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Entorhinal cortex neurons make monosynaptic connections onto distal apical dendrites of CA1 and CA2 pyramidal neurons
through the perforant path (PP) projection. Previous studies show that differences in dendritic properties and synaptic input
density enable the PP inputs to produce a much stronger excitation of CA2 compared with CA1 pyramidal neurons. Here,
using mice of both sexes, we report that the difference in PP efficacy varies substantially as a function of presynaptic firing
rate. Although a single PP stimulus evokes a 5- to 6-fold greater EPSP in CA2 compared with CA1, a brief high-frequency
train of PP stimuli evokes a strongly facilitating postsynaptic response in CA1, with relatively little change in CA2.
Furthermore, we demonstrate that blockade of NMDARs significantly reduces strong temporal summation in CA1 but has lit-
tle impact on that in CA2. As a result of the differences in the frequency- and NMDAR-dependent temporal summation, nat-
uralistic patterns of presynaptic activity evoke CA1 and CA2 responses with distinct dynamics, differentially tuning CA1 and
CA2 responses to bursts of presynaptic firing versus single presynaptic spikes, respectively.
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Significance Statement

Recent studies have demonstrated that abundant entorhinal cortical innervation and efficient dendritic propagation enable
hippocampal CA2 pyramidal neurons to produce robust excitation evoked by single cortical stimuli, compared with CA1.
Here we uncovered, unexpectedly, that the difference in efficacy of cortical excitation varies substantially as a function of pre-
synaptic firing rate. A burst of stimuli evokes a strongly facilitating response in CA1, but not in CA2. As a result, the postsy-
naptic response of CA1 and CA2 to presynaptic naturalistic firing displays contrasting temporal dynamics, which depends on
the activation of NMDARs. Thus, whereas CA2 responds to single stimuli, CA1 is selectively recruited by bursts of cortical
input.

Introduction
Different types of pyramidal neurons (PNs) are often
equipped with distinctive sets of synaptic and dendritic
mechanisms to dynamically regulate information propaga-
tion (Spruston, 2008). In the hippocampus, we and others

have previously demonstrated that CA1 and CA2 PNs use a
distinct set of synaptic and dendritic mechanisms to inte-
grate and amplify the information from entorhinal cortex
(EC) (Chevaleyre and Siegelbaum, 2010; Sun et al., 2014;
Dudek et al., 2016; Srinivas et al., 2017). For example, we
found that the perforant path (PP) projection from EC layer
II (LII) neurons onto CA2 PN distal apical dendrites in stra-
tum lacunosum moleculare (SLM) is so powerful, despite its
distal dendritic target, that a single PP stimulus can robustly
excite CA2 PNs to reliably trigger full-blown action poten-
tials (APs) (Sun et al., 2014). By contrast, the direct PP pro-
jection from EC layer III (LIII) PNs that targets the adjacent
CA1 distal apical dendrites in SLM produces only a weak
depolarization of the CA1 soma because of severe attenua-
tion of the distal EPSP by the dendritic cable properties
(Golding et al., 2005; Sun et al., 2014; Srinivas et al., 2017).
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The higher efficacy of the distal inputs onto CA2 PNs
compared with CA1 PNs results from a series of differences in
synaptic and dendritic properties that facilitate and amplify the
EC-to-CA2 information transfer. These include a denser cortical
innervation of the distal apical dendrites, with nearly 3 times
more glutamatergic synapses in SLM of CA2 than CA1, a more
efficient dendritic propagation of EPSPs, and a unique dendritic
geometry that enables more efficient propagation of dendritic
Na1 spikes from distal dendrites to the CA2 soma (Sun et al.,
2014; Srinivas et al., 2017).

Paradoxically, despite the severe attenuation of the distal CA1
EPSP, in vivo studies show that this pathway is crucial for spatial
encoding (Brun et al., 2002, 2008; Nakashiba et al., 2008), place
cell formation (Bittner et al., 2015), and performance of certain
hippocampal-dependent memory tasks (Suh et al., 2011;
Kitamura et al., 2014). Indeed, optogenetic inhibition of the EC-
to-CA1 pathway in vivo significantly reduced firing rate in CA1
PNs, indicating that this pathway can robustly excite CA1 PNs in
vivo (Kitamura et al., 2014).

Notably, previous studies that compare PP input with CA1
and CA2 have primarily used a single PP stimulus (Chevaleyre
and Siegelbaum, 2010; Sun et al., 2014; Srinivas et al., 2017).
However, the firing of EC LII and LIII neurons, which send PP
projections to CA2 and CA1, respectively, is highly dynamic dur-
ing behavior (Burgalossi et al., 2011; Tang et al., 2015). Indeed,
the firing of short bursts of spikes (�100Hz) is a characteristic
feature in freely moving animals performing behavioral tasks
(Burgalossi et al., 2011; Tang et al., 2015).

In this study, we used protocols using high-frequency bursts
or naturalistic EC firing patterns to examine further how behav-
iorally relevant patterns of PP input may differentially regulate
temporal dynamics of cortico-hippocampal information process-
ing in CA1 and CA2 PNs. Surprisingly, we found that the
enhancement in depolarization evoked by a PP stimulus in CA2
relative to CA1 PNs largely disappears in response to burst firing
of presynaptic neurons. This can, in part, be explained by a sub-
stantially more robust frequency- and NMDAR-dependent tem-
poral summation in CA1, compared with CA2. These different
synaptic dynamics produce different temporal patterns of postsy-
naptic spike firing, with a CA2 PN firing early during a burst of
presynaptic inputs versus a CA1 PN firing later during the burst.
Together with our previous studies (Sun et al., 2014; Srinivas et
al., 2017), these findings suggest that CA1 and CA2 PNs use dis-
tinct sets of synaptic and dendritic mechanisms to dynamically
regulate cortico-hippocampal information flow.

Materials and Methods
Mice. Wild-type (WT) C57BL6J mice were obtained from The

Jackson Laboratory. Both male and female WT mice were used in the
experiments. The procedures described were conducted in accordance
with National Institutes of Health regulations and approved by the
Institutional Animal Care and Use Committees of Columbia University,
the New York State Psychiatric Institute, and Case Western Reserve
University.

Hippocampal slice preparation. Transverse hippocampal slices were
prepared from 5- to 8-week-old C57BL6J mice as described previously
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Figure 1. PP-CA2 synapses display less frequency-dependent summation, compared with PP-CA1 synapses. A, Left, A sample biocytin-filled CA1 PN and the placement of stimulating elec-
trode in SLM. Right, Membrane voltage changes in response to indicated constant depolarizing or hyperpolarizing current injections. S, Stimulating electrode; R, recording electrode; SC,
Schaffer collaterals. B, Left, A sample biocytin-filled CA2 PN and the placement of stimulating electrode in SLM. Right, Membrane voltage changes in response to indicated constant depolarizing
or hyperpolarizing current injections. S, Stimulating electrode; R, recording electrode; SC, Schaffer collaterals. C, Sample traces (top) and summary data (bottom) of PP EPSP input-output rela-
tion recorded in CA1 (n= 9 cells) or CA2 (n= 5-8 cells) PNs in response to single stimuli of indicated intensities. Error bars indicate SE. Repeated-measures ANOVA followed by Bonferroni’s mul-
tiple comparisons test (F(1,29) = 269.3). ***p, 0.001. Inhibition was blocked with 1 mM gabazine (SR-95531) and 2 mM CGP 55845A, unless otherwise noted. D, Sample traces (left) and
summary data (right) of EPSPs in CA1 (n= 6 or 7 cells) and CA2 (n= 4-7 cells) PNs in response to a train of 5 PP stimuli at 50 Hz. Error bars indicate SE. Significance of differences in CA1 and
CA2 EPSPs: repeated-measures ANOVA followed by Bonferroni’s multiple comparisons test (F(1,51) = 43.47). ***p, 0.001. E, The ratios of CA2 to CA1 peak EPSP amplitude plotted against stim-
ulating intensity in response to a single stimulus or 50 Hz train of 5 stimuli. Error bars indicate SE.
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(Sun et al., 2014). In brief, animals were anesthetized and killed by
decapitation in accordance with institutional regulations. Hippocampi
were dissected out, and transverse slices from the dorsal hippocampus
(400mm thickness) were cut on a vibratome (Leica Microsystems,
VT1200S) in ice-cold dissection solution containing the following (in
mM): 10 NaCl, 195 sucrose, 2.5 KCl, 10 glucose, 25 NaHCO3, 1.25
NaH2PO4, 2 Na-pyruvate, 0.5 CaCl2, and 7 MgCl2. The slices were then
incubated at 33°C in ACSF (in mM: 125 NaCl, 2.5 KCl, 20 glucose, 25
NaHCO3, 1.25 NaH2PO4, 2 Na-pyruvate, 2 CaCl2, and 1 MgCl2) for 20-
30min and then kept at room temperature for at least 1.5 h before trans-
fer to the recording chamber. Cutting and recording solutions were both
saturated with 95% O2 and 5% CO2, pH 7.4. All electrophysiological
recordings were performed at 31°C-32°C.

Electrophysiological recordings.Whole-cell recordings were obtained
from PNs using the “blind” patch-clamp technique. Synaptic potentials
were recorded in current-clamp mode with the membrane held at
;�70mV with a patch pipette containing the following (in mM): 135 K-
gluconate, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 MgATP, 0.4
Na2GTP, and 10 Na2-phosphocreatine, pH 7.3 (280-290 mOsm); 0.2%
biocytin was routinely included in the intracellular solution. Series resist-
ance was monitored throughout each experiment; neurons with a series
resistance .25 MV were excluded from analysis. Extracellular field
potentials were recorded with a patch pipette containing 1 M NaCl.
Synaptic potentials were evoked by monopolar stimulation with a patch
pipette filled with 1 M NaCl and located in SLM of the CA1 region.
Neurons were held at ;–70mV for current-clamp recordings. Resting
membrane potential was measured immediately on break-in. EPSPs
were recorded in the presence of GABAA and GABAB receptor antago-
nists (1 mM SR 95531 and 2 mM CGP 55845, Tocris Bioscience).
Extracellular field recordings of population spikes were recorded in stra-
tum pyramidale in mid-CA1 (CA1b) and CA2.

Biocytin staining. The streptavidin staining was performed as
described previously (Sun et al., 2017). Briefly, after each recording,

slices were fixed at 4°C for at least 24 h in 4%
PFA in PBS, pH 7.3. After fixation, slices were
treated with PBS containing normal goat se-
rum (5%) and 0.5% Triton X-100 for 2 h at
room temperature. Slices were subsequently
incubated in PBS containing streptavidin,
AlexaFluor-594 conjugate (1:500), and 0.1%
Triton X-100 for 2d at 4°C. Subsequently, slices
were rinsed in PBS several times and processed
through increasing concentrations of glycerol,
and then embedded in mounting media
(Fluorogel, ElectronMicroscopy Sciences).

Statistics. Statistical comparisons were per-
formed using two-tailed, unpaired Student’s t
test, one-way ANOVA, or repeated-measures
ANOVA followed by Bonferroni’s multiple
comparisons test in GraphPad Prism 9, unless
otherwise noted in the figure legends. Results
are expressed as mean6 SEM. p, 0.05 is con-
sidered statistically significant.

Results
Distinct frequency-dependent
temporal dynamics in CA1 versus CA2
PNs in response to PP stimulation
We recorded from CA1 and CA2 PNs
under current clamp in response to delivery
of one or more stimuli to the PP inputs
using a stimulating electrode placed in
SLM (Fig. 1A–C). We first confirmed that a
single PP stimulus caused only a small
depolarization of the CA1 soma, with a
maximal value of 2.656 0.33mV (mean6
SEM, n=9 cells; 40 V stimulus), far below
the threshold required for firing an AP

(Fig. 1C). By contrast, the same protocol produced a 5- to 6-fold
greater depolarization in CA2 PNs (Fig. 1C), confirming our previ-
ous reports (Chevaleyre and Siegelbaum, 2010; Sun et al., 2014;
Srinivas et al., 2017).

Next, we examined the synaptic input-output relationship in
response to a high-frequency burst of stimuli (5 pulses at 50Hz)
(Fig. 1D,E). This produced a marked temporal summation of the
depolarization in CA1 PNs, as previously reported (Jarsky et al.,
2005). Surprisingly, the burst produced much less temporal sum-
mation in CA2. As a result, despite the initially much greater am-
plitude of the PP EPSP in CA2 compared with CA1 at the
beginning of the burst, by the end of the train of 40 V stimula-
tion, the net depolarization in CA1 (17.36 1.8mV, n= 6 cells)
was similar to that in CA2 (20.96 2.6mV, n=4 cells; p=0.26 for
CA1 compared with CA2; Fig. 1D,E).

These results, combined with our previous findings of power-
ful PP-driven dendritic Na1 spikes in CA2 (Sun et al., 2014), led
us to predict that high-frequency firing in EC will give rise to
contrasting dynamics of AP output in CA1 and CA2. To test
this, we delivered a train of high-frequency stimuli with the in-
tensity of 40-48 V (5 pulses at 50Hz) to the PP to elicit AP out-
put in CA1 or CA2 (Fig. 2A,B). We found that CA1 PNs
required repetitive high-frequency stimulation to trigger spikes,
whereas CA2 PNs fired in response to the first stimulus, leading
to a markedly greater spike latency in CA1 than that in CA2 (Fig.
2A–C). Extracellular recordings from CA1 and CA2 pyramidal
cell layers further confirmed the contrasting temporal dynamics
of AP output, with an increasing population spike amplitude in
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Overlay of sample voltage traces from CA1 and CA2 PNs in response to a train of PP stimuli (5 pulses at 50 Hz). Note the con-
trasting spike latency and temporal summation between CA1 and CA2 PNs. Arrows indicate the electrical stimuli. B, Sample
traces of APs in response to a train of 5 PP stimuli at 50 Hz in three additional trials obtained from the same cells as shown in
A. C, Plots of mean (bars) and individual (circles) AP latency in CA1 (n= 7 cells) and CA2 (n= 7 cells) PNs in response to the
train of 50 Hz PP stimuli. Error bars indicate SE. ***p, 0.001 (unpaired t test). D, Schematic diagram of a transverse hippo-
campal slice and the placement of stimulating and recording electrodes for extracellular field recording experiments shown in
E and F. E, Sample traces of population spikes recorded in the CA1 and CA2 pyramidal cell layer in response to a train of PP
stimuli (5 pulses at 50 Hz). Arrowheads indicate population spikes. F, Normalized population spike amplitude as a function of
PP stimulus number during the train for CA1 and CA2. Population spike amplitudes from a given experiment were normalized
to the largest population spike amplitude during the 5 stimuli, determined separately for CA1 (n= 6 slices) and CA2 (n= 6 sli-
ces). Error bars indicate SE.

Sun et al. · Cortico-Hippocampal Synaptic Dynamics J. Neurosci., September 29, 2021 • 41(39):8103–8110 • 8105



CA1 versus a decreasing population spike in CA2 during a train
of 5 stimuli (Fig. 2D–F).

To more closely mimic in vivo conditions, we elicited AP out-
put using a naturalistic stimulating sequence derived from in

vivo EC neuron firing patterns in awake behaving animals, based
on a previous report (Giocomo et al., 2011). This naturalistic
stimulating sequence consists of 18 stimuli with a mean fre-
quency of 10Hz and the instantaneous frequencies ranging from
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2 to 89Hz. This protocol revealed distinct
dynamics of AP output, in which CA2
fired with a short latency after EC stimula-
tion while CA1 fired only following bursts
of input activity (Fig. 3A,B). Moreover,
naturalistic stimulating sequences evoked
a higher spike frequency in CA2 (9.96
2.2Hz, n=8 cells) than in CA1 (4.76
0.7Hz, n=7 cells, p= 0.049) (Fig. 3C).
Interestingly, however, a significantly
larger fraction of spike events in CA1
occurred during burst firing (defined as
interspike intervals , 20ms) than in CA2
(47.5% in CA1 vs 25% in CA2; Fig. 3D,E).
Together, PP naturalistic stimulation leads
to distinct dynamics of AP output between
CA1 and CA2, with CA2 firing more sin-
gle spikes immediately after EC input but
with a smaller fraction of spikes occurring
in bursts compared with CA1.

More robust frequency-dependent
temporal summation at PP-CA1
synapses than PP-CA2 synapses
To further characterize the dynamics of
temporal summation of PP inputs to CA1
versus CA2 neurons, we varied the stimu-
lus frequency from 2 to 50Hz (Fig. 4).
Because PP-evoked EPSPs in CA2 were 5-
to 6-fold greater than CA1 (Fig. 1C), we
matched initial baseline EPSPs between
CA1 (1.456 0.23mV) and CA2 (1.766
0.32mV, p= 0.43) by adjusting PP stimu-
lation intensity in CA1 (16-24 V) and CA2
(4-8 V). We observed a steep, sigmoidal
relationship between temporal summation
(measured as the EPSP5/EPSP1 ratio) and
stimulating frequency, with a sharp rise in
CA1 EPSP amplitude at stimulating fre-
quencies of 20-30Hz (Fig. 4A–C).
Remarkably, the EPSP5/EPSP1 ratio was as
large as 7 in response to stimulating fre-
quencies of 30-50Hz at PP-CA1 synapses
(Fig. 4B,C). In sharp contrast, temporal
summation at PP-CA2 synapses was less
than that at CA1 synapses at all frequen-
cies (Fig. 4D,E), and less than half that
seen in CA1 with a 50Hz train (CA1:
EPSP5/EPSP1 = 7.116 0.95, n=10 cells;
CA2: EPSP5/EPSP1 = 3.186 0.29, n=8
cells; p, 0.001; Fig. 4E).

Might the weaker stimulation intensity
in CA2, relative to CA1, affect the level of
temporal summation? We addressed this
by applying a stimulation intensity to CA2
(16-24 V) that matched the stimulation
intensity used in CA1 (Fig. 4A–E). As
expected, strong PP stimulation produced
a large initial baseline EPSP in CA2
(8.906 0.86mV, n= 4 cells). Interestingly,
however, strong PP stimulation led to sig-
nificantly reduced temporal summation
compared with weaker stimulation in CA2
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traces showing suprathreshold EPSP-driven spikes using the same temporal pattern of naturalistic stimulation as in C and D
with a higher stimulus intensity. Traces shown in the absence or presence of APV. F, Quantification of firing probability using
conditions shown in E (control: n= 6 cells; APV: n= 9 cells). Repeated-measures ANOVA followed by Bonferroni’s multiple
comparisons test (F(1,108) = 100.6). Error bars indicate SE. ***p, 0.001. G, Sample traces of CA2 PN EPSPs in the absence or
presence of D-APV (50 mM) in response to 5 pulses of 50 Hz PP stimulation. H, Summary data showing the CA2 PN EPSP5/
EPSP1 ratio plotted against stimulation frequency in the absence or presence of APV (control: n= 8 cells; APV: n= 5 cells).
Error bars indicate SE. Repeated-measures ANOVA followed by Bonferroni’s multiple comparisons test (F(1,24) = 9.597).
*p, 0.05. I, Sample subthreshold CA2 PN EPSPs driven by a train of PP stimuli using a naturalistic EC firing pattern in the
absence or presence of APV. J, Mean CA2 PN EPSPs during naturalistic stimulation train normalized by response to first stimu-
lus. Responses averaged from 7 and 6 cells for control and APV, respectively, using the same temporal stimulus pattern.
Error bars indicate SE. Repeated-measures ANOVA followed by Bonferroni’s multiple comparisons test (F(1,197) = 18.47).
*p, 0.05. K, Sample traces showing suprathreshold EPSP-driven spikes using the same temporal pattern of naturalistic
stimulation as in I and J with a higher stimulus intensity in CA2 PNs. Traces shown in the absence or presence of APV. L,
Quantification of firing probability using conditions shown in K (control: n= 8 cells; APV: n= 6 cells). Error bars indicate SE.
Repeated-measures ANOVA followed by Bonferroni’s multiple comparisons test (F(1,90) = 15.44).
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with a 50Hz train (weak stimulation: EPSP5/
EPSP1 = 3.186 0.29, n= 8 cells; strong stimula-
tion: EPSP5/EPSP1 = 2.026 0.26, n=4 cells;
p, 0.01; Fig. 4F,G). Together, we conclude that
temporal summation in CA2 was significantly
weaker than that in CA1, regardless of the
strength of stimulation.

NMDAR activation plays a key role in the
robust frequency-dependent temporal
summation at PP-CA1, but not PP-CA2,
synapses
What are the mechanisms underlying the stark
contrasting temporal summation between PP-
CA1 and PP-CA2 synapses? As activation of
NMDARs is known to be sensitive to repetitive
stimulation (Herrero et al., 2000; Augustinaite
and Heggelund, 2007; Hunt and Castillo, 2012),
we first examined the effect of bath application
of D-APV (50 mM), an antagonist of NMDARs,
on both PP-CA1 and PP-CA2 synapses. Bath
application of APV produced a small, but not
significant, reduction of the initial PP EPSPs in CA1 (APV:
77.56 8.5% of control, p=0.088, n=6 cells), and reduced PP
EPSPs in CA2 (APV: 74.66 5.3% of control, p= 0.002, n=6
cells) (Sun et al., 2014). Thus, we adjusted the stimulation inten-
sity to match the initial EPSPs between control and APV condi-
tions. The antagonist significantly reduced EPSP summation
during high-frequency stimulation (20-50Hz), transforming the
dependence of EPSP5/EPSP1 ratio from a sigmoidal to linear
relationship in CA1 PNs (Fig. 5A,B), with no effect on the
paired-pulse ratio (control: 2.006 0.07, n=6 cells; APV:
2.056 0.08, n=9 cells; p= 0.7, unpaired Student’s t test). In
sharp contrast, bath application of APV had little effect on tem-
poral summation in CA2 PNs in response to high-frequency
stimuli at 30 or 50Hz (Fig. 5G,H).

To assess the relevance of NMDAR-dependent EPSP summa-
tion to in vivo patterns of synaptic input, we stimulated the PP in
CA1 using a naturalistic set of subthreshold stimuli of 16-24 V
intensity, as described above. We found this naturalistic stimulat-
ing pattern also caused pronounced summation, with a maxi-
mum ratio of the last to first EPSP of a burst equal to 7.06 1.4 in
CA1 (n=7 cells; Fig. 5C,D), that was capable of evoking short
bursts of postsynaptic spikes with strong stimulation intensity of
48 V (Fig. 5E,F). Bath application of APV markedly reduced the
summation to natural spike sequences (the maximum ratio of
EPSPn/EPSP1: control = 7.06 1.4, n= 7 cells; APV=3.16 0.3,
n= 8 cells; p=0.01), and completely blocked the ability of CA1
PNs to fire APs in response to PP stimulation up to 56 V (Fig.
5E,F).

By contrast to results in CA1, the same naturalistic pattern of
PP stimulation of 16-24 V intensity produced much smaller tem-
poral summation in CA2 (the maximum ratio of EPSPn/EPSP1 =
2.06 0.1, n=7 cells; p= 0.01, relative to CA1). Moreover, bath
application of APV had very little effect on CA2 temporal sum-
mation (in APV, the maximum ratio of EPSPn/EPSP1 =
1.86 0.1, n=6 cells; Fig. 5I,J). In addition, unlike CA1, APV
failed to block the ability of CA2 PNs to fire spikes in response to
48 V PP stimulation (Fig. 5K,L). Together, these results suggest
that activation of NMDARs plays a key role in robust temporal
summation at PP-CA1 synapses, but makes a minimal contribu-
tion at PP-CA2 synapses.

Blockade of NMDARs has no effect on burst-induced
facilitation of extracellular field EPSP (fEPSP) measured in
SLM of CA1
The effect of bath application of APV can be attributed to the
blockade of postsynaptic NMDARs (Golding et al., 2002;
Takahashi and Magee, 2009) or presynaptic NMDARs, as shown
in the SC terminals in CA1 (McGuinness et al., 2010; Zhang et
al., 2016) and mossy fiber terminals in CA3 (Lituma et al., 2021).
One possible mechanism underlying strong temporal summa-
tion in CA1 is through presynaptic facilitation of glutamate
release mediated by the activation of presynaptic NMDARs. To
address this possibility, we measured the effect of burst stimula-
tion on the extracellular fEPSP in SLM of CA1 (Fig. 6A), which
provides a measure of the EPSC. Although burst stimulation pro-
duced a strongly facilitation fEPSP, bath application of APV had
little impact on this facilitation (Fig. 6B,C). This is in contrast to
the strong suppression by NMDAR blockade of the temporal
summation we typically observed in the intracellularly recorded
EPSP (e.g., Fig. 4A–C). Thus, temporal summation during burst
stimulation in CA1 is unlikely to result from enhanced glutamate
release, but rather is likely to result from enhanced dendritic
integration of the excitatory responses that requires NMDAR
activation.

Discussion
In this study, we found that high-frequency bursts or naturalistic
firing sequences of presynaptic PP input lead to differential tem-
poral summation at CA1 and CA2 postsynaptic targets. In CA1,
robust temporal summation enables a brief burst of PP stimuli to
elicit a large postsynaptic depolarization sufficient to evoke AP
output, whereas a single PP stimulus produces only a weak sub-
threshold response. In contrast, a single PP stimulus to CA2 can
elicit a large postsynaptic depolarization sufficient to elicit spike
output, and this response is only modestly enhanced by weak
temporal summation in response to a high-frequency burst of PP
stimuli. As a result of these different dynamics, CA2 PNs
responded rapidly and precisely to PP input, whereas CA1 PNs
required high-frequency bursts to elicit APs that occurred proba-
bilistically late in a train. We further showed that the differential
activation of NMDARs at synapses formed between PP inputs
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Figure 6. No effect of bath application of APV on burst-induced facilitation of fEPSP measured in SLM of CA1. A,
Experimental setup. Both stimulating and recording electrodes were placed in SLM of CA1b with ;200mm apart.
B, Sample extracellular field recording traces in response to a train of PP stimuli (30 Hz). Dashed lines indicate the
level of the first fEPSP. C, Summary data showing the CA1 fEPSP5/fEPSP1 ratio plotted against stimulation frequency
in the absence or presence of APV (control: n= 6 slices; APV: n= 4 slices). Error bars indicate SE. Two-way ANOVA
followed by Bonferroni’s multiple comparisons test (F(1,18) = 7.095).
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and their CA1 and CA2 PN targets contributes to the contrasting
temporal dynamics.

Distinct temporal dynamics of cortico-hippocampal
information transfer in CA1 versus CA2 PNs
Our study provides further insight into the differential transfer
of information at the PP to CA1 compared with CA2 PNs. Our
previous work focused on a set of dendritic and synaptic mecha-
nisms by which a single PP stimulus elicits a 5- to 6-fold larger
depolarization at the soma of CA2 compared with CA1 PNs.
This includes the finding that there are 3 times as many dendritic
spines in CA2 distal dendrites compared with CA1 (Srinivas et
al., 2017). In addition, CA1 and CA2 dendrites differ in their pas-
sive and active integrative properties, enhancing the somatic
response to dendritic Na1 spikes in CA2 compared with CA1
(Sun et al., 2014). As a result, PP stimuli are able to evoke large
suprathreshold EPSPs that trigger dendritic Na1 spikes that
propagate to CA2 soma to trigger APs (Sun et al., 2014; Srinivas
et al., 2017). Our present results extend these findings by show-
ing that a greater temporal summation at PP-CA1 synapses nor-
malizes some of the differences with CA2 in terms of overall
excitatory drive. However, the distinct dendritic and synaptic
mechanisms give rise to strikingly contrasting dynamics of infor-
mation transfer between PP inputs and their CA1 and CA2 tar-
gets. Whereas CA2 PNs fire precisely and reliably in response to
EC input, CA1 PNs require a burst of EC activity to trigger spike
output. As CA2 PNs are capable of firing APs immediately fol-
lowing the firing of presynaptic EC neurons, this mechanism
should in principle enable CA1 PNs to more effectively integrate
CA2-to-CA1 input with EC-to-CA1 input. Moreover, the higher
firing rate in CA2 in response to naturalistic stimulating
sequence is consistent with in vivo recordings, which also
reported a higher mean firing rate in CA2 than CA1 (Mankin et
al., 2015; Donegan et al., 2020).

The finding that PP inputs are strongly attenuated by the
CA1 dendritic cable properties (Golding et al., 2005) has long
been difficult to reconcile with more recent evidence that these
inputs have a powerful influence on behaviors and CA1 firing in
vivo. Lesion and genetic manipulations indicate that the PP-CA1
inputs contribute to spatial working memory, trace fear condi-
tioning (Suh et al., 2011; Kitamura et al., 2014), contextual learn-
ing (Basu et al., 2016), and de novo place cell formation (Bittner
et al., 2015, 2017). Indirect evidence that PP inputs can drive
CA1 firing in vivo comes from findings that CA1 place field fir-
ing is largely maintained following surgical or chemical lesions
of the CA3-CA1 input (Brun et al., 2002, 2008) or genetic silenc-
ing of CA3 (Nakashiba et al., 2008). Our finding of powerful
temporal summation of PP inputs to CA1, together with previ-
ous findings that PP inputs can trigger CA1 dendritic spikes and
dendritic plateau potentials (Golding et al., 2002; Jarsky et al.,
2005; Takahashi and Magee, 2009; Bittner et al., 2015; Kim et al.,
2015), suggests that the PP inputs can be effectively tuned to
drive CA1 output and influence behavior depending on input
dynamics.

As nearly all functionally identified EC principal cells, includ-
ing grid cells and head direction cells, produce burst firing when
animals perform behaviorally relevant tasks (Burgalossi et al.,
2011; Tang et al., 2015), this mechanism should be particularly
effective in acting as a high-pass filter to enhance information
transfer through the EC-to-CA1 pathway during such behaviors.
By contrast, the suprathreshold response of CA2 PNs to PP input
is less sensitive to the firing rate of presynaptic EC neurons.
Rather, the weaker frequency-dependent amplification in CA2

PNs, in combination with previously identified synaptic and
dendritic integrative properties (Sun et al., 2014; Srinivas et al.,
2017), enables CA2 PNs to respond to EC input more quickly
and faithfully. How these contrasting temporal dynamics process
cortical information through the hippocampal circuitry in vivo
remains to be explored in future studies.

Mechanisms underlying contrasting frequency-dependent
temporal summation of PP-CA1 versus PP-CA2 synapses
Our data suggest that NMDAR activation is essential for regulat-
ing the distinctive dynamics of CA1 versus CA2 PNs. However,
the mechanism by which NMDARs enhance temporal summa-
tion at PP-CA1, relative to PP-CA2, synapses remains unclear.
Activation of both presynaptic and postsynaptic NMDARs can
influence postsynaptic responses and plasticity (McGuinness et
al., 2010; Hunt and Castillo, 2012; Dore et al., 2017; Lituma et
al., 2021). We found that bath application of APV reduced the
size of the EPSP by 20%-25% in response to a single PP stimula-
tion in both CA1 and CA2 PNs, indicating comparable expres-
sion levels of postsynaptic NMDARs between CA1 and CA2.
Previous studies suggest that activation of presynaptic NMDARs
at certain synapses, including SC-CA1 and mossy fiber synapses
in the hippocampus (McGuinness et al., 2010; Lituma et al.,
2021), facilitates glutamate release from presynaptic terminals.
However, our finding that the PP fEPSP in CA1 is not enhanced
during burst stimulation suggests that the large temporal sum-
mation seen in CA1 is not because of enhanced glutamate release
from PP terminals. Thus, we propose that distal apical dendrites
in CA1, relative to CA2, are equipped with a distinct unknown
mechanism that requires NMDAR activation to enhance postsy-
naptic dendritic integration. Whether the relevant NMDARs are
located in the postsynaptic CA1 neuron or presynaptic PP termi-
nals remains to be determined.
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