivation. A rec-
tal thermometer monitoring system was used to maintain 
body temperature at 36–37 °C throughout the experiment. 
The skull was exposed, bregma and lambda were placed 
on a horizontal plane, and small skull holes were drilled 
based on the stereotaxic atlas of Franklin and Paxinos 
(2008). A silicon multi-channel recording electrode was 
lowered vertically into the brain at posterior (P) 3.2 mm 
and lateral (L) 2.8 mm with respect to bregma, to record 
from CA1 (Fig. 1a). The dorsal blade of dentate gyrus 
(DG) was also recorded in about half the animals. Stimu-
lating electrode (125 µm diameter Teflon-insulated wire 
except at the cut tip) was placed, in different experiments, 
in (1) medial perforant pathway (MPP) at P4.1, L2.3, and 
~ 1.3 mm ventral (V) from the skull surface, (3) nucleus 
reuniens (RE) at P0.8, L0, V ~ 4.4 mm, and/or (3) CA1 
stratum radiatum (RAD) at P3.2, L2.5, V ~ 2 mm. The 
depth of a stimulating electrode was optimized to give the 
lowest threshold in the track (using cathodal currents). 
Depth of the recording electrode (750 µm span) was placed 
in different experiments to include either the DG or CA1 
stratum oriens. Two screws were then secured onto the 
skull above the frontal cortex and cerebellum to serve as 
stimulus anode and recording ground, respectively.

Silicon recording probes were purchased from Neu-
roNexus, Ann Arbor, MI; the probes had 16 recording 
sites spaced 50 µm apart on a vertical shank (Model #: 
A1 × 16-5  mm-177-16; CM type was also used). Sig-
nals from the 16-channel recording probe were amplified 
200–1000 × by a TDT (Tucker-Davis Tech, TDT) head-
stage, a 16-channel Medusa preamplifier (band pass filter 
between 2.2 Hz and 7.5 kHz) and fed by optic wires to 
TDT digital processors (RA16 Base Station). Signals were 
digitized at 6.1–24.4 kHz by TDT real-time processors and 
custom-made software. Stimulus pulses (0.2 ms duration) 
were delivered through a photo-isolated stimulus isolation 
unit (PSIU6, AstroMed/Grass Instrument). Single sweeps 
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of evoked potentials and the average (n = 4) were stored; 
repetition rate was 0.1 Hz. A one-dimensional CSD(z,t) 
as a function of depth z and time t was calculated by a 
second-order differencing formula (Leung 2010):

where Φ(z,t) is the potential at depth z and time t, Δz is the 
spacing (50 µm) between adjacent electrodes on the 16-chan-
nel probe, and n = 2 (2-step CSD) was used unless otherwise 
noted. The conductivity σ was assumed to be constant and 
CSDs were reported in units of V/mm2.

Mice were grouped according to the main experiments 
intending to induce LTP or LTD at the RE or MPP to CA1 
pathway using theta-burst stimulation (Table 1). Baseline 

(1)
CSD(z, t) = �[2Φ(z, t) − Φ(z + n△ z, t) − Φ(z − n△ z, t)]∕(n△ z)2,

electrophysiological measures were obtained before TBS, 
including: (1) threshold intensity (T), operationally defined 
as the minimal stimulus intensity that evoked a detectable 
response in the AEP (n = 4 sweeps); (2) input–output rela-
tion of the RE and MPP response was determined using 
1–5 × T stimulus intensity, to a maximum of 600 µA; (3) 
paired-pulse responses at interpulse interval (IPI) of 50 or 
200 ms, or in some experiments, across the IPI range of 
10–200 ms, and (4) spontaneous local field potentials.

Cathodal, paired pulses of 50 or 200  ms IPI, were 
applied to one stimulus electrode (RE or MPP) to study 
the time course of LTP or LTD. Maximal RE monitor-
ing stimulus intensity was set at 500 µA, which could be 
1–1.5 × T; MPP was set at 2 × T stimulus intensity. A stable 
baseline was defined to show a SEM/mean ratio of the 
sink slopes of < 0.10 (at the electrode with the maximal 

Fig. 1  Schematic of stimulation 
and recording and representa-
tive average evoked potentials 
(AEPs) and current source 
density (CSD) time transients 
following stimulation of the 
nucleus reuniens (RE) or 
medial perforant path (MPP). a 
Thionin-stained sections show-
ing location of stimulating elec-
trode (after lesion) at the RE 
(leftmost) and medial part of the 
angular bundle (AB, rightmost) 
to activate the MPP; recording 
probe was inserted into CA1a 
near the subiculum (sub). b 
Schematic CA1 pyramidal cell 
and dentate gyrus granule cell 
(left), showing AEPs (n = 24 
sweeps) and CSDs folliwng 
stimulation of RE at 300 µA, at 
1.5 × threshold intensity (col-
umns 1 and 2), or MPP stimula-
tion at 60 µA, at 2 × threshold 
intensity (columns 3 and 4). 
Excitation of the distal apical 
dendrites was characterized by 
negative potentials (and current 
sinks) at stratum lacunosum-
moleculare (SLM) and positive 
potentials (and current sources) 
at stratum radiatum (RAD). 
Other layers are: OR stratum 
oriens, PYR stratum pyramidale, 
MML middle molecular layer, 
GCL granule cell layer. Filled 
circle indicates stimulus artifact
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sink) for 6 average CSDs over 30 min. After attaining a 
stable baseline, theta-burst stimulation (TBS) was deliv-
ered. Another stimulus (MPP, RE or RAD), served as a 
non-tetanized, control pathway. TBS consisted of 10 trains 
of 10 bursts, with each burst consisting of 10 pulses at 
100 Hz; bursts were delivered at 5 Hz (every 200 ms), 
and trains at every 10 s; pulse intensity was at 2–4 × T of a 
single-pulse response. AEPs were recorded at 2 min post-
TBS, and then regularly at 5 min intervals starting at 5 min 
post-TBS, until 120 min post-TBS. Experiments (< 10% 
of total) in which responses became unstable after TBS 
were excluded from LTP/LTD analysis. The criterion of 
instability was a shift of peak CSD responses by more than 
one channel, or a > 30% change of normalized response 
within 10 min at > 5 min post-TBS.

At the end of the experiment, the sites of the stimulat-
ing electrodes were lesioned by passing 0.5 mA current 
for a duration of 0.5 s, three times with an interval of 10 s 
between pulses. The mouse was then intracardially perfused 
with 50 mL of saline followed by 25 mL of 4% formalde-
hyde solution. The brain was removed from the cranium 
and placed in 4% formaldehyde solution for a minimum of 
72 h prior to sectioning by a freezing microtome. The tip 
of each stimulating electrode was identified in 40-µm thick 
coronal sections stained with thionin (Fig. 1a). The track 
of the recording probe could be readily discerned in most 
brain sections, but the exact depth could not be determined. 
The depth of recording was determined by electrophysi-
ological criteria. With near-horizontal layers of CA1, RAD 
stimulation evoked a proximal apical dendritic sink in CA1 
stratum radiatum (RAD), accompanied by a major source 
in the pyramidal cell layer (PYR), and a minor source in 
SLM (Leung et al. 2008; Law and Leung 2018). Distal den-
dritic excitation of CA1, evoked by MPP or RE stimulation, 
showed a maximal sink at SLM, accompanied by a source 
in RAD.

For analysis of paired-pulse ratio (PPR) and LTP, the 
main analysis used the maximal slope of the excitatory sink 
recorded at the depth with the maximal sink, i.e., SLM for 
the monosynaptic CA1 response to MPP or RE. Maximal 
sink slope was defined as the largest negative slope within 
a 1-ms interval during the rising phase of the sink. In addi-
tion, the peak of the excitatory sink response was measured 
as the deviation from a pre-stimulus baseline. Slope of the 
excitatory sink (or AEP) is optimal for measuring an early 
evoked response, here an excitatory postsynaptic current (or 
potential). A sink peak measure may be contaminated with 
delayed inhibitory currents and other polysynaptic events, 
but may register a larger excitatory current/potential.

E1 was defined as the maximal slope of the excitatory 
sink evoked by the 1st pulse, and E1 peak referred to the 
excitatory sink peak. PPR or E2/E1 ratio was defined as 
the maximal slope of the excitatory sink evoked by the 2nd 
pulse (E2) divided by that evoked by the 1st pulse (E1). 
PPF occurs when E2/E1 > 1. For each experiment, E1 slope 
was normalized by the average E1 slope during a 30 min 
baseline. In order to reduce variability, running average of 
3 consecutive time points was made during baseline (before 
TBS), and also after TBS. Running averages did not cross 
time 0, which was defined as the time of TBS delivery. LTP 
was assessed by the time course of normalized E1 slope. E1 
peak was measured at a fixed time after the stimulus, and 
the time instant was at the peak sink during baseline. E1 
peak was normalized and subjected to time course analysis 
like the E1 (slope). Statistical analysis of potentiation used 
the 3-point running averages of the normalized data, which 
gave 4 time points during baseline (− 25 to − 10 min) and 
23 time points (5–115 min) post-TBS. E1, E2 and E2/E1 
changes were also assessed by the average values in 5 time 
periods of 30 min each—baseline (− 30 to 0 min), LTP1 
(0–30 min post-TBS), LTP2 (30–60 min), LTP3 (60–90 min) 
and LTP4 (90–120 min). Other than giving a more reliable 

Table 1  Number of animals that 
contributed to data, categorized 
as different groups

Animals were grouped under long-term potentiation (LTP), long-term depression (LTD), or other follow-
ing the two structures stimulated—nucleus reunions (RE) and medial perforant path (MPP). Theta burst 
stimulation (TBS) was used to induce LTP of the RE to CA1 synapse, and either LTP or LTD of the MPP 
to CA1 synapse. Baseline electrophysiological data (laminar profiles, input–output relation, paired-pulse 
ratio, spontaneous local field potentials) were collected before TBS. Only baseline data were collected in 
“other” experiments

Group Animals With RE stimulus With MPP stimulus

Nucleus reuniens LTP 7 7 5
Nucleus reuniens—no LTP 1 1 1
Nucleus reuniens other 5 5 0
RE and MPP pilot studies 6 Excluded Excluded
Medial perforant path LTP 7 3 7
Medial perforant path LTD 6 6 6
Medial perforant path other 8 3 8
Total 40 25 27
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estimate because of larger number of sweeps, a 30-min block 
also averaged across different brain states. Rodents under 
urethane anesthesia were shown to cycle between slow-
wave (SW) state, with high power < 3 Hz, and theta (with 
high 3–7 Hz power) states (Clement et al. 2008). A block of 
30 min is expected to average more than one cycle of SW 
and theta states (Law and Leung 2018). The MPP to SLM E1 
was not statistically different between SW and theta states 
during baseline (Leung and Peloquin 2010). Pilot data (n = 4 
mice) also indicated that MPP-SLM E1 was not significantly 
different between SW and theta states at a fixed time after 
TBS of the MPP.

In many experiments, about 60 min of spontaneous local 
field potential (LFP) activity was recorded during baseline, 
before TBS. The CSD activity derived from these LFPs, was 
subjected to auto- and cross-power spectral analysis (Leung 
et al. 1982). LFPs were sampled at 6.104 kH, and segments 
of 8192 points (1.34 s) from 2 channels were analyzed for 
autopower, phase and coherence (squared coherence). A seg-
ment of spontaneous LFP activity at a SLM electrode was 
classified as theta and SW states—theta state showed peak 
power at a theta frequency (2.98–6 Hz) and SW state showed 
peak power at 1–2 Hz with no theta peak. Spontaneous LFP 
segments with theta peaks at 3.72 and/or 4.47 Hz (50–80 
segments per mouse) were selected for analysis of gamma 
activity with depth. In some mice, depth profiles of gamma 
activity during SW were also analyzed. In the analysis of 
depth profile in relation to SLM gamma, the gamma ampli-
tude at each depth was the peak amplitude (square root of 
the autopower) multiplied by the cosine of the cross-spectral 
phase at each depth.

Data are shown as mean ± standard error of the mean 
(SEM). Data from two groups were compared using paired- 
or unpaired t test, as appropriate. Repeated measures (RM) 
analysis of variance (ANOVA) was used for statistical analy-
sis of the normalized data. P < 0.05 was considered statisti-
cally significant. If a significant main or interaction effect 
was found, Newman–Keuls post hoc tests were applied.

Results

Distal dendritic excitation of CA1 by stimulation 
of RE

Stimulation of the RE in the mouse, confirmed by histo-
logical examination (Fig. 1a), evoked a dipole response in 
hippocampal CA1, consisting of a positive AEP peak at the 
alveus and pyramidal cell layer (PYR) of CA1, accompanied 
by a negative AEP peak near SLM (Fig. 1b). A population 
spike was not observed in CA1 or DG after RE stimulation 
of up to 600 µA; however, CA1 population spikes could 
appear when the stimulating electrode passed within 1 mm 

of the ventral hippocampal commissure, about 2.2 mm above 
RE. CSD analysis revealed that the RE-evoked dipole field 
was generated by a current sink at the distal apical dendrites 
at SLM, concomitant with a current source at the proxi-
mal apical dendrites or RAD (Fig. 1b2). The current sink 
was interpreted to result from excitatory inward currents at 
the distal apical dendrites (SLM), followed by the passive 
exit of the intracellular currents at the proximal apical den-
drites, giving a current source at RAD. The onset of the 
SLM excitatory sink following single-pulse RE stimulation 
was 9.15 ± 0.42 ms (mean ± SEM, n = 25). The minimal RE 
threshold of evoking a CA1 response was ~ 200 µA; the aver-
age was 314 ± 22 µA (n = 25). These characteristics of CA1 
response to RE stimulation were similar to those reported 
previously in rats by Dolleman-Van der Weel et al. (1997).

RE stimulation typically evoked no distinct CSDs in the 
DG at < 9 ms. At a long latency (> 10 ms), a low-amplitude 
dipole with a sink at the outer molecular layer (OML) of DG, 
accompanied by a ventral source, was observed in the exam-
ple illustrated (Fig. 1b). In a group of 13 mice in which both 
CA1 and DG were recorded, the sink at DG molecular layer 
started at 11.6 ± 1.05 ms (n = 13), significantly later than the 
onset of the CA1 SLM sink at 8.9 ± 0.4 ms [t (12) = 2.37, 
P = 0.035, paired t test].

Paired-pulse stimulation of RE typically yielded PPF 
(E2/E1 > 1) at interpulse intervals (IPIs) of 20–200 ms 
(Fig. 2a, b, f). The average PPF was similar at 20–150 ms 
IPI, with lower values at 10 ms and 200 ms IPI (Fig. 2f). 
PPR (E2/E1 ratio) generally decreased as the 1st pulse 
response E1 increased, which could be described by a lin-
ear graph (Fig. 2e, plotted for 1.25 × T stimulus intensity and 
50 ms IPI, using averages of 4 sweeps). PPR as a function of 
stimulus intensity (available from 1–3 × T stimulus intensity) 
for RE stimulation also decreased with increasing stimulus 
intensity (data not shown).

In about half the animals, a single stimulus pulse deliv-
ered to the RE evoked more than one sink peak (open cir-
cles in Fig. 2b), with the interval between peaks measuring 
20–40 ms. Some responses showed three peaks (e.g., 2nd 
pulse response in Fig. 2b). The 2nd pulse E2 peak showed 
the same CSD depth profile as the first E1 peak (Fig. 2a–c), 
with SLM sink and RAD source, except E2 peak was larger 
than E1 peak (Fig. 2c).

At long latencies (150–200 ms) following 1st or 2nd RE 
stimulation pulse, a CSD depth profile with SLM source and 
RAD sink was observed (156 or 200 ms labeled traces in 
Fig. 2c, d). This reversal of the initial SLM sink to source at 
150–200 ms latency suggests a late postsynaptic inhibition 
at the distal apical dendrites. Long-latency inhibition of the 
distal dendrites could be mediated by feedforward activa-
tion of neurogliaform cells (Capogna 2011). A SLM source, 
with an accompanying RAD sink, was also observed at a 
shorter latency following the initial SLM sink (30 ms latency 
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trace in Fig. 2c), suggesting an early postsynaptic inhibition 
at the distal dendrites. Activation of perforant-path associ-
ated interneurons could provide an early  GABAA-receptor 
mediated inhibition of the distal dendrites (Lasztoczi and 
Klausberger 2014, 2019).

In summary of this section, stimulation of the RE in mice 
evoked a clear distal dendritic (SLM) sink in CA1 accom-
panied by a mid-apical dendritic source in RAD. The early 
distal dendritic sink was followed by a subsequent source, 
and sometimes oscillation of source-sinks in the gamma fre-
quency range. Delayed, presumably polysynaptic, activation 
of the DG was also observed.

Distal dendritic excitation of CA1 by stimulation 
of MPP

Similar to that following RE stimulation, the initial 
voltage profile in CA1 following MPP stimulation was 
SLM negative and RAD positive (Fig. 1b3). CSD anal-
ysis revealed a SLM current sink and a RAD source 
(Fig. 1b4, 3a–c). The onset latency of the SLM sink fol-
lowing MPP stimulation was 5.3 ± 0.4 ms (n = 27), fol-
lowing 2 × threshold stimulation, with threshold of the 
MPP determined as 31.2 ± 2.8 µA (n = 27). At 25–100 ms 
latency, a reversed pattern of CSDs, with SLM source 

Fig. 2  CSD profile of responses 
following paired-pulse stimula-
tion of nucleus reuniens (RE) 
in a representative mouse. a1 
CSD temporal traces recorded 
at 5 channels around stratum 
lacunosum-moleculare (SLM) 
following RE paired-pulses 
at interpulse interval (IPI) of 
30 ms (a1) or 50 ms (a2); 2nd 
pulse response (E2) was larger 
than 1st pulse response (E1). 
b Responses to RE stimulation 
at 200 ms IPI; open circle indi-
cates SLM sink peaks, vertical 
dotted lines indicates times of 
depth profile shown in d. c CSD 
depth profile at different times 
indicated in panel a; the profile 
at 30 ms or 156 ms latency was 
a mirror image of that at 16 ms 
or 46 ms. d. CSD profiles at 
times indicated in panel b. e 
Relation of E2/E1 (slope ratio) 
plotted with E1. Open circles, 
5–70 min pre-tetanus; filled 
rectangles, 2–120 min post-
tetanus. All E1 normalized by 
the pre-tetanus (pre) average 
linear regression lines with R2 
shown for pre- and post-tetanus 
conditions. f Group data of 
E2/E1 ratio (of slope measures) 
following RE stimulus. At each 
data point n = 3–4 mice, except 
at 50 ms (n = 7), and 200 ms 
(n = 14); error bar indicates 
SEM
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and RAD sink was observed (Fig. 3c), which suggests 
inhibition of the SLM. However, oscillation at the gamma 
frequency was not observed after MPP stimulation. MPP 
stimulation also activated a short-latency current sink at 
the middle molecular layer (MML) of the DG (ch10–11 in 
Fig. 1b4), estimated to start at 3.4 ± 0.6 ms (n = 15; only 
about half the mice had recordings in DG). The small 
DG sink in relation to the CA1 SLM sink (Figs. 1b4, 5a) 
was a result of optimizing the CA1 response. An optimal 

stimulus site was found at the ventral medial part of the 
angular bundle (Fig. 1a right).

MPP evoked CA1 distal dendritic sink showed paired-
pulse depression, or PPR < 1, in the 10–100 ms IPI range 
for the example given (Fig. 3a, b). As a group, the E2/E1 
ratio versus IPI plot for MPP stimulation was not statisti-
cally different from unity, except for paired-pulse depres-
sion at 10 ms IPI. The average E2/E1 ratio (recorded in 
SLM) following MPP stimulation was smaller than that 

Fig. 3  CSD profile of responses 
following paired-pulse stimula-
tion of medial perforant path 
(MPP) in a representative 
mouse. a Overlaid responses 
to paired-pulse stimulation at 
30 ms and 50 ms interpulse 
intervals (IPIs) from selected 
channels including SLM and 
RAD. b Response to paired 
pulses at 100 ms IPI. c CSD 
depth profile at different times 
indicated in panel b. d Group 
data of E2/E1 ratio (of slope 
measures) following MPP and 
RE stimulation. At each data 
point n  = 3–5 mice, except 
at 50 ms (n = 7), and 200 ms 
(n = 14); error bar indicates 
SEM
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following RE stimulation (Fig. 3d), and the difference 
in E2/E1 ratio was statistically significant at 50 ms IPI 
(P < 0.05, paired Wilcoxon, n = 7), but marginally non-sig-
nificant at 200 ms IPI (P = 0.06, paired Wilcoxon, n = 14).

In summary, MPP stimulation also evoked an early 
excitatory sink followed by a late source in SLM. The MPP 
stimulus threshold, sink onset latency, and PPR were consid-
erably smaller than the respective measure for RE.

CSDs of spontaneous LFPs revealed a distal 
dendritic dipole

The spontaneous CSD activity in hippocampal CA1 showed 
20–50 Hz oscillations, with source-sink polarity reversal 
from RAD to SLM. Since gamma activity was larger dur-
ing theta than non-theta activities (Leung et al. 1982; Bragin 
et al. 1995), segments of LFPs with clear rhythmic theta 

activity were selected for spectral analysis (Fig. 4a). Similar 
CSD profiles reported below were also found when gamma 
during non-theta states were analyzed. In a representative 
mouse, cross-spectral analysis revealed higher gamma power 
at SLM than at RAD (Fig. 4b), with the gamma peak squared 
coherence of ~ 0.2 and ~ 180° phase shift between LFPs from 
RAD and SLM (Fig. 4c). In a group of animals, using LFPs 
at different depths in relation to LFPs at SLM yielded a 
near-complete phase reversal in RAD-SLM electrode pairs 
(separated by 150 µm), with phase 161.7° ± 24.0° (n = 7) 
and coherence 0.22 ± 0.06 (n = 7). The power and coherence 
peaks in SLM and RAD, a phase reversal, and a coherence 
minimum between SLM and RAD, are consistent with a 
major generation of the spontaneous gamma oscillations at 
the distal dendritic layers in CA1. Another gamma power/
coherence peak, accompanied by near  180o phase shift was 
also observed in the DG, ventral to SLM, suggesting that 

Fig. 4  CSDs of the spontane-
ous gamma activity reversed 
between stratum radiatum 
(RAD) and stratum lacunosum-
moleculare (SLM). a Spontane-
ous gamma CSDs at selected 
channels (ch) of a representative 
mouse (same mouse shown in 
Figs. 1 and 5). b Logarithmic 
power spectra of spontaneous 
CSDs from a RAD electrode 
(ch 4) and a SLM electrode (ch 
9), and c cross-spectra shown as 
phase (degrees) and coherence. 
d–f Group data, aligned by 
putative SLM channel, shown as 
the average (thick line) and indi-
vidual thin lines for each of 7 
mice, average of 7 mice except 
at ch 3, 12, 13 and 14 (n = 5, 6, 
4 and 3, respectively). d Power, 
e coherence and f phase at 
40 Hz (gamma power peak) as 
a function of depth. Phase and 
coherence were estimated with 
reference to the SLM channel, 
thus phase = 0° and coher-
ence = 1 at the SLM channel. 
Power and coherence peak 
appeared at SLM, with smaller 
peaks at RAD (ch 6), and DG 
(ch 13), with RAD and DG 
gamma phase shifted by ~ 180° 
from the SLM gamma
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gamma was also generated in the DG. When the depth pro-
file of the RE-evoked CSD (at the E1 peak) was compared 
with that of the amplitude of the spontaneous gamma CSD 
(Methods), the correlation of evoked CSD with spontaneous 
CSD depth profiles was 0.87 ± 0.05 (n = 7 mice, over 7 depths 
from ch4 to ch10 in Fig. 4d; evoked CSD profiles were not 
shown). The high correlation indicates that the evoked and 
spontaneous profiles were almost identical. 

LTP induced by theta burst stimulation (TBS) of RE

Paired-pulse responses to RE stimulation (at 1–2 × T inten-
sity) were recorded for at least 30 min before, and 120 min 
after TBS of the RE. In a group of 7 mice selected for LTP 
of the RE to CA1 synapse (RE-LTP group), test pulses were 
delivered at 400 ± 49 μA (n = 7; ~ 1.4 × T intensity), and TBS 
pulse intensity was 436 ± 32 μA (n = 7; ~ 1.7 × T intensity). 

As illustrated by a representative example, RE-TBS induced 
an increase in the 1st pulse excitatory sink at SLM, and its 
accompanying source at RAD (Fig. 5a top traces). The 1st 
pulse SLM sink slope (E1), normalized by the average pre-
stimulus E1, was increased for 120 min after TBS, as judged 
by the measures recorded every 5 min, or by a running aver-
age of 3 points (Fig. 5c). The running average of the E1 peak 
at SLM also showed potentiation after TBS (Fig. 5c).

To observe the spatial changes of CSDs, a CSD depth 
profile was constructed from the grand average of a 30-min 
block (each with 24 sweeps), and there were 5 blocks—one 
baseline (− 30 to 0 min), and 4 blocks post-TBS named 
LTP1 (0–30 min), LTP2 (30–60 min), LTP3 (60–90 min), 
and LTP4 (90–120 min post-TBS). The CSD profiles were 
constructed at a fixed time instant, about half-way to the 
SLM sink peak (at 10.4 ms latency in Fig. 5b). During 
baseline, the CSD profile showed a dipole in CA1, with 

Fig. 5  Long-term potentiation 
of the RE-evoked CA1 distal 
dendrtic responses following 
a RE tetanus, shown in a rep-
resentative mouse. Theta burst 
stimulation (TBS) was delivered 
to RE at time 0. a Average CSD 
responses (n = 24 sweeps) fol-
lowing first RE pulse (300 µA) 
for electrode channel (ch) 5–13, 
spanning CA1 stratum radiatum 
(RAD at ch 5) to dentate gyrus 
(DG) granule cell layer (at ch 
13), shown for baseline (base, 
before TBS at − 30 min to 
− 5 min), 5–30 min post-TBS 
(labeled as 30 min), 30–60 min 
post-TBS (labeled as 60 min), 
and 90–120 min post-TBS 
(labeled as 120 min); post-
TBS response (thick trace) is 
overlaid on baseline (thin trace). 
Vertical line indicates 10.4 ms 
latency, at the mid-rising phase 
of the RE-SLM sink response. 
b CSD depth profiles (averged 
for 30 min) at a fixed time 
instant (10.4 ms latency after 
RE stimulus), averaged for 4 
periods of time (baseline, 30, 
60 and 120 min). c Time plot 
shows normalized slope of the 
1st pulse excitatory sink (E1) at 
ch 8 stratum lacunosum-molec-
ulare (SLM), 3-point running 
average (ave) of E1 slope (solid 
rectangles) and E1 peak (open 
rectangles) at SLM
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SLM sink and RAD source; CSDs in the DG were of low-
amplitude (Fig. 5b). All post-TBS periods (LTP1 to LTP4) 
showed a larger SLM sink [at channel (ch) 8 in Fig. 5b] 
than baseline. Somewhat surprisingly, a DG dipole was seen 
only post-TBS, and not during baseline; the DG dipole had 
sinks at ch10–11 (inferred to be DG OML), concomitant 
with sources at ch13–14 (Fig. 5b).

In a group of 7 mice selected for LTP of the RE to CA1 
responses, TBS of RE resulted in a significant increase of 
the RE-evoked SLM sink slope, for the 4 post-TBS periods 
(LTP1 to LTP4) [F(4,24) = 6.91, P < 0.001, one-way RM 
ANOVA], with significant post hoc Newman–Keuls tests 
shown in Fig. 6a. The RE-evoked SLM sink peak of the 
group (n = 7 mice) was also significantly increased following 
TBS (data not shown).

The baseline ‘PPF versus E1 plot’ could be fitted by a 
regression line with a negative slope, as shown for an experi-
ment (Fig. 2e). The post-TBS ‘PPF versus E1 plot’ showed 
a less negative slope, and a smaller average PFF, with the 
average E1 shifted to the right (i.e., E1 potentiation); all 
measures at 2–120 min post-TBS were included in the plot 
(Fig. 2e). For the RE-LTP group, the slope of the PPF ver-
sus E1 regression line was increased from − 1.04 ± 0.19 
(n = 7) during baseline to − 0.80 ± 0.13 (n = 7) post-TBS; 
the increase of the regression line slope was statistically sig-
nificant [t(6) = 2.9, P = 0.027, paired t test].

The RE-LTP group showed a decrease in PPF of the RE 
responses following RE-TBS. Paired-pulses were given at 
50 ms IPI in 3 mice, and at 200 ms IPI in 4 mice. Since 
the baseline PPF did not differ significantly between the 
50-ms and 200-ms groups, the two groups were combined. 

The combined group (n = 7) showed a significant change 
in PPF with time [F(4,24) = 6.62, P = 0.001, one-way RM 
ANOVA], with significant post hoc Newman–Keuls tests 
shown in Fig. 6a.

In 2 of the 3 mice with DG recording, RE-TBS resulted 
in potentiation of the RE to DG sink at all post-TBS peri-
ods (example shown in Fig. 5). In 4 other mice of the RE-
LTP group, the recording probe did not reach the DG. RE 
to DG excitation was inferred to result from RE activating 
the EC, which then excited OML and/or MML of the DG 
(“Discussion”).

TBS of RE did not significantly change the CA1 
responses of the non-tetanized stimulus pathway MPP. The 
example shows a fluctuating time course of the MPP-evoked 
sink (E1) in CA1 SLM, but the sink did not deviate con-
sistently from unity (Fig. 7a). The 30-min averaged CSD 
profiles show no increase in the sink amplitude at SLM (ch8 
and 9) post-TBS (Fig. 7b). However, an increase in an MPP-
evoked dipole in the DG (sinks at ch10 and 11, sources at 
ch13 and 14) was observed post-TBS (Fig. 7a, b). The time 
course data for the MPP-evoked E1 slope, running average 
of E1 (slope) and E1 peak at SLM did not show a signifi-
cant deviation from baseline (Fig. 7c). However, the MPP-
evoked E1 peak at DG appeared to be potentiated, starting 
at ~ 45 min post-TBS (Fig. 7c).

In the RE-LTP group (n = 7), 5 mice had an MPP to CA1 
response. There was no statistically significant change in 
MPP-evoked E1 in SLM (n = 5 mice) during the five time 
periods after RE-TBS (baseline, LTP1–4), as indicated by a 
non-significant group effect [F(4,16) = 0.93, P = 0.47, one-
way RM ANOVA; Fig. 6b]. There was also no significant 
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change in the E2/E1 ratio of the MPP responses across the 
five time periods [F(4,16) = 0.11, P = 0.98, one-way RM 
ANOVA; Fig. 6b]. The lack of a significant change of the 
response to a non-tetanized pathway means that the LTP 
of RE-CA1 synapse was input-specific. Of the 7 mice in 
the RE-LTP group, only 2 had MPP to DG recording, and 
both mice showed late potentiation of the MPP-evoked DG 
MML sink, at > 30 min post-RE TBS. The example in Fig. 7 
showed large MPP to MML sinks at 60–120 min post-TBS, 
accompanied by a presumably trisynaptic sink in CA1 RAD 
at 60 min (# in Fig. 7a).

In summary, the RE to SLM synapse was potentiated 
after tetanic stimulation (TBS) of RE. LTP of the RE to CA1 
synapse was shown by slope and peak measures of the SLM 
sink, and confirmed by 30-min averages of the CSD depth 
profile; LTP was accompanied by decrease of PPF. No LTP 
occurred at the MPP to CA1 synapse. LTP of a presumed 
polysynaptic RE to DG excitatory sink was also observed.

Distal dendritic LTP induced by TBS of MPP

Three groups of mice that were tested for LTP/LTD were 
categorized. In the MPP-LTP group (n = 7), TBS of the MPP 
resulted in LTP in CA1, while no LTP was observed in a 

TBS-LTD group (n = 6). Mice that did not show a large SLM 
excitation in CA1 (n = 4), as indicated by presence of RAD-
SLM source-sink dipole, as well as mice that did not use the 
same TBS-recording protocol were excluded (n = 4). For the 
MPP-LTP group, test pulses were delivered at 57.1 ± 10.2 
μA (n = 7; 2 × T intensity), and TBS pulse intensity was 
74.3 ± 8.4 μA (n = 7; ~ 3.3 × T intensity). The MPP-evoked 
dipole in CA1, showing a SLM sink and a RAD source, 
was potentiated after MPP-TBS (Fig. 8a). In the example 
shown, there was ~ 60% enhancement of the SLM sink slope 
immediately post-TBS, followed by a slow temporal decline 
(Fig. 8a). The CSD profiles, averaged for 30 min periods, 
showed a clear increase in the CA1 dipole (Fig. 8b) at all 
post-TBS times compared to baseline; the CA1 dipole con-
sisted of a SLM sink (ch 7–8), and a RAD source (ch 3–6 
in Fig. 8a). There was also an increase in a dipole in DG, 
shown as sinks (ch 9–10) in the molecular layer accompa-
nied by a ventral source (ch 12–14 in Fig. 8b).

Interestingly, the non-tetanized pathway of RE to SLM 
excitatory sink showed a slowly increasing potentiation after 
MPP-TBS (Fig. 8c). At SLM, RE evoked a sink followed 
by a large source, with each event accompanied by CSD of 
an opposite polarity at RAD (traces in Fig. 8c). MPP-TBS 
resulted in enhancement of the RE-evoked temporal CSD 

Fig. 7  Responses to the non-
tetanized pathway MPP, in 
experiment of TBS of the RE 
pathway, same experiment as 
Fig. 4, with the same layout. 
a Selected channels shown for 
CA1 responses to MPP stimulus 
pulses of 60 µA, during baseline 
and at 30, 60, 120 min follow-
ing RE-TBS. Vertical dotted 
line indicates time of peak 
MPP-SLM sink at 10.4 ms 
latency following MPP stimula-
tion. At 60 min, a a trisynaptic 
CA1 response, RAD-sink (#) 
accompanied by SLM- source 
appeared together with large 
MML sinks. b MPP evoked 
average CSD profiles in 30-min 
time blocks, at 10.4 ms latency. 
There was little potentiation of 
the MPP-evoked CSDs in CA1, 
but potentiation in the DG, 
maximal sinks at MML, was 
observed. c Time course of E1 
slope and E1 peak measures of 
the MPP to CA1 SLM sink, and 
E1 peak measure of the MPP to 
DG MML sink

0.5

1

1.5

2

-30 0 30 60 90 120
0

1

2

3

4

5

A MPP

10 ms

0.0
5V

/m
m2

7

9

6

8

5

10

12

13

11

base 30 min 60 min 120 minRE
TBS

E1 E1 SLM
E1 ave
E1 pk ave

DG-E1pk ave

no
rm

.D
G

-E
1

pe
ak

no
rm

.s
in

k
sl

op
e/

pe
ak

C

time(min)

E1 pk

10.4 ms

-80 -60 -40 -20 0 20 40 60
2

4

6

8

10

12

14

base
30 min
60 min
120 min

de
pt

h(
ch

)

B

RAD

SLM

DG

SLM

SLM

10.4 ms

TBS

CSD
sourcesink

MML

DG

RAD
#



1828 Brain Structure and Function (2020) 225:1817–1838

1 3

traces at SLM (Fig. 8c). The CSD depth profiles (Fig. 8d) 
illustrate post-TBS enhancement of the RE-evoked dipole in 
CA1 (SLM sinks at ch 8 and 9, and RAD sources at ch 4–6). 
In addition, a RE-evoked DG dipole (sinks at ch 9–10, and 
sources at ch 13–14; Fig. 8d) appeared to emerge only after 
MPP-TBS (Fig. 8d).

As expected, the MPP-LTP group showed an increase 
in MPP-evoked E1 slope at SLM across 5 time periods 
(baseline, LTP1–4), as indicated by a significant group 
effect [F(4,24) = 6.17, P = 0.0015, one-way RM ANOVA; 
significant post hoc Newman–Keuls tests are indicated 
in Fig. 9a1]. Paired-pulses were given at 50 ms IPI in 4 
mice, and at 200 ms IPI in 2 mice (one mouse with very 
small PPF was excluded). Since the baseline PPF was not 
different between the 50-ms and 200-ms groups, the two 

groups were combined. The combined group showed a sig-
nificant decrease in PPF (E2/E1) with time [F(4,20) = 6.17, 
P = 0.0015, one-way RM ANOVA, n = 6], and post hoc 
Newman–Keuls tests indicated a significant decrease in PPF 
at 30 and 60 min after TBS compared to baseline (Fig. 9a1). 
In 4 (of 7) mice of the MPP-LTP group with DG recordings, 
potentiation of the DG MML sink was seen following MPP-
TBS (data included in a group shown in Fig. 9d1).

Two of 7 mice in the MPP-LTP group had RAD to CA1 
as a non-tetanized pathway; the RAD to proximal apical 
dendritic sink in CA1 did not show a consistent change 
after MPP-TBS. A SLM sink evoked by RE (non-teta-
nized pathway) was recorded in 3 of 7 mice in the MPP-
LTP group (Fig. 9a2). All 3 mice with a RE to SLM sink 
(Fig. 9a2) showed potentiation of the RE-E1 slope or peak. 

Fig. 8  Long-term potentiation 
of the MPP- and RE-evoked 
responses in CA1, shown in 
a representative mouse, after 
TBS of the MPP. a Average 
CSD responses (n = 24 sweeps) 
following MPP stimuli (40 µA), 
at selected channels averaged 
for a 30-min period of baseline 
(base, − 30 min to − 5 min), 
5–30 min (labeled as 30 min), 
30–60 min (labeled as 60 min), 
and 90–120 min (labeled at 
120 min). TBS was delivered to 
MPP at time 0, and responses 
were recorded following MPP 
paired-pulse stimulation; only 
1st pulse responses are shown in 
traces. LTP was observed from 
the time course of the normal-
ized (norm.) sink slope of the 
1st pulse evoked sink (E1) at 
ch 8 (sink spatial maximum), 
after a 3-point running average. 
b CSD depth profiles at a fixed 
time instant (9.4 ms latency 
after MPP stimulation) at the 
rising phase of the distal den-
dritic sink (ch8), averaged for 
4 periods of time (baseline, 30, 
60 and 120 min). c Same format 
as a for RE stimulus pulses of 
400 µA in the same experiment; 
RE was not tetanized but RE-
evoked sink was enhanced. d 
Same as b except for RE evoked 
average CSD profiles at a fixed 
time of 10.4 ms latency after 
RE stimulation
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However, the n = 3 group did not reveal a statistically sig-
nificant effect [group effect F (4,8) = 1.40, P = 0.34, one-way 
RM ANOVA]. E2/E1 ratio (all at 200 ms IPI) also did not 
change significantly with the 5 time periods [F(4,8) = 0.96, 
P = 0.48, one-way RM ANOVA]. A DG sink evoked by RE 
was observed in 2 mice of the MPP-LTP group, of which 1 
of the 2 mice showed potentiation of the RE-DG sink after 
MPP-TBS.

In summary, LTP of the MPP-CA1 synapse was shown by 
slope and peak measures of the early SLM sink, and by CSD 
depth profiles; LTP was accompanied by a decrease in PPR. 
MPP to DG sink and heterosynaptic LTP of the RE-CA1 
synapse were observed.

Distal dendritic LTD induced by TBS of MPP

In the MPP-LTD group (n = 6 mice), MPP-TBS induced 
LTD of the CA1 SLM sink. The MPP test pulse intensity 
(61.7 ± 12.8 μA) and TBS intensity (108.3 ± 28.8 μA) were 
non-significantly (P > 0.05, unpaired Wilcoxon) higher than 
the respective measure in the MPP-LTP group. In a repre-
sentative mouse of this group, the MPP-evoked SLM sink 
did not change, while the MPP-evoked MML sink in DG 
increased nearly two-fold after MPP-TBS (Figs. 8b, 10a1). 
MPP-TBS also potentiated an MPP-evoked polysynaptic 
response in CA1 (# in Fig. 10a1). The polysynaptic response 
was characterized by a RAD sink with sources in PYR and 
SLM, which corresponded to trisynaptic MPP-DG-CA3-
CA1 and disynaptic MPP-CA3-CA1 activation. In the same 
mouse, the 1st pulse heterosynaptic RE-evoked SLM sink 
(slope or peak) was higher post-TBS as compared to base-
line (Figs. 9a2, 10c), although the 2nd pulse response (E2 
in Fig. 10a2) was smaller post-TBS compared to baseline.

The MPP-LTD group (n = 6 mice) showed a signifi-
cant decrease in the MPP-evoked E1 slope in SLM post-
TBS [F(4,20) = 6.77, P = 0.0013, one-way RM ANOVA; 
Fig. 9b1]. Paired-pulse ratio E2/E1 of the MPP to SLM 
response was not significantly changed during the post-
TBS time periods [F(4,16) = 1.55, P = 0.24, one-way RM 
ANOVA, n = 5; E2 was not available in 1 mouse; Fig. 9b1]. 
Also, the group (n = 6) showed a small, non-significant post-
TBS increase in the heterosynaptic RE-evoked E1 slope 
in SLM [F(4,20) = 1.58, P = 0.22, one-way RM ANOVA; 
Fig. 9b2], with non-significant change in the RE-evoked 
E2/E1 ratio [F(4,20) = 1.42, P = 0.26, one-way RM ANOVA; 
Fig. 9b2].

Heterosynaptic RE-CA1 response was recorded from 9 
mice following TBS of the MPP, combining 3 from the MPP-
LTP group and 6 from the MPP-LTD group. As expected, the 
heterosynaptic RE group (n = 9) showed no significant change 
in MPP-evoked SLM sink slope [F(4,32) = 1.80, P = 0.15] or 
E2/E1 ratio with time [F(4,24) = 1.02, P = 0.42, one-way RM 
ANOVA; Fig. 9c1]. However, the heterosynaptic RE response 

showed a significant increase of the RE-evoked E1 sink slope 
post-TBS [F(4,32) = 2.99, P = 0.033, one-way RM ANOVA, 
n = 9 mice], giving significant post hoc Newman–Keuls dif-
ferences at 90 and 120 min post-TBS (Fig. 9c2). There was 
no significant change in the RE-evoked E2/E1 ratio post-TBS 
[F(4,32) = 1.78, P = 0.16, one-way RM ANOVA]. Alternative 
assessment of potentiation using the RE to SLM E1 peak 
amplitude also showed a statistically significant time effect, 
using all 5 time periods [F(4,32) = 4.58, P < 0.005, one-way 
RM ANOVA; inset Fig. 9c2].

Seven mice with DG recording were given an MPP-TBS 
(including mice in both MPP-LTP and MPP-LTD groups). 
This group showed a significant increase of the DG-MML 
sink after MPP-TBS [F(4,24) = 3.76, P = 0.017, n = 7 mice; 
Fig. 9d1]. Five of the 7 mice had a RE to DG sink, which 
did not show a significant increase in LTP [F(4,16) = 1.29, 
P = 0.32, Fig. 9d2].

In summary, in a different group of mice, TBS of the 
MPP resulted in LTD of the MPP-CA1 synapse without 
significant change in PPR. Irrespective of LTP/LTD at the 
MPP-CA1 synapse, TBS of the MPP was shown to induce 
LTP of the RE-CA1 and MPP-DG synapses.

Theta burst stimulation induced sinks in SLM

CSDs during TBS were analyzed in order to elucidate the 
conditions for LTP or LTD. During the 1st burst (of 10 
bursts) of RE-TBS, the SLM sink peaked after the 3rd or 
4th pulse within a 10-pulse burst in an example (Fig. 10a). 
In the RE-LTP group, the average peak latency of the SLM 
sink was 43.5 ± 4.6 ms from the 1st pulse of the burst (n = 7 
mice, average of 10 sweeps per mouse). The duration of the 
initial SLM sink of the 1st burst measured 56.9 ± 4.7 ms 
(n = 7); the SLM sink of each burst was accompanied by 
a source of similar duration at RAD (Fig. 10a). The SLM 
sink amplitude decreased with subsequent bursts (Fig. 10d, 
average of 10 sweeps). Occasionally, the early RE bursts 
also induced large sinks at the DG molecular layer, while the 
example only shows small sinks in DG (inset of Fig. 10a).

For the MPP-LTP group, MPP-TBS evoked large but rela-
tively short-duration initial sinks at SLM during the burst, as 
shown for a representative mouse (Fig. 10b). Peak SLM sink 
was evoked by the 1st or 2nd pulse of a 10-pulse burst. The 
peak latency of the SLM sink was 16.8 ms ± 1.2 ms from 
the 1st stimulus pulse (n = 7 mice, average of 10 sweep per 
mouse). The duration of the initial SLM sink for the 1st burst 
measured 32.8 ± 9.3 ms (n = 7), and the short-duration sink 
was followed by a prolonged source (see inset in Fig. 10b). 
The SLM sink peaked with the first few bursts, and ulti-
mately decreased gradually with late bursts (Fig. 10b, d). In 
addition to sinks at SLM, TBS of the MPP typically induced 
sinks at the DG molecular layer (ch 10 in Fig. 10b).
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SLM sinks evoked by burst stimulation were of higher 
amplitude, but short duration, for MPP-LTP compared 
with RE-LTP group. The peak latency of the SLM sink 
induced by the MPP 1st burst was shorter than that induced 
by a RE 1st burst (mean 16.8 ms vs 43.5 ms, respectively; 
t(12) = 5.63, P = 0.0001, unpaired t test). The duration of 
the initial sink induced by a MPP 1st burst was also shorter 
than that induced by RE 1st burst [mean 32.8 ms vs 56.9 ms, 
respectively; t(12) = 2.32, P = 0.04, unpaired t test].

For the MPP-LTD group, CSDs during TBS for a rep-
resentative mouse showed small SLM (ch 9) and large DG 
(ch 11) sinks during the bursts (Fig. 10c). All mice in the 
MPP-LTD group showed a large MML to SLM sink ratio 
(sum of sinks activated in DG/sum of sinks activated in 
SLM) induced by the 1st burst, measuring 3.22 ± 0.9 (n = 5 
mice). By comparison, the 1st burst gave low MML to SLM 
sink ratio in 4 of 5 mice in the MPP-LTP group with DG 
recording, with a ratio of 0.71 ± 0.27 (n = 4; one outlier had 
a ratio of 8.1). The peak latency of the burst-activated SLM 
sink (averaged from 100 bursts) measured 33.6 ± 3.8 ms 
(n = 6) in the MPP-LTD group, significantly (P < 0.003, 
unpaired Wilcoxon) later than.16.8 ± 1.2 ms (n = 7) in the 
MPP-LTP group. By contrast, the peak latency of the DG 
sink was not significantly different between MPP-LTP and 
MPP-LTD groups, measuring (in mice with DG recordings) 
21.1 ± 2.2 ms (n = 5) and 18.7 ± 2.8 ms (n = 5), respectively. 
Thus, LTD of the MPP to SLM synapse may result when 
the DG (relative to SLM) received strong activation from 
MPP stimulation, and strong DG activation may provide 
strong inhibition to suppress LTP at the SLM of CA1 (see 
“Discussion”). However, peak amplitude, total area, or dura-
tion of CA1 SLM sink did not differ significantly (P > 0.05) 
between the MPP-LTP and MPP-LTD groups.

Post hoc analysis of the histological section with the MPP 
electrode indicated that the electrode was preferentially 
placed in a medial position of the angular bundle (Fig. 1a) 
in the MPP-LTP group, as compared to a more lateral posi-
tion in the MPP-LTD group (not shown). Semi-quantita-
tive assessment of the MPP electrode position (assigning 
medial, intermediate and lateral placements as 1, 1.5 and 
2, respectively) gave a mean of 1.29 (n = 7) and 1.75 (n = 6) 
for the MPP-LTP and MPP-LTD groups, respectively, with 
a marginally non-significant difference between the groups 
(P = 0.095, unpaired Wilcoxon).

A progressive and robust increase in the polysynaptic 
RAD sink (# in Fig. 10d) was found in some mice during 
the late bursts of MPP-TBS. The burst-activated RAD sinks 
predicted the LTP of the MPP to polysynaptic CA1 sink in 
RAD (# in Fig. 10a1, same mouse as in Fig. 10c). Including 
both MPP-LTP and MPP-LTD groups, 6 of 7 mice with large 
and increasing RAD sinks during TBS showed potentiation 
of the MPP-CA1 polysynaptic sink in RAD, while all 6 mice 
that did not show large RAD sinks during TBS also did not 

show potentiation of the MPP-CA1 polysynaptic sink. MPP 
to CA1 responses was monitored at 2 × T stimulus intensity. 
The accuracy of predicting LTP of the MPP to CA1 poly-
synaptic (RAD) sink was thus 12/13 (92.3%).

In summary, the CSDs during TBS showed declining 
excitatory SLM sinks in response to repeated burst stimula-
tion, with briefer but larger burst-induced sinks for MPP 
than RE. The MPP-LTP group showed high SLM sinks and 
relatively low DG sinks during TBS, while MPP-LTD group 
showed the reverse. Repeated, sharp RAD sinks during TBS 
predicted accurately the occurrence of LTP at the polysyn-
aptic MPP to CA1 sink.

Discussion

Physiology of the RE‑CA1 distal dendritic synapses

RE stimulation in mice activated a CA1 SLM sink at ~ 9 ms 
onset latency, interpreted to be a monosynaptic excitation of 
distal apical dendrites of CA1 pyramidal cells (Herkenham 
1978; Wouterlood et al. 1990). The excitatory current sink 
at the distal apical dendrites of CA1 pyramidal cells (SLM) 
was accompanied by a current source at the proximal apical 
dendrites (RAD). The profile of CSD in the hippocampus 
after RE stimulation in mice was similar to that reported in 
rats (Dolleman-Van der Weel et al. 1997; Hauer et al. 2019). 
We also confirmed that RE stimulation did not evoke a popu-
lation spike in the hippocampus (Dolleman-Van der Weel 
et al. 1997; Hauer et al. 2019; however, see Bertram and 
Zhang 1999), even at high stimulus intensity (600 μA).

The average RE stimulus threshold intensity (~ 300 µA) 
to activate a CA1 response, compared to the MPP (~ 30 
µA) indicates a large chronaxie (an excitability time param-
eter) for activating action potentials from cell bodies in RE 
compared to myelinated axons in MPP (Nowak and Bullier 
1998). Higher extracellular stimulation currents are needed 
to activate soma than axon because the extracellular somatic 
currents need to spread and initiate an action potential from 
an electronically remote site, the axon initial segment (Rat-
tay et al. 2012).

At long latencies (150–200 ms) after RE stimulation, 
a dipole of SLM-source and RAD-sink was observed, 
opposite in polarity to the initial dipole of SLM-sink and 
RAD-source. The late SLM source is suggested to result 
from late (> 100 ms latency) inhibition of the distal apical 
dendrites, likely contributed by  GABAB receptor activation 
by neurogliaform cells (Price et al. 2008; Capogna 2011). 
An early  GABAA receptor-mediated inhibition of the distal 
apical dendrites at ~ 30 ms latency may also be suggested. 
Some GABAergic interneurons in RAD, called PP-asso-
ciated interneurons, have specific axonal projection to the 
distal apical dendrites (Hajos and Mody 1997; Klausberger 
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2009); a specific group was shown to mediate  GABAA 
receptor-mediated inhibition (Lasztoczi and Klausberger 
2014). GABAergic interneurons in stratum oriens (O-LM 
interneurons) also project specifically to SLM but whether 
they are activated by RE or MPP stimulation is not known. 
GABAergic interneurons in CA1 were known to be inner-
vated by RE afferents (Dollerman-Van der Weel and Witter 
2002; Wouterlood et al. 1990) and putatively activated by 
RE stimulation (Dolleman-Van der Weel et al. 1997).

RE stimulation was shown to activate the DG molecu-
lar layer weakly during baseline, at a small but significant 
delay (~ 2.7 ms) from the onset of the CA1 (SLM) sink. We 
infer that RE excitation of the DG was at least disynaptic, 
possibly following a sequence of RE-EC-DG. A direct RE 
projection to the DG was not revealed by neuroanatomical 
studies (Herkenham 1978; Wouterlood et al. 1990). Thus, 
we suggest that RE first activated the lateral and medial EC 
(Herkenham 1978; Yanagihara et al. 1987; Wouterlood et al. 
1990; Wouterlood 1991), which then excited DG. Instead of 
traversing the cingulum like RE to CA1 afferents (Wouter-
lood et al. 1990), RE afferents to EC may travel through 
a shorter (and faster) ventral thalamo-temporal pathway. 
RE had to fire EC neurons shortly before the RE-SLM 
sink onset, in order to generate a DG molecular layer sink 
at ~ 3 ms after RE-SLM sink onset. OML and MML excita-
tory sinks likely resulted from activating layer II neurons in 
lateral and medial EC, respectively.

Identification of MPP‑CA1 distal dendritic excitatory 
sink

MPP stimulation in mice activated a distal apical dendritic 
(SLM) sink in CA1, accompanied by a source in RAD; the 
CA1 dipole was almost identical to that following RE stimu-
lation. MPP stimulation consistently activated a molecular 
layer sink in DG, with a source near the granule cell layer 
(Figs. 4b, 7b, 11a). The voltage and CSD profiles in mice 
were similar to those reported following MPP/EC stimula-
tion in rats (Leung et al. 1995; Leung and Peloquin 2010; 
Dolleman-Van der Weel et al. 2018) and rabbits (Yeckel and 
Berger 1990).

Gamma oscillations in hippocampal CA1

In about half of the mice, single-pulse stimulation of RE 
activated more than one SLM sink peak, with peaks occur-
ring at 20–40 ms interpeak intervals, i.e., at a gamma fre-
quency of 25–50 Hz. Similar oscillatory responses in CA1 
were not observed after MPP stimulation, perhaps because 
they were suppressed by prolonged feed-forward inhibi-
tion after MPP activation of the DG and CA3. In addition, 
spontaneous gamma LFPs revealed CSDs that resemble the 
SLM-RAD dipole evoked by RE (or MPP) stimulation, with 

an abrupt phase reversal at the RAD-SLM border. Gamma 
oscillations with a SLM-RAD dipole have been shown in 
previous studies (Charpak et al. 1995; Benito et al. 2014; 
Lasztoczi and Klausberger 2014, 2017).

Gamma oscillations may have an extrinsic or intrinsic 
origin. Afferents from EC layer 3 pyramidal cells were 
suggested to drive a distal dendritic gamma in CA1, in the 
30–60 Hz frequency range in isolated guinea pig brains 
(Charpak et al. 1995) or urethane-anesthetized rats (Bragin 
et al. 1995; Lasztoczi and Klausberger 2014, 2017). EC 
driven gamma in SLM was in the 60–140 Hz frequency 
range in behaving animals (Belluscio et al. 2012; Colgin 
et al. 2009; Chrobak and Buzsáki 1998; Fernandez-Ruiz 
et al. 2017). Intrinsic networks of inhibitory interneurons 
(Jefferys et al. 1996) or excitatory and inhibitory neurons 
(Leung 1982; Csicsvari et al. 2003; Mann et al. 2005) could 
generate distal-dendritic gamma oscillations, but the par-
ticipating neurons have not been identified, except for RAD 
interneurons that provide  GABAA receptor-mediated inhibi-
tion to SLM (Lasztoczi and Klausberger 2014). RE afferents 
to CA1 may also drive or modulate SLM gamma activity, 
but direct evidence is so far lacking, and unitary recordings 
did not identify gamma activity in the RE (Morales et al. 
2007; Hauer et al. 2019). Regardless of generating mecha-
nism, the prominent distal dendritic gamma oscillations in 
CA1 may play a role in processing RE neural signals, in sup-
port of neural functions such as feature binding, perception, 
and memory encoding (Kay and Freeman 1998; Fries et al. 
2007; Lisman and Jensen 2013).

Paired‑pulse facilitation of the distal dendritic 
synapses

PPF in the 20–200 ms IPI was found more readily after RE 
than MPP stimulation. PPF is explained by presynaptic 
facilitation, or an increase release of neurotransmitter by 
the 2nd pulse as compared to the 1st pulse (Wu and Saggau 
1994; Zucker and Regehr 2002). However, postsynaptic fac-
tors may also affect PPF, including  Ca2+-dependent protein 
kinases (Wang and Kelly 1997) and postsynaptic inhibition 
(Leung et al. 2008). The decline of PPF with E1 (Fig. 2e), 
or with increasing stimulus intensity, may suggest a satura-
tion of either postsynaptic electromotive force or presynaptic 
release (Leung and Fu 1994). However, a change in PPF-E1 
relation post-TBS may involve a presynaptic mechanism, 
and a stronger presynaptic release is associated with lower 
PPF. The average PPF (E2/E1) of distal dendritic synapses 
was decreased after LTP induction at either RE (Fig. 6a) or 
MPP afferents (Fig. 9a1). LTP of the Schaffer’s collaterals to 
CA1 synapses could be associated with (Schulz et al. 1994) 
or without PPF decrease in vitro (Manabe et al. 1993).

A PPR ≈ 1 for MPP stimulation seems to be different 
from the PPF reported in other studies (Dolleman-van der 
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Weel et al. 2017; Gugustea et al. 2019). The reason for this 
is not clear, but a stronger GABAergic inhibition of SLM by 
MPP stimulation may be suggested.

Conditions necessary for LTP at the distal apical 
dendritic synapses

LTP of the SLM sink in CA1 was readily elicited following 
RE-TBS, despite using low (~ 1.7 × T) stimulus intensity for 
TBS. Other than TBS, no other tetanic stimulus patterns 

had been systematically studied. During burst stimulation, 
the slow rise of the RE to SLM current sink in ~ 30 ms, 
and sink duration of ~ 45 ms, may suggest activation of an 
NMDA receptor-mediated current. The gradual rise of the 
sink within a burst may result from paired- or multiple-
pulse facilitation during TBS (Creager et al. 1980). How-
ever, repeated bursts at 200 ms intervals (5-Hz frequency) 
only evoked decremental SLM sink responses (Fig. 10a, c). 
Also, the next sweep of 10 bursts, delivered 10 s later, did 
not evoke a higher SLM response (data not shown). These 

Fig. 9  Group average of MPP-
evoked and RE-evoked excita-
tory sink E1 and E2/E1 ratio in 
SLM, and MPP evoked dentate 
gyrus (DG) sink, following 
theta burst stimulation (TBS) 
of MPP, averaged for 30 min 
intervals. a MPP-LTP group 
selected for LTP of the MPP to 
CA1 SLM responses. Column 
1, MPP-evoked responses in 
SLM: 1st pulse excitatory sink 
slope E1, and E2/E1 ratio, 
averaged for four 30-min time 
periods ending at 0, 30, 60, 90 
and 120 min. Column 2, E1 
and E2/E1 responses in CA1 
SLM following RE stimulation 
(not tetanized) were available 
for 3 of 7 mice in the MPP-
LTP group. *P < 0.05, and 
**P < 0.01, post hoc Newman–
Keuls test after a significant 
one-way RM ANOVA apply 
to the whole figure. b MPP-
LTD group selected for LTD 
of the MPP to SLM responses. 
Column 1, MPP-evoked E1 
response in SLM showed 
gradual decrease with time, 
and no clear change in E2/E1. 
Column 2, RE-evoked E1 
and E2/E1 responses in CA1 
SLM. c Group of 9 mice given 
MPP-TBS with RE-evoked 
responses (including 3 mice 
shown in A2). Column 1, MPP-
evoked SLM sinks showed no 
significant change of E1 or 
E2/E1 with time, while column 
2 shows a significant increase 
in RE-evoked E1 (sink slope) 
and E1 peak (inset) in late time 
periods. d Group of MPP-TBS 
mice (n = 7) with DG recording 
showed significant LTP of the 
MPP to DG sink (column 1) 
but no significant change of the 
RE-DG sink (n = 5 mice)
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Fig. 10  Heterosynaptic poten-
tiation of RE-evoked CA1 sink 
was found in mouse without 
potentiation of the MPP-evoked 
CA1 sink. a Column 1, average 
CSDs (n = 20 sweeps), follow-
ing MPP paired-stimulation at 
200 ms IPI, during baseline and 
at 90–110 min after TBS of the 
MPP. Initial E1 dipole in CA1 
(SLM sink and RAD source) 
was unchanged after MPP TBS, 
while dipole in dentate gyrus 
(DG), with double-headed 
arrow pointing at middle molec-
ular layer (MML) sink at chan-
nel 12, was potentiated. Column 
2, average CSDs (n = 24 
sweeeps) following paired-pulse 
stimulation (200 ms IPI) of 
RE show enhancement of 1st 
pulse responses (E1 at SLM). b 
MPP-evoked responses (3-point 
running average) shows a post-
TBS increase in normalized 
E1 at MML but not at SLM. 
c RE-evoked E1 sink at SLM 
(3-point runing average) shows 
a small but consistent potentia-
tion post-TBS 0.
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characteristics suggest that a single burst (delivery of 10 
pulses at 100 Hz), but not repeated theta-frequency bursting, 
was critical to potentiate the SLM sink. However, measures 
of SLM sink magnitude/duration did not correlate with the 
degree of LTP/LTD in RE-TBS or MPP-TBS experiments.

A successful prediction of LTP of the MPP to CA1 poly-
synaptic sink could be made based on activation of a high-
amplitude RAD sink- PYR source dipole (# in Fig. 10d). 
Theta and 1-Hz frequency bursting is known to enhance 
Schaffer-collaterals mediated excitation in the hippocam-
pus (Herreras et al. 1987; Fung et al. 2016; Thomas et al. 
1998). Low-frequency stimulation (1–20 Hz) is known to 
activate the CA3 and CA1 synapses in an EC-hippocampal 

multisynaptic circuit, while high-frequency stimulation 
(100–400 Hz) is optimal to activate the MPP-DG and MPP-
CA1 synapses (Yeckel and Berger 1998). These results are 
consistent with our observation that RE or MPP to SLM 
responses were optimally facilitated during 100-Hz pulses 
and not by theta (5-Hz) frequency bursts.

We assessed LTP in CA1 and DG following TBS of MPP. 
Only about half of mice selected for a clear MPP to CA1 
sink in SLM showed LTP of this SLM sink after TBS of 
the MPP (the MPP-LTP group), while the rest of the mice 
showed LTD on average (the MPP-LTD group). Record-
ing of CSDs during TBS showed that the MPP-LTP group 
manifested large SLM (CA1) sink and small MML (DG) 
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Fig. 11  CSDs evoked during theta-burst stimulation (TBS) of RE 
and MPP. a CSDs during burst stimulation of the RE (average of 
10 sweeps; each sweep had 10 bursts, with 10 pulses at 100 Hz per 
burst) induced a slowly rising excitatory sink at the distal apical den-
drites (SLM), but generally decremental responses with subsequent 
bursts Stimulus artifacts (vertical lines) were truncated.. Inset at top 
is a magnified view of the first 2 bursts at SLM and adjacent den-
tate gyrus (DG). Asterisk, peak sink for 1st burst indicated by time 
‘t peak’; sink area colored in red; circumflex accent, peak sink for 
2nd burst; stimulus artifacts labeled by red dots; calibration 0.1 mV/
mm2. b Representative example of burst stimulation of MPP that 

induced LTP of the SLM sink. A burst typically evoked large but 
relatively brief SLM sink (inset), with peak SLM sinks also decreas-
ing with subsequent bursts. c Representative example of MPP-TBS 
that induced LTD of the MPP-evoked SLM sink. SLM sink was less 
apparent during the initial bursts (inset). In this example, polysyn-
aptic CA1 sinks (vertical lines labeled by #) at RAD, accompanied 
by sources at PYR and SLM, gradually increased with late bursts. d 
Group average of burst-induced peak SLM sinks show similar decline 
with repeated bursts given to either RE or MPP, irrespective of 
whether MPP induced LTP or LTD. The SLM sinks were normalized 
by the peak sink evoked by the 1st burst
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sink, while MPP-LTD group showed large activation of the 
DG as compared to SLM, with peak activation earlier in the 
DG than in SLM (Results). The MPP electrode tended to 
be located more medially (non-significantly) in the angu-
lar bundle for the MPP-LTP as compared to the MPP-LTD 
group. Tetanic stimulation of the MPP electrode could excite 
EC to CA1 afferents (layer 3 cells from the medial or lateral 
EC) or EC to DG/CA3 (EC layer 2 cells) and backfiring of 
MPP to subiculum fibers that could form en passant syn-
apses in CA1 (cf. Witter et al. 1989). A lateral placement in 
the angular bundle may activate more the afferents of lateral 
EC that preferentially project to the DG (outer molecular 
layer) and shift the maximal response location in CA1.

Homosynaptic and heterosynaptic LTP at the distal 
apical dendrites

Despite the relatively low amplitude of excitatory sink at the 
distal dendrites, TBS of the RE readily induced 20–30% LTP 
of RE-SLM sink for at least 2 h. A CA1 dipole, consisting of 
an excitatory SLM sink and a RAD source, was potentiated 
(Fig. 5b). LTP of the RE-SLM synapse was input-specific, 
and there was no LTP of the non-tetanized MPP-SLM syn-
apse in the same group of animals. The LTP was generally 
accompanied by a decrease in PPF.

In a group selected for MPP-LTP (n = 7), MPP-TBS 
induced 20–30% LTP of the MPP-SLM sink for a duration of 
2 h. In a different group showing LTD of the MPP-SLM sink 
(n = 6), 10–20% LTD of the MPP-SLM sink was observed 
after MPP-TBS. Interestingly, irrespective of LTP or LTD 
of the MPP-SLM sink, MPP-TBS induced potentiation of 
the heterosynaptic, RE to SLM sink at 60–120 min after 
TBS (Fig. 9b2).

Heterosynaptic potentiation of the RE-SLM sink after 
MPP-TBS may result from different reasons. There could 
be ephaptic interactions among the synapses and distal den-
drites in SLM. For example, RE to SLM synaptic responses 
may be enhanced by presynaptic facilitation through ephap-
tic feedback of the MPP-evoked excitatory postsynaptic 
potential (Kasyanov et al. 2000), or by an ephaptic effect 
on  Ca2+ transients in the distal dendritic tufts (Maeda et al. 
2015). Dolleman-van der Weel et al. (2017) reported more 
than linear summation of the SLM sink response when both 
MPP and RE were stimulated simultaneously. However, the 
reverse potentiation of MPP-SLM synapses after RE-TBS 
was not found, which suggests MPP-TBS can increase RE-
SLM synaptic transmission, but RE-TBS did not increase 
MPP-SLM transmission. Lack of MPP-SLM heterosynap-
tic LTP could be because of the small fraction of RE-SLM 
afferents that was activated by MPP. Also, there is a more 
mundane explanation that RE afferents may be activated by 
MPP stimulation at the angular bundle, and not vice versa. 
In the rat, Wouterlood (1991) described labeled RE fibers 

to “curve ventrally around the splenium to enter the angular 
bundle” during their course to CA1 and dorsal subiculum. 
Thus, RE fibers that travel near the angular bundle may 
be activated by MPP stimulation in the present study. The 
activated RE fibers would add to the MPP to SLM excita-
tion, and would also be activated during MPP-TBS. If the 
same RE to SLM fibers were activated by both RE stimulus 
and MPP-TBS, LTP of the RE to SLM synapses may be 
expected. In another LTP model in which a weaker path-
way (contralateral EC to DG) was tetanized together with a 
stronger pathway (ipsilateral EC to DG) that induced LTP, 
associative LTP was observed in the weaker pathway (Levy 
and Steward 1979). The present study, however, presents a 
different scenario that the stronger MPP-CA1 pathway mani-
fested LTD, while the weaker RE to CA1 pathway showed 
LTP. Within the densely packed neuropil in SLM, perhaps 
depolarization of RE presynaptic terminals by MPP afferent 
(stronger pathway) activity can happen via ephaptic interac-
tion or extracellular  (K+) ions. Further studies are needed to 
clarify the mechanism of heterosynaptic RE-SLM LTP, and 
independent stimulation of RE and MPP fibers (by optoge-
netic stimulation) may be necessary.

In a small number of experiments that recorded from 
DG, heterosynaptic LTP of the MPP-DG synapse was 
observed after RE-TBS, and less frequently, heterosynap-
tic LTP of the RE-DG synapses was seen after MPP-TBS. 
A disynaptic, RE to DG excitation through the lateral and 
medial EC may explain heterosynaptic LTP at the MPP 
to DG synapses. Similarly, potentiation of a polysynaptic 
EC to CA1 circuit (i.e., RE-EC-CA1) may account for the 
large heterosynaptic LTP of the RE to CA1 sink, espe-
cially the E1 peak (Fig. 8c inset). However, polysynaptic 
potentiation may not adequately explain potentiation of the 
short-latency sink slope (E1 slope), and it is paradoxical 
that polysynaptic LTP of RE-CA1 synapses should occur 
with LTD of the MPP-CA1 synapses.

Heterosynaptic LTP following repeated activation of 
the EC to CA1 pathway may have behavioral significance. 
Assume that EC to CA1 afferents encode the spatial loca-
tion of an animal, and RE to CA1 afferents represent an 
affective component of the event such as fear. Heter-
osynaptic potentiation of RE to CA1 afferents following 
repeated activity of the EC to CA1 afferents may facilitate 
the encoding of a place associated with fear, or the per-
ceptual binding of place and fear. In general, heterosyn-
aptic potentiation could serve to induce LTP of a synaptic 
pathway that only evokes weak postsynaptic response, and 
Hebbian LTP occurs in association with strong postsyn-
aptic depolarization provided by other inputs. In addition, 
the spontaneous gamma oscillation at the distal dendrites 
is a wave of membrane depolarization that would facilitate 
LTP and encoding at specific phases, as has been shown 
for the theta rhythm (Law and Leung 2018).
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Conclusion

The RE to SLM pathway showed robust PPF and propen-
sity for LTP and evoked gamma oscillations. Short-term 
and long-term synaptic plasticity are likely important for 
neural processing and memory encoding, with gamma 
oscillations possibly playing a role in processing and inte-
gration of neural signals from both RE and EC.
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