
Article
Routing Hippocampal Info
rmation Flow through
Parvalbumin Interneuron Plasticity in Area CA2
Graphical Abstract
Highlights
d Parvalbumin-expressing interneurons control the recruitment

of CA2 by CA3 input

d Feed-forward inhibition normalizes excitation from CA2 onto

deep and superficial CA1

d CA2 inputs strongly excite radiatum giant cells in area CA1

d Recruitment of CA2 by CA3 substantially increases CA1

output
Nasrallah et al., 2019, Cell Reports 27, 86–98
April 2, 2019 ª 2019 The Author(s).
https://doi.org/10.1016/j.celrep.2019.03.014
Authors

Kaoutsar Nasrallah, Ludivine Therreau,

Vincent Robert, Arthur J.Y. Huang,

Thomas J. McHugh,

Rebecca A. Piskorowski,

Vivien Chevaleyre

Correspondence
rebecca.piskorowski@parisdescartes.fr
(R.A.P.),
vivien.chevaleyre@parisdescartes.fr
(V.C.)

In Brief

Nasrallah et al. show how recruitment of

CA2 pyramidal neurons can considerably

influence CA1 output when these cells are

recruited by CA3. Parvalbumin-

expressing interneurons have a critical

role in regulating CA2 output and

normalize the excitatory drive from CA2

to CA1. In addition, CA2 strongly excites

radiatum giant cells.

mailto:rebecca.piskorowski@parisdescartes.fr
mailto:vivien.chevaleyre@parisdescartes.fr
https://doi.org/10.1016/j.celrep.2019.03.014
http://crossmark.crossref.org/dialog/?doi=10.1016/j.celrep.2019.03.014&domain=pdf


Cell Reports

Article
Routing Hippocampal Information Flow
through Parvalbumin Interneuron Plasticity
in Area CA2
Kaoutsar Nasrallah,1,3 Ludivine Therreau,1 Vincent Robert,1 Arthur J.Y. Huang,2 Thomas J. McHugh,2

Rebecca A. Piskorowski,1,* and Vivien Chevaleyre1,4,*
1Team Synaptic Plasticity and Neural Networks, INSERM UMR-S1266 Institute of Psychiatry and Neuroscience of Paris, Université Paris
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SUMMARY

The hippocampus is critical for the formation of
episodic memory. It is, therefore, important to under-
stand intra-hippocampal circuitry, especially in the
often overlooked area CA2. Using specific transgenic
mouse lines combined with opto- and chemoge-
netics, we show that local plasticity of parvalbumin-
expressing interneurons in area CA2 allows CA3
input to recruit CA2 pyramidal neurons (PNs),
thereby increasing the excitatory drive between
CA3 and CA1. CA2 PNs provide both stronger excita-
tion and larger feed-forward inhibition onto deep,
compared with superficial, CA1 PNs. This feed-for-
ward inhibition, largely mediated by parvalbumin-ex-
pressing interneurons, normalizes the excitatory
drive onto deep and superficial CA1 PNs. Finally,
we identify a target of CA2 in area CA1, i.e., CA1
PNs, whose soma are located in stratum radiatum.
These data provide insight into local hippocampal
circuitry and reveal how localized plasticity can
potentially control information flow in the larger
hippocampal network.

INTRODUCTION

Hippocampal area CA2 has recently emerged as an important

region for hippocampal activity and hippocampal-dependent

memory. In particular, activity in area CA2 was shown to be crit-

ical for aggressive behavior (Pagani et al., 2015) and the forma-

tion of social memory (Hitti and Siegelbaum, 2014; Stevenson

and Caldwell, 2014). It could also contribute to contextual mem-

ory (Wintzer et al., 2014) and potential temporal coding (Mankin

et al., 2015). How this small region contributes to these functions

remains to be understood. Recordings of CA2 pyramidal neuron

(PN) activity during spatial exploration have revealed that cells in

this region display activity that contrasts to that of areas CA1 and

CA3. Specifically, area CA2 was shown to be an initiation zone

for sharp-wave ripples (Oliva et al., 2016), a network-wide oscil-
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lation that has a major role in memory consolidation (Buzsáki,

2015). Furthermore, it has been shown that a subset of PNs in

area CA2 encode spatial information during immobility (Kay

et al., 2016). Thus, given this recent evidence, a better under-

standing of the local network controlling CA2 activity and

connection to area CA1 is required to better understand how

this region acts on hippocampal network activity and memory

formation.

Excitation of CA3 Schaffer collaterals drives a very large feed-

forward inhibition in area CA2 (Chevaleyre and Siegelbaum,

2010). Consistent with the higher density of interneurons

compared with other hippocampal areas (Botcher et al., 2014;

Piskorowski and Chevaleyre, 2013), inhibition prevents CA3 neu-

rons from engaging CA2 PNs. In contrast to CA3 excitatory in-

puts that do not express activity-dependent plasticity (Zhao

et al., 2007), this feed-forward inhibitory transmission in area

CA2 expresses a unique long-term depression (iLTD) mediated

by activation of delta opioid receptors (DOR) (Piskorowski and

Chevaleyre, 2013). After iLTD induction, CA3 inputs are able to

drive action potential firing in CA2 PNs (Nasrallah et al., 2015).

The consequences of the recruitment of CA2 by CA3 on area

CA1 activity after iLTD are unexplored.

We predict that recruitment of CA2 by CA3 activity will have

consequences on area CA1, the main hippocampal output.

CA2 PNs have been shown to mediate a direct excitation onto

CA1 PNs (Chevaleyre and Siegelbaum, 2010). Interestingly,

CA2 PNs were shown to make a stronger excitatory connection

onto deep CA1 PNs, i.e., those closer to stratum oriens, as

compared with superficial CA1 PNs, i.e., those closer to stratum

radiatum (Kohara et al., 2014). This is of relevance because deep

CA1 PNs in the ventral hippocampus have recently been shown

to encode social information (Okuyama et al., 2016). It has been

shown that CA2 PNs also recruit feed-forward inhibition in area

CA1 (Valero et al., 2015). However, the effect of this inhibition

on the direct excitation between CA2 and CA1 PNs is not known.

Furthermore, it was shown that the CA2-CA3 connection is

dominated by a large feed-forward inhibition that tightly controls

the recruitment of CA3 PNs by the dentate gyrus (Boehringer

et al., 2017). This inhibition controls the timing of CA3 action

potential firing, and removal of CA2 input by expression of

tetanus toxin light chain in CA2 pyramidal neurons resulted in
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hypersynchrony of CA3 firing and the emergence of large syn-

chronous events that propagated to area CA1 (Boehringer

et al., 2017).

In this study, we used chemogenetics, optogenetics, and elec-

trophysiology to examine how the recruitment of CA2 PNs by

CA3 activity after inhibitory plasticity translates onto the excit-

atory drive of different populations of CA1 PNs. We found that

parvalbumin-expressing (PV+) interneurons underlie iLTD in

area CA2 and the decreased transmission from PV+ cells is suf-

ficient to allow CA3 input to recruit CA2 PNs. We further found

that the recruitment of CA2 PNs after iLTD induction strongly

increases the excitatory drive between CA3 and CA1 PNs. This

extra-synaptic drive from CA2 to CA1 is tightly controlled by

feed-forward inhibition from PV+ interneurons and acts to

normalize the excitatory drive onto deep and superficial CA1

PNs. Finally, we report that CA2 PNs strongly project to radiatum

giant cells, PNs in area CA1 with soma located in the stratum

radiatum.

RESULTS

PV+ Interneurons Mediate the DOR-Dependent Dis-
inhibitory Plasticity in CA2
In the hippocampus, DORs are mostly expressed by PV+ inter-

neurons (Erbs et al., 2012), and area CA2 contains a high density

of this subclass of interneurons (Botcher et al., 2014; Piskorow-

ski and Chevaleyre, 2013). Stimulation of CA3 Schaffer collateral

inputs recruits a large feed-forward inhibition in area CA2 (Che-

valeyre and Siegelbaum, 2010) that undergoes an iLTDmediated

by DOR activation (Piskorowski and Chevaleyre, 2013) and al-

lows a dis-inhibitory increase in CA3-CA2 transmission (Nasral-

lah et al., 2015). Thus, we predicted that the DOR-dependent

dis-inhibitory increase in CA3-CA2 transmission would be medi-

ated by a decrease in GABA release from PV+ cells. To test

whether PV+ interneurons are necessary and sufficient for this

plasticity, we bilaterally injected a cre-recombinase-dependent

adeno-associated virus (AAV) vector expressing an inhibitory

designer receptor exclusively activated by a designer drug (Gi-

DREADD-mcherry) into the hippocampi of 6- to 8-week-old

Pvalb-cre transgenic mice. Thus, in acute slices that were pre-

pared 6 weeks later, we were able to inhibit synaptic transmis-

sion selectively from PV+ interneurons with the bath application

of the DREADD agonist clozapine N-oxide (CNO). Using immu-

nohistochemistry, we first verified that the Gi-DREADD-mcherry

expression was selective for PV+ interneurons (Figures 1A and

1B). We found that 96.3% ± 1.6% of cells expressing Gi-

DREADD-mCherry were also positive for parvalbumin (PV).

Conversely, 67.4% ± 3.5% of PV+ cells also expressedmCherry.

Therefore, the Gi-DREADD is indeed expressed in most PV+ in-

terneurons but not by other interneuron populations. We then

asked whether silencing PV+ interneurons would be sufficient

to control the strength of excitatory transmission between CA3

and CA2. We performed whole-cell current-clamp recordings

of CA2 PNs and monitored the amplitude of the post-synaptic

potentials (PSPs) in response to CA3 input stimulation. These

PSPs consist of compound excitatory and inhibitory post-synap-

tic potentials. We found that application of CNO (10 mM) induced

a large increase in the depolarizing phase of the PSP amplitude
(Figure 1C; 203.0% ± 25.5% of baseline, n = 9, p = 0.003). Next,

because feed-forward inhibitory transmission between CA3 and

CA2 prevents CA3 inputs to engage CA2 PNs, we wondered

whether silencing PV+ interneurons could also increase action

potential (AP) firing in CA2. To prevent dialysis of the recorded

cell and avoid altering intrinsic properties of the PNs, we per-

formed extracellular recordings in the somatic layer of area

CA2 tomeasure a population spike (PS) in response to CA3 input

stimulation before and after CNO application. In agreement with

previous studies (Chevaleyre and Siegelbaum, 2010; Nasrallah

et al., 2015), we found that the PS amplitude was very small or

not detectable in basal conditions, even at the highest stimula-

tion intensity (Figure 1D). Interestingly, application of CNO

induced the emergence of a PS for all stimulation intensities (Fig-

ure 1D; for instance, from 0.029 ± 0.002 mV to 0.070 ± 0.008 mV,

p = 0.0019 at 20 V stimulation, n = 6). Decreasing inhibitory trans-

mission from approximately two-thirds of PV+ INs, as was done

with Gi-DREADD, might be too strong of a manipulation in com-

parison with the decrease in PV transmission that occurs with

DOR-mediated iLTD. Thus, we wondered what fraction of

feed-forward inhibition is reduced by CNO application and

whether a moremoderate decrease in PV+ IN transmission could

also reveal AP firing in CA2 PNs. First, we determined the effect

of CNO on inhibitory post-synaptic current (IPSC) amplitude

at +10 mV (around the reversal potential for excitatory transmis-

sion) with excitation unblocked to include feed-forward inhibi-

tion. We found that CNO reduced inhibitory transmission by

�35% (Figure S1A; 65.2% ± 1.6% of baseline, n = 5;

p = 0.000065). Using slices prepared from 6- to 8-week-old

mice, we used the DOR agonist [D-Pen2,D-Pen5]enkephalin

(DPDPE; 5 mM) to depress a smaller fraction of PV+ INs and

tested whether this manipulation would be sufficient to reveal

AP firing in CA2 PNs. DORs are primarily expressed by a sub-

population of PV+ INs, representing �35% of all PV+ INs (Erbs

et al., 2012). We used cell-attached recording to prevent altering

the excitability of PNs. We observed no AP before DPDPE appli-

cation in response to CA3 input stimulation. However, applica-

tion of DPDPE revealed the appearance of APs in �80% of the

cells, thus leading to a significant increase in AP probability (Fig-

ure S1B; at 30 V, AP probability during first stimulation, 0.36 ±

0.10, p = 0.0065; AP probability during second stimulation,

0.53 ± 0.10, p = 6.2 3 10�4, n = 10). Therefore, these data

show that decreasing GABA release from a fraction of PV+ inter-

neurons is sufficient to mediate a large increase in CA3-CA2

excitatory transmission and to allow CA3 input to drive CA2

PN AP firing.

The increase in PSP and PS amplitude observed after CNO

application was very similar to what had been reported after in-

duction of DOR-mediated plasticity of inhibitory transmission

(Nasrallah et al., 2015). Thus, we wondered whether silencing

PV+ interneurons would prevent the dis-inhibition mediated by

DOR agonist application or high-frequency stimulation (HFS) of

CA3 input. In control conditions, application of the DOR agonist

DPDPE (0.5 mM) or HFS (2 trains of 100 pulses at 100 Hz, 20 s

apart) induced a large increase in the amplitude of the PSP

from CA3 (Figures 1E and 1F; DPDPE, 221.8% ± 41.9% of

baseline, p = 0.026, n = 8; HFS, 230.6% ± 23.2% of baseline,

p = 0.0026, n = 6). This increase in CA3 transmission was shown
Cell Reports 27, 86–98, April 2, 2019 87
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Figure 1. PV+ Interneurons in CA2 Control the Recruitment of CA2 by CA3 and Mediate the DOR-Dependent Dis-inhibitory Increase in CA3

Transmission

(A) Cartoon illustrating the recording conditions. An AAV vector allowing the cre-dependant expression of inhibitory Gi-DREADD was injected into the hippo-

campus of Pvalb-cre mice. Excitatory transmission from CA3 inputs was monitored in CA2 PNs before and after application of CNO to reduce inhibitory

transmission from PV+ interneurons (blue).

(B) Images of area CA2 in a hippocampal slice (mf, mossy fibers) stained for PV (magenta) and for Gi-DREADD (green) showing that most PV+ cells also express

Gi-DREADD.

(C) Time course of the normalized amplitude of the depolarizing component of the postsynaptic potential (PSP) recorded in CA2 PNs in response to CA3 input

stimulation. Silencing PV+ interneurons with CNO (10 mM) resulted in a large increase in PSP amplitude (p = 0.003, n = 9). Averaged sample traces corresponding

to the time points before (a, gray trace) and after (b, blue trace) CNO application are shown on the right.

(D) Summary graph of the individual experiments and averaged population spike (PS) amplitude as a function of stimulation intensity before (black circles) and

after (blue circles) CNO (10 mM) application. Note that silencing PV+ interneurons revealed the emergence of a PS at 20- and 30-V stimulation, as evidenced by the

downward deflection on the sample traces in CNO (blue trace).

(E) Time course of the normalized PSP amplitude recorded in CA2 PNs in response to CA3 input stimulation during application of the DOR agonist DPDPE

(0.5 mM). In control slices, DPDPE induced a large increase in PSP amplitude (white circles, p = 0.026, n = 8) but had no effect after silencing PV+ interneurons with

CNO (blue circles, p = 0.21, n = 5). Averaged sample traces corresponding to the time points before (a, black traces) and after (b, gray traces) DPDPE application

are shown on the right.

(F) Time course of the normalized PSP amplitude recorded in CA2 PNs in response to high-frequency stimulation of CA3 input. HFS resulted in a large increase in

PSP amplitude (white circles, p = 0.0026, n = 6) in control slices but not in slices with PV+ interneurons silenced by CNO (blue circles, p = 0.17, n = 5). Averaged

sample traces corresponding to the time points before (a, black traces) and after (b, gray traces) HFS are shown on the right. Error bars show SEM.
to be entirely mediated by inhibitory plasticity via a dis-inhibitory

mechanism (Nasrallah et al., 2015). When synaptic transmission

from PV+ interneurons was reduced by CNO application,

the same manipulations had no significant effect on CA3-CA2

transmission (Figures 1E and 1F; DPDPE, 116.3% ± 10.9% of

baseline, p = 0.21, n = 5; HFS, 120.5% ± 12.5% of baseline,

p = 0.17, n = 5). Thus, these data show that PV+ interneurons

entirely mediate the DOR-dependent dis-inhibitory increase in
88 Cell Reports 27, 86–98, April 2, 2019
CA3 excitatory drive because the increase in PSP resulting

from silencing PV+ interneuron transmission fully occluded

further effects by HFS or DOR agonist.

Local Plasticity in Area CA2 Controls Information
Transfer between CA3 and CA1
Wehave evidence that inhibitory plasticity of PV+ INs in area CA2

increases excitatory post-synaptic potentials (EPSPs) from CA3
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Figure 2. DOR-Mediated Plasticity in Area

CA2 Increases Excitatory Drive between

CA3 and CA1

(A) Cartoon of the recording conditions and images

of acute hippocampal slices that had been cut

either between CA3 and CA2 to keep CA2

attached to CA1 (top) or between CA1 and CA2

(bottom). A stimulating electrode (S) was placed in

the stratum radiatum of CA1 and a recording

electrode (R) was placed in the pyramidal layer of

CA1. Scale bar, 0.5 mm.

(B) Time course of amplitude of the extracellular

field post-synaptic potential (fPSP) during appli-

cation of theDOR agonist DPDPE.DPDPE (0.5 mM)

induceda large increase in fPSPamplitude in slices

with CA2 attached to CA1 (white circles,

p = 0.0051, n = 7) but not when CA2 was discon-

nected from CA1 (red circles, p = 0.735, n = 5).

Averaged sample traces corresponding to the time

points before (a) and after (b) DPDPE are shown on

top.

(C) Time course of the amplitude of the fPSP in

response to HFS of CA3 inputs. HFS led to an

increase in fPSP amplitude when CA2 was

attached to CA1 in control condition (white circles,

p = 0.000007, n = 13) but not in the presence of

the DOR antagonist naltrindole (blue circles,

p = 0.6277, n = 5) or when CA2 was cut from CA1

(red circles, p = 0.382, n = 5). D-APV (50 mM) was

applied 5 min before HFS to prevent NMDA-

dependent plasticity at the CA3-CA1 synapses.

AM251 (4 mM) was also applied to prevent

endocannabinoid-mediated plasticity at inhibitory

synapses in CA1. Averaged sample traces corre-

sponding to the time points before (a) and after (b)

HFS are shown on top.

(D) Left: sample traces of fPSP recorded before and after HFS. The subtracted trace shows that the component of the fPSP added after HFS is delayed

compared with the direct CA3-CA1 fPSP. Right: summary graph of the change in fPSP duration (measured at half amplitude and after normalization, as shown on

the bottom traces on the left) in the different experimental conditions. Both HFS and DPDPE induced a significant increase in fPSP duration in control conditions

(p = 0.00043 and p = 0.012, respectively) but not when CA2 was cut or in presence of the DOR antagonist naltrindole (Nal). Error bars show SEM.
and the probability of CA2 firing APs with CA3 stimulation.

Because CA3 PNs project to both areas CA2 and CA1, we

wondered how the recruitment of CA2 PNs by CA3 affects

area CA1. To address that question, we performed extracellular

recordings in CA1 stratum pyramidale (SP) in hippocampal slices

with an incision made either between areas CA2 and CA1 or be-

tween areas CA3 and CA2 (Figure 2A). We then evoked iLTD in

CA2 by bath application of the DOR agonist DPDPE or by HFS

to CA3 inputs. In slices with an incision between CA3 and CA2

(CA2 attached), we found that application of the DOR agonist

DPDPE induced a lasting increase in the field post-synaptic po-

tential (fPSP) amplitude in area CA1 (Figure 2B; 188.4% ± 20.9%

of baseline, p = 0.022, n = 7). In contrast, application of DPDPE in

slices with an incision between CA2 and CA1 (CA2 cut) led to an

increase in the fPSP amplitude during agonist application. This

effect was transient, and the fPSP amplitude returned to its initial

level upon washout of DPDPE (Figure 2B; 107.42% ± 16.98% of

baseline, p = 0.69, n = 5; p = 0.018 with CA2 attached slice). Our

results are consistent with the fact that activation of DOR by

DPDPE application evokes a lasting decrease in inhibitory trans-

mission in area CA2 but only a transient decrease in area CA1

(Piskorowski andChevaleyre, 2013).We think that the immediate
increase in fPSP we observe with CA2 left intact is due to the

quick, yet transient, effect of DOR activation in area CA1

because this was also observed in slices with a cut between

area CA1 and CA2. The slower rise in fPSP amplitude in the

CA2-attached condition, we think, is from the delayed onset of

DOR-mediated plasticity in area CA2.

We also performed similar experiments using HFS instead of

DOR agonist application to evoke iLTD in CA2. Because HFS

is also well known to induce a NMDA-dependent long-term

potentiation (LTP) at the CA3-CA1 excitatory synapses, we

applied the NMDA receptor blocker D-2-amino-5-phosphono-

valerate (D-APV; 50 mM) during HFS to prevent synaptic plasticity

at CA3-CA1 synapses. In most experiments (8 of 13), we also

applied the cannabinoid receptor (CB1) blocker AM251 (4 mM)

to prevent plasticity at inhibitory synapses in CA1. No differences

were found between experiments performed with or without the

CB1 receptor blocker; therefore, these experiments were

pooled. As expected, we found that HFS did not induce synaptic

plasticity when a cut was made between CA2 and CA1 because

the fPSP amplitude did not change (Figure 2C; 105.43% ±

8.12% of baseline, p = 0.382, n = 5). However, we found that

the same HFS induced a long-lasting increase in the fPSP
Cell Reports 27, 86–98, April 2, 2019 89



amplitude in area CA1 when connections from area CA2 were

intact (Figure 2C; 152.33% ± 6.90% of baseline, p = 0.0018,

n = 13, p = 0.0013 with CA2 cut slices). Therefore, this experi-

ment strongly suggests that the increase in CA3-CA1 transmis-

sion after HFS results from the recruitment of CA2 PNs after

iLTD induction. To confirm the involvement of DOR-mediated

iLTD in this process, we performed the same experiment in slices

with area CA2 attached to area CA1 (i.e., with a cut between CA3

and CA2) and in the presence of the DOR-selective antagonist

naltrindole (0.1 mM). We found that the change in the fPSP ampli-

tude in CA1 was completely abolished in the presence of naltrin-

dole (Figure 2C; 103.04% ± 5.81% of baseline, p = 0.6277, n = 5;

p = 0.00073 compared with control). We concluded that the in-

crease in the Schaffer collateral (SC) synaptic drive onto CA1

PNs likely results from the recruitment of CA2 PNs after iLTD

induction.

If this interpretation is correct, the excitatory drive coming from

CA2 should arrive with a delay compared with the direct CA3-

CA1 excitatory transmission. Indeed, when we subtracted the

initial fPSP from the fPSP recorded after DPDPE application or

HFS, we observed the emergence of a delayed synaptic

response (Figure 2D). This delayed response was quantified by

an increase in the fPSP duration (measured at half amplitude) af-

ter normalizing the fPSP amplitude to the initial response. A sig-

nificant increase in fPSP duration was observed when CA2 was

attached to CA1 after both HFS and DPDPE application (Fig-

ure 2D; HFS, from 7.0 ± 0.4 to 9.2 ± 0.7 ms; 130.8% ± 6.4%,

n = 13, p = 0.00043; DPDPE, from 5.6 ± 0.6 to 7.8 ± 0.8 ms;

136.5% ± 12.0%, n = 6, p = 0.012). However, these two manip-

ulations did not change the fPSP duration when area CA2 was

removed (Figure 2D; HFS, from 6.8 ± 0.2 to 7.2 ± 0.4 ms;

104.3% ± 9.7%, n = 5, p = 0.21; DPDPE, from 6.0 ± 1.0 to

5.9 ± 1.3 ms; 100.7% ± 6.6%, n = 4, p = 0.68). Consistently,

HFS resulted in no change in fPSP duration in the presence of

the DOR-antagonist naltrindole when area CA2 was attached

to CA1 (Figure 2D; from 7.8 ± 0.7 to 8.0 ± 0.5 ms; 104.2% ±

4.6%, n = 5, p = 0.81).

These data indicate that the recruitment of CA2 PNs by CA3

inputs after iLTD results in a significant increase in the excitatory

drive between CA3 and CA1. To directly confirm that result in

intact slices, we used chemogenetics in combination with the

cacng5-cre transgenic mouse line to specifically disrupt CA2

PN transmission. This mouse line has been shown to allow highly

specific expression of cre-recombinase-dependent constructs

in CA2 PNs after hippocampal viral injection (Boehringer et al.,

2017). Virally delivered, cre-driven vector expression is limited

to CA2 PNs, as evidenced by the co-localization with the CA2

PN marker PCP4 and exclusion from cells positive for the inter-

neuron marker GAD65/67 (Figure S2). After double-floxed in-

verse open reading frame (DiO).Gi-DREADD viral injection, we

found that DREADD expression was highly specific of CA2

PNs (Figure 3A).We performedwhole-cell current-clamp record-

ings of CA1 PNs and stimulatedCA3 SC inputs in the presence of

the NMDA receptor blocker D-APV and measured the resulting

PSP amplitude. In absence of CNO, HFS induced a significant

increase in the PSP amplitude recorded in CA1 PNs in response

to SC stimulation (Figure 3B; 134.4% ± 7.4% of baseline,

p = 0.0008, n = 12), despite the presence of D-APV to prevent
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CA3-CA1 plasticity. In contrast, in continuous presence of

CNO, and thus reduced CA2 transmission to CA1, HFS did not

induce any change in PSP amplitude in CA1 PNs (Figure 3B;

99.1% ± 6.1% of baseline, p = 0.98, n = 6; p = 0.002 with control

condition). Therefore, these data further demonstrate that the

recruitment of CA2 PNs after local iLTD induction results in an in-

crease in the excitatory drive between CA3 and CA1.

We then explored whether the recruitment of CA2 PNs after

local inhibitory plasticity could contribute to AP firing in CA1

PNs with SC stimulation. We used a non-invasive approach by

monitoring the amplitude of the PS in the somatic layer of area

CA1 before and after application of either HFS or DPDPE

(0.5 mM).We performed this measurement in slices with incisions

removing either area CA2 or CA3. We found that both HFS and

DPDPE application induced a large and long-lasting increase

in the CA1 PS amplitude when the recordings were performed

in slices with intact area CA2, that is, with a cut separating

CA3 (Figures 3C and 3D; HFS, from 192.4 ± 49.8 to 890.5 ±

277.8 mV; 489.6% ± 130.7% of baseline, p = 9.7 10-4, n = 11;

DPDPE, from 147.8 ± 17.0 to 735.3 ± 188.3 mV, 516.5% ±

142.7% of baseline, p = 0.03, n = 6). This increase in AP firing

did not likely result from a change in CA1 PN intrinsic excitability

because no increase in PS amplitude was observed when the

incision was between CA2 and CA1 (Figure 3D; HFS, from

248.5 ± 142.9 to 249.1 ± 142.5 mV; 99.6% ± 4.5% of baseline,

p = 0.93, n = 5; DPDPE, from 191.7 ± 83.6 to 290.7 ± 110.2 mV;

113.6% ± 7.9% of baseline, p = 0.18, n = 4). Furthermore, we

found no significant increase in PS amplitude after HFS in slices

with CA2 attached but in the presence of DOR-antagonist nal-

trindole (Figure 3D; from 285.2 ± 79.1 to 316.6 ± 98.1 mV;

119.4% ± 28.2% of baseline, p = 0.53, n = 5). When using the

cacng5-cre mice with Gi-DREADD expression to examine the

recruitment of area CA2, we observed no increase in PS ampli-

tude after chemogenetic silencing of CA2 PN transmission with

CNO application (Figure 3D; from 139.9 ± 63.0 to 154.5 ±

76.0 mV; 108.5% ± 7.2%, n = 8, p = 0.27).

Because of the increase in CA1 PS after plasticity induction in

area CA2, we hypothesized that the recruitment of CA2 PNs by

CA3 provides a feed-forward excitatory drive onto CA1 that

could influence the temporal fidelity of CA1 AP firing. To test

this idea, we performed whole-cell recordings of CA1 PNs and

quantified AP firing in response to stimulus trains of CA3 inputs

before and after induction of iLTD in CA2. Before iLTD induction

with DPDPE, APs were observed in 7 of 14 CA1 PNs during a

train at 50 Hz, in 6 of 14 cells with a train of 20 Hz, and in 3 of

14 cells with a train of 10 Hz. After iLTD induction, APs were

evoked in most cells at all frequencies: 9 of 14 at 10 Hz, 11 of

14 at 20 Hz, and 12 of 14 at 50 Hz. In AP-firing cells, the proba-

bility of firing an AP at each PSP was also significantly increased

after inducing iLTD (Figure 3E; at 10 Hz, F = 7.36, p = 0.02; at

20 Hz, F = 12.05, p = 0.005; at 50 Hz, F = 28.01, p = 0.00025).

In examining the delay and jitter of the AP before and after

iLTD induction, we found that AP delay was significantly reduced

(Figure 3F; from 6.77 ± 0.23 ms to 5.43 ± 0.33 ms, n = 8,

p = 0.00008) after iLTD induction. Furthermore, the jitter of the

AP was also reduced after iLTD induction as measured by the

standard deviation of the AP delay (Figure 3F; from 0.77 ± 0.1

to 0.58 ± 0.12, n = 8, p = 0.0066). Altogether, these results
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Figure 3. Recruitment of CA2 PNs Mediates

the Increase in CA3–CA1 Excitatory Drive

and Strongly Increases CA1 Output

(A) Left: recorded hippocampal slice prepared from

CACNG5-cre transgenic mouse injected with AAV

expressing cre-dependent Gi-DREADD, brightfield

image (top) and fluorescence image (bottom) of

the same slice showing the expression of inhibitory

Gi-DREADD specifically expressed in CA2 PNs.

Scale bar, 0.5 mm. Right: cartoon illustrating the

recording conditions.

(B) Time course of the normalized amplitude of the

PSP in CA1 PNs monitored in whole cells in

response to HFS of CA3 inputs. D-APVwas applied

just before HFS to prevent NMDA-dependent

plasticity at CA3-CA1 synapses. In control slices,

HFS led to a significant increase in the PSP

amplitude (white circles, p = 0.0008, n = 12). This

increase resulted from the recruitment of CA2 PNs

because it was completely prevented when CA2

PNs were silenced with CNO (blue circles, p = 0.98,

n = 6). Averaged sample traces corresponding to

the time points before (a, black traces) and after

(b, gray control and blue with CNO) HFS are shown

above.

(C) Left: cartoon of the stimulating and recording

conditions. The population spike was monitored in

the pyramidal layer of CA1 in response to CA3 in-

puts stimulation after HFS or DPDPE application

in diverse conditions: area CA2 attached (CA3 cut)

in control or in presence of DOR-antagonist nal-

trindole, area CA2 disconnected from CA1 (CA2

cut) or CA2 PNs expressing Gi-DREADD and

silenced with CNO.

(D) Left: sample traces of fPSP recorded in the

pyramidal layer in CA1 before and after HFS. Note

the large increase in the PS after HFS. Right:

summary graph of the change in PS amplitude after

HFS or DPDPE application in diverse experimental

conditions. An increase in PS is observed in slices

where CA2 was attached to CA1 after HFS (p = 0.00097, n = 5) and after DPDPE application (p = 0.03, n = 6), but not when CA2 was cut from CA1 (HFS: p = 0.46,

n = 5; DPDPE p = 0.93, n = 4), when DOR receptors were blocked with naltrindole (Nal.; p = 0.53, n = 5) or when CA2 PNs were silenced (p = 0.27, n = 8).

(E) Summary graph of the AP probability measured in CA1 PNs in response to stimulation trains of CA3 inputs at 10, 20, and 50 Hz before (black) and after (red)

iLTD induction with DPDPE application.

(F) Summary of the delay and jitter (measured as the standard deviation of the delay) of the AP during the 50 Hz stimulation train before and after iLTD induction.

DPDPE application induced a decrease in AP delay (p = 0.00008, n = 8) and a decrease in AP jitter (p = 0.0066, n = 8). Error bars show SEM.
show that a locally constrained and lasting plasticity of inhibitory

transmission of PV+ interneurons allows CA2 PNs to be recruited

by CA3 activity, resulting in an enhanced multi-synaptic excit-

atory drive onto CA1 PNs, which increases the probability and

temporal fidelity of CA1 PN AP firing with a shorter delay and

reduced jitter.

Feed-forward Inhibition Normalizes the Excitatory Drive
from CA2 onto Deep and Superficial CA1 PNs
There is evidence that deep (with soma closer to stratum oriens)

and superficial (with soma closer to stratum radiatum) CA1 PNs

are morphologically, physiologically, and functionally distinct

(Bannister and Larkman, 1995; Lee et al., 2014; Mizuseki et al.,

2011; Soltesz and Losonczy, 2018). Furthermore, it has been

shown that deep CA1 PNs receive stronger excitatory drive

from CA2 compared with superficial CA1 PNs (Kohara et al.,

2014). We postulated that after activity-dependent iLTD and
recruitment of CA2 PNs, the increase in PSP in deep CA1 PNs

should be greater than it is in superficial CA1 PNs. To address

that question, we performed whole-cell current-clamp record-

ings of deep and superficial CA1 PNs before and after HFS to

evoke iLTD in area CA2. The recorded cells were filled with bio-

cytin, and their location as deep or superficial in the pyramidal

layer was precisely determined by staining of the filled cell as

well as the soma in the pyramidal layer and performing confocal

microscopy (Lee et al., 2014). Surprisingly, we found that the in-

crease in PSP amplitude after HFS was not greater in deep (Fig-

ure 4A; 129.8% ± 11.8% of baseline, p = 0.04, n = 6) as

compared with superficial CA1 PNs (Figure 4A; 135.6% ±

10.0% of baseline, p = 0.015, p = 0.37 with deep CA1 PNs,

n = 6). To better assess the synaptic component due to the

recruitment of CA2 PNs, we subtracted the PSP before HFS

from the PSP monitored after HFS (Figure 4A). We found

that the subtracted PSPs had similar amplitude in deep
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Figure 4. Activity-Dependent Recruitment

of CA2 PNsDoesNot Provide a Larger Excit-

atory Drive onto Deep, Compared with Su-

perficial, CA1 PNs

(A) Left: sample images of biocytin-filled CA1 PNs

(red) recorded during application of HFS in intact

slices. Neuronal cells were stained with Nissl to

determine the location of the recorded CA1 PN

(above, a deep CA1; below, a superficial CA1 PN).

Middle: time course of the PSP amplitude moni-

tored in a whole-cell recording of deep or superfi-

cial CA1 PNs. Note that the increase in PSP

amplitude is similar in both populations of CA1

neurons. Averaged sample traces corresponding

to the time points before (a) and after (b) HFS are

shown on the right. The trace before HFS was

subtracted from the trace after HFS to isolate the

component added by recruitment of CA2 PNs.

Scale bar: 30 mm.

(B) Left: averaged PSPs (± SEM) during a paired-

pulse stimulation obtained after subtraction, as

displayed in (A) for deep and superficial CA1 PNs.

Note that, although the amplitudes are similar, the

decay of the PSPs decay time courses differ be-

tween deep and superficial PNs. Right: summary

graphof theaveragedvalues (±SEM)and individual

cell values for the PSP amplitude and PSP decay.

The amplitudes were not different between deep

and superficial cells (PSP1, p = 0.68; PSP2,

p = 0.55, n = 6), but the decays were faster in deep

CA1 PNs (PSP1, p = 0.03; PSP2, p = 0.008, n = 6).
(Figure 4B; PSP1, 2.7 ± 0.4 mV, n = 6; PSP2, 2.8 ± 0.7 mV, n = 6)

and superficial (Figure 4B; PSP1, 3.0 ± 0.5 mV, p = 0.68 with

deep CA1, n = 6; PSP2, 3.4 ± 0.6 mV, p = 0.55 with deep CA1,

n = 6) CA1 PNs. However, the time course of the decay of the

subtracted PSP was significantly faster in deep CA1 PNs (Fig-

ure 4B; PSP1, tdeep = 13.5 ± 4.6 ms, n = 6; tsuperficial = 31.7 ±

5.7 ms, p = 0.03, n = 6; PSP2, tdeep = 10.8 ± 4.0 ms, n = 6;

tsuperficial = 27.8 ± 3.2 ms, p = 0.008, n = 6). Therefore, these

data suggest that the PSP from CA2 might be controlled by a

larger feed-forward inhibition in deep, as compared with super-

ficial, CA1 PNs.

With optogenetics and whole-cell voltage-clamp recordings, it

was shown that the amplitude of the excitatory post-synaptic

currents (EPSCs) between CA2 and CA1 was not controlled by

feed-forward inhibition (Kohara et al., 2014). To more precisely

examine the influence of feed-forward inhibition on excitatory

drive at the CA2-CA1 synapse, we chose to perform current-

clamp recordings of CA1 PNs. We used the cacng5-cre mouse

line to selectively express channelrhodopsin-2 (ChR2) in CA2

PNs and monitored the light-evoked changes in membrane po-

tential in deep and superficial CA1 PNs in control conditions

and after blocking inhibitory transmission (Figure 5A). We

monitored the amplitude of the depolarizing component of the

PSP over a wide range of light-stimulation intensities. We found

that in control conditions, the depolarizing component of the

PSP was not significantly different between deep and superficial

CA1 PNs (Figures 5B and 5D; at 15 mW/mm2, superficial, 2.49 ±

0.52 mV, n = 8; deep, 4.22 ± 0.95 mV, n = 7; p = 0.093). However,

in agreement with our previous results, we found that the decay

of the PSP was significantly faster in deep, as compared with
92 Cell Reports 27, 86–98, April 2, 2019
superficial, CA1 PNs (Figure 5D; at 15 mW/mm2, superficial,

19.6 ± 2.6 ms, n = 8; deep, 12.3 ± 1.5 ms, n = 7; p = 0.039). In

the presence of GABAA&B receptor antagonists, the amplitude

of PSPs became significantly greater in deep, compared with su-

perficial, CA1 PNs (at 15 mW/mm2, 8.52 ± 1.9 mV versus 3.36 ±

0.8 mV; p = 0.042). Conversely, blocking GABAA&B receptors

abolished the difference in the decay-time constant of the

EPSP between deep and superficial CA1 PNs (Figure 5D; at

15 mW/mm2, 26.03 ± 3.04 ms versus 24.02 ± 3.8 ms; p =

0.69). To isolate the inhibitory component evoked by stimulation

of CA2 PNs onto CA1 PNs, we subtracted the responses before

and after application of GABAA&B receptor antagonists. We

found that the isolated IPSP was, on average, four times greater

in deep CA1 PNs as compared with superficial CA1 PNs (Fig-

ure 5E; deep, 4.8 ± 1.1 mV, n = 7; superficial, 1.0 ± 0.24 mV,

n = 8; p = 0.012). Altogether, these data show that CA2 PNs re-

cruit a stronger feed-forward inhibition onto deep, compared

with superficial, CA1 PNs. This feed-forward inhibition acts to

normalize the amplitude of the PSP from CA2 onto deep and su-

perficial CA1 PNs.

It is unclear why the isolated excitatory drive fromCA2 is stron-

ger onto deep CA1 compared with superficial CA1 PNs. In

contrast to the monosynaptic contact between CA3 and CA1

PNs, it has been shown that a single CA2 PN can make several

synapses on a single CA1 PN (Chevaleyre and Siegelbaum,

2010). Therefore, one possible explanation could be that deep

CA1 PNs receive more synapses than superficial CA1 PNs.

CA2 PNs mainly send their projections in stratum oriens of CA1

(see Figure 5B). Thus, we reconstructed deep and superficial

CA1 PNs and quantified the morphology of the basal dendrites.
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Figure 5. Recruitment of Feed-Forward In-

hibition Normalizes the Excitatory Drive

from CA2 onto Deep and Superficial CA1

PNs

(A) Image of a hippocampal slice from the

CACNG5-cre mouse line injected with AAV

expressing cre-dependent channelrhodopsin

(ChR2). The expression of ChR2 (green) was

restricted to CA2 PN membrane, visible in soma

and dendrites in area CA2 and CA2 axons in areas

CA3 and CA1. Recorded CA1 PNs were filled with

biocytin (red) and subsequently stained. All

neuronal soma were stained with Nissl (blue).

Sample images of a deep and a superficial CA1 PN

and their respective responses to light stimula-

tion of CA2 PNs before and after blocking inhibi-

tory transmission with the GABAA&B blockers

SR95531(1 mM) and CGP 5584A (2 mM) (SR/CGP).

(B and C) Summary graphs of the amplitude of the

PSP evoked by different intensities of light in deep

and superficial CA1 PNs before (B) or after block-

ing inhibitory transmission with GABAA&B blockers

(C). PSP amplitudes are not different in the control

conditions (p = 0.093) but are significantly different

after blocking GABA transmission (p = 0.042).

(D) Summary graph and individual cell values for

the PSP amplitude and decay time constant ob-

tained with a stimulation of 21 mW/mm2. In control

conditions (C), the PSP amplitudes were not

different between deep and superficial CA1

PNs (p = 0.09, n = 8 superficial, n = 7 deep), but the

decay was faster in deep CA1 PNs (p = 0.036).

After blocking inhibition with SR95531 (1 mM) and CGP 5584A (2 mM) (SR/CGP), the PSP amplitude became larger in deep, compared with superficial, CA1 PNs

(p = 0.042), and the decay became similar in deep and superficial CA1 PNs (p = 0.16).

(E) Summary graph and individual cell values of the inhibitory component evoked by CA2 PN stimulation obtained by subtracting the traces in control conditions

(C) from the traces recorded in GABA receptor blockers (SR/CGP). The amplitude of the IPSP was significantly larger in deep CA1 PNs (p = 0.012). Averaged

sample traces of the IPSP in deep and superficial cells are shown on the right. Error bars show SEM.
We found a significant correlation between the location of the

CA1 PN along the radial axis of the somatic layer and the number

of basal dendritic branches. Specifically, although the number of

primary basal dendrites was similar between deep and superfi-

cial CA1 PNs, we found that cells located closer to stratum oriens

(SO) had more higher-ordered dendrites, nodes, and branch

endings as compared with cells located closer to the stratum ra-

diatum (SR; Figure S3). The total length of dendrites located in

the SO was also significantly greater for deep, compared with

superficial, CA1 PNs. Therefore, these data provide a potential

explanation for the stronger excitatory drive from CA2 onto

deep CA1 PNs.

In addition to deep and superficial CA1 PNs, we also recorded

large neurons with soma in SR (Figure 6A). These neurons, called

radiatum giant cells (RGCs), have previously been described as

being excitatory (Gulyás et al., 1998) and are known to differ from

CA1 PNs by their inversed expression gradient of hyperpolar-

ized-activated cation channel, HCN (Bullis et al., 2007). Further-

more, RGCs have been found to have an increased contribution

of NMDA in the EPSP evoked by SR stimulation as compared

with EPSPs in CA1 PNs (Kirson and Yaari, 2000). After recon-

struction of these cells, we observed a cellular morphology

very consistent with what has previously been described for

these neurons (Figure 6B), displaying two thick apical dendrites

and having a soma with an inverted, triangular shape. Further-
more, consistent with what has been described, the basic

intrinsic electrophysiological properties during depolarizing or

hyperpolarizing pulses were similar to that of CA1 PNs (Fig-

ure 6C). Surprisingly, we found that light stimulation of CA2 PN

axonal fibers resulted in large PSPs that were significantly larger

than the PSPs of superficial CA1 PNs (at 41 mW/mm2, 7.7 ±

1.3 mV for RGC; and 4.6 ± 0.67 mV for superficial CA1 PNs;

p = 0.043) but similar in magnitude to those of deep CA1 PNs

(at 41 mW/mm2, 6.9 ± 1.5 mV; p = 0.70). After blocking inhibitory

transmission by applying GABAA&B receptor blockers, the

PSP amplitude of RGCs was significantly increased (at

41 mW/mm2, from 7.7 ± 1.3 to 12.41 ± 2.07, p = 0.045, n = 6)

and stimulation with light intensities greater than 20 or

40mW/mm2 often led to AP firing (Figure 6D). These data provide

evidence that CA1 RGCs are strongly connected both directly by

CA2 PN axons and indirectly by feed-forward inhibition fromCA2

PNs.

PV+ Interneurons Control CA2 Input onto Deep and SR
CA1 PNs
DeepCA1PNs havebeen shown to receivemore inhibitory trans-

mission from PV+ basket cells compared with superficial CA1

PNs (Lee et al., 2014). It is unknown whether intra-hippocampal

projections from CA2 PNs recruit PV+ basket cells in area CA1.

To answer that question, we took advantage of the finding that
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Figure 6. CA2 PNs Provide a Strong

Connection onto CA1 RGCs

(A) Image of a recorded neuron filled with biocytin

(left), Nissl staining of all neuronal soma (middle),

and an overlay (right) showing the location of

the soma just below the cell body layer in stratum

radiatum.

(B) Reconstruction of recorded radiatum giant

cells (RGCs; dendrites are in black; axons are in

red). Note the presence of two apical dendrites

emerging from the soma or one apical dendrite

branching into two thick dendrites close to the

soma.

(C) Voltage responses elicited by hyperpolarizing

and depolarizing current injections (shown below)

illustrating that RGCs have a firing pattern similar

to CA1 PNs.

(D) Summary graph of the amplitude of the PSP

recorded in RGCs evoked by different light in-

tensities in a CACNG5-cre mouse line expressing

ChR2 in control conditions (black circles) and after

blockade of inhibitory transmission with SR95531

(1 mM) and CGP 5584A (2 mM) (SR/CGP); purple

circles). In the presence of GABA receptor

blockers, PSP amplitude could not be quantified

above 40 mW/mm2 because of the occurrence of

action potential firing. Averaged sample traces at

three light intensities are shown above. Error bars

show SEM.
synaptic transmission from PV+ interneurons was nearly entirely

lost after activation of mu opioid receptors (MORs) (Glickfeld

et al., 2008). We selectively expressed ChR2 in CA2 PNs and

monitored the PSP amplitude in all three classes of CA1 PNs

before and after applying the MOR agonist DAMGO (1 mM). We

found that the DAMGO application induced a large and signifi-

cant increase in PSP amplitude in deep (at 15 mW/mm2, 94.6%

± 36.2%, p = 0.047) and in RGCs (87.7% ± 14.6%, p = 0.0035),

butnot in superficialCA1PNs (27.4%±18.3%;p=0.2;Figure7A).

Similarly, the PSP decay became much slower after DAMGO

application in deep (87.4% ± 8.3%; p = 0.00045) and RGCs

(62.2% ± 16.2%; p = 0.018), but not in superficial CA1 PNs

(3.3% ± 7.2%; p = 0.67; Figure 7A). Subsequent blockade of all

inhibitory transmissionwith SR/CGPhadno significant additional

effect on PSP amplitude (deep, 104.2% ± 38.8%, p = 0.067 with

DAMGO; superficial, 18.1%± 8.4%, p=0.49withDAMGO;RGC,
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120.5% ± 96.3%, p = 0.47 with DAMGO).

Application of GABAA&B receptor

blockers also had no additional effect on

EPSP decay in deep and superficial CA1

PNs (deep, 128.8% ± 33.4%, p = 0.18

with DAMGO; superficial, 10.1% ±

13.7%, p = 0.60 with DAMGO) and

induced a small, but significant, increase

in RGCs (155.9% ± 32.6%, p = 0.045

with DAMGO). These data show that

most of the control of the EPSP by feed-

forward inhibition between CA2 and both

deep CA1 PNs and RGCs is mediated by

PV+ interneurons.
Finally, because we observed an increase in the PS in CA1 af-

ter recruitment of CA2 by CA3 inputs, we next wondered which

subset of CA1 PNs was able to fire APs upon CA2 stimulation

and whether feed-forward inhibition from PV+ interneurons was

effective at controlling AP firing. In control conditions, stimulation

of CA2 inputs could evoke APs in some deep PNs and RGCs

(deep, 2 of 5; RGCs, 1 of 5) but never in superficial CA1 PNs

(0 of 7). After blocking transmission from PV+ interneurons with

DAMGO, light activation of CA2 PN axons was able to evoke

AP firing in most deep CA1 PNs and RGCs (deep, 3 of 5;

RGCs, 3 of 5), but not in superficial CA1 PNs (0 of 7). Blocking

all inhibition further increased the proportion of deep CA1 PN-

and RGC-firing APs (deep, 4 of 5; RGCs, 4 of 5) and revealed

AP firing in some superficial CA1 PNs (2 of 7). The average num-

ber of APs was significantly increased after blocking inhibitory

transmission compared with control conditions in deep
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Figure 7. PV+ Interneuron-Mediated Feed-

Forward Inhibition from CA2 PNs Tightly

Controls EPSP and Action Potential Firing

in Deep PNs and RGCs

(A) Summary graph for the quantification of the

change in amplitude and decay of the PSP

evoked by 15 mW/mm2 light stimulation of CA2

PNs and recorded in deep, superficial, and RGC

CA1 PNs after application of the Mu opioid re-

ceptor agonist DAMGO (orange) and application

of the GABAA&B receptor blockers SR95531

(1 mM) and CGP 5584A (2 mM) (SR/CGP) (pur-

ple). Averaged sample traces are shown on the

left. Application of DAMGO (1 mM) induced a

significant increase in PSP amplitude and decay

in deep (p = 0.047 and p = 0.00045, respectively)

and RGC CA1 PNs (amplitude: p = 0.0035;

decay: p = 0.018) but not in superficial CA1 PNs.

Subsequent application of GABAA&B receptor

blockers slightly but non-significantly increased

the PSP amplitude and decay in deep PNs and

significantly increased EPSP decay in RGCs

(p = 0.045).

(B) Left: example traces of synaptic response to

a paired stimulation of CA2 axons with light in a

deep CA1 PN. In control conditions, no APs

were evoked by the stimulation. Application of

DAMGO resulted in AP firing, and more APs are

observed after complete block of inhibitory

transmission by SR/CGP. Right: summary graph

of the number of APs evoked in deep, superfi-

cial, and SR CA1 PNs in control conditions and

after application of DAMGO and SR/CGP.

DAMGO induced a non-significant increase in the number of action potentials in deep CA1 PNs and RGCs. Subsequent application of GABAA&B receptor

blockers further increased the AP number in deep (p = 0.045 with control) and RGC PNs (p = 0.012 with control). Error bars show SEM.
PNs (Figure 7B; at 76 mW/mm2, from 0.46 ± 0.28 to 3.66 ± 1.29,

p = 0.045, n = 5) and in RGCs (at 76mW/mm2, from 0.13 ± 0.13 to

1.4 ± 0.4, p = 0.012, n = 5) but not in superficial CA1 PNs (at

76 mW/mm2, from 0 to 1.02 ± 0.8, p = 0.37 n = 7). The fact

that a few superficial cells (2 of 7) fired AP after blockade of inhib-

itory transmission, despite the lack of effect of GABAR blockers

on EPSP amplitude (Figure 7A), can be explained by the different

stimulation intensities used in these experiments. We used a

small-intensity stimulation (15 mW/mm2) to monitor the change

in EPSP amplitude and decay because greater stimulations led

to AP firing in most deep cells, thus precluding an accurate mea-

sure of the EPSP. At greater stimulation intensities

(>20 mW/mm2), GABA blockers led to a small, but non-signifi-

cant, increase in PSP amplitude (see Figures 5B and 5C) and re-

vealed AP firing in a small fraction of superficial cells. Altogether,

these data reveal that CA2 PN inputs are sufficient to evoke APs

onto deep and CA1 PNs and RGCs, and that drive is strongly

controlled by feed-forward inhibitory transmission (see model

in Figure S4).

DISCUSSION

In this study, we identified a synaptic target of CA2 PNs in the

hippocampus and revealed how large feed-forward inhibition

controls both the recruitment of CA2 PNs and the excitatory

drive between CA2 and CA1. First, we found that PV+ interneu-
rons strongly contribute to the inhibitory control of CA2 PNs

and entirely underlie the DOR-dependent dis-inhibition of CA2

PNs. Second, we found that local inhibitory plasticity in area

CA2 allows the recruitment of CA2 PNs by CA3 input and in-

creases the excitatory drive between CA3 and CA1. Third, we

found that feed-forward inhibition normalizes the excitatory

drive from CA2 onto deep and superficial CA1 PNs. Fourth,

we show that PV+ interneurons largely contribute to the feed-

forward inhibition from CA2 to CA1. Finally, we reveal that

RGCs located in area CA1 SR are strongly connected directly

by CA2 PNs and indirectly by CA2-mediated feed-forward

inhibition.

Role of PV+ Interneurons in Controlling Recruitment of
CA2 PNs by CA3 Inputs
In contrast to excitatory inputs from CA3, inhibitory transmission

in area CA2 is plastic and displays an LTDmediated byDOR acti-

vation. We have shown that this plasticity mediates a dis-inhibi-

tory increase in CA3 transmission and allows CA3 inputs to

recruit CA2 PNs (Nasrallah et al., 2015). PV+ interneurons have

recently been shown to mediate an input-timing-dependent

plasticity evoked by pairing cortical and CA3 input stimulations

(Leroy et al., 2017). It was unclear, however, whether the same

interneuron population was involved in the dis-inhibitory

increase in CA2 output mediated only by CA3 activity. Using

chemogenetics, we showed that silencing PV+ interneuron
Cell Reports 27, 86–98, April 2, 2019 95



transmission was sufficient to increase the amplitude of the PSP

from CA3 and permit CA2 PNs to fire APs. Silencing inhibitory

transmission from PV+ interneurons completely occluded

any subsequent increase in CA3 excitatory drive by HFS or

pharmacological DOR activation. Therefore, our data demon-

strate that PV+ interneurons mediate all the dis-inhibitory

increase in CA3-CA2 transmission and reveal that PV+ interneu-

rons have a critical role in controlling recruitment of CA2 PNs and

information transfer within the hippocampus.

Given the role of CA2 PNs in social memory formation (Hitti

and Siegelbaum, 2014), this finding has pathological relevance.

PV+ interneuron density has been found to be decreased in the

hippocampus uniquely in area CA2 in post-mortem studies of

schizophrenic patients (Knable et al., 2004) and in a mouse

model of the 22q11.2 deletion syndrome (Piskorowski et al.,

2016). Consistently, a decrease in DOR-mediated iLTD was

observed in mice with the 22q11.2 deletion, along with

decreased AP firing of CA2 PNs after iLTD induction (Piskorow-

ski et al., 2016). Therefore, our results highlight a critical role of

PV+ interneurons in area CA2 and reveal how a decreased PV+

interneuron density in that area might explain the deficit

observed during neuropsychiatric diseases with impaired social

cognition.

Recruitment of CA2 PNs Increases the Excitatory Drive
between CA3 and CA1
To examine the extent to which the recruitment of CA2 PNs by

CA3 after iLTD of PV+ interneuron transmission alters the drive

onto CA1, we disrupted the transmission from CA2 by two

different methods. Wemade very small incisions in hippocampal

slices to physically separate the input from CA2 PNs in the slice

or left area CA2 intact. We also used a CA2-specific transgenic

line, cacng5-cre, and performed targeted viral injections to

express silencing Gi-DREADD in CA2 PNs. Our data show that

induction of DOR-mediated iLTD in area CA2 contributes to

the excitatory drive between CA3 and CA1. Indeed, after iLTD in-

duction in area CA2, the trisynaptic pathway that normally by-

passes CA2 because of large feed-forward inhibition can recruit

CA2 PNs. This added an additional di-synaptic connection be-

tween CA3 and CA1 (i.e., CA3-CA2-CA1) and resulted in an in-

crease in the excitatory drive of SC stimulation onto CA1 PNs.

Even when the LTP between SC and CA1 PNs is blocked, HFS

of SC or pharmacological manipulations that reduce inhibitory

transmission in CA2 increased EPSP amplitude in CA1 PNs.

The emergence of a delayed di-synaptic component was clearly

visible on the PSP recorded extracellularly in the somatic layer

of CA1.

This finding has an important implication: when synaptic trans-

mission and plasticity at CA3-CA1 synapses is studied in intact

slices, one has to be careful that any manipulation that affects

EPSPs in CA1 is not an indirect consequence of the recruitment

of CA2 PNs. For instance, it was shown that blockade of inhibi-

tory transmission reveals a delayed response in CA1 PNs, an

effect that was interpreted as being mediated by recurrent con-

nections between CA1 PNs (Crépel et al., 1997). Although we do

not challenge that interpretation, our results also provide another

mechanism by which blocking inhibitory transmission could

reveal a delayed EPSP in CA1 PNs from CA3 stimulation. Simi-
96 Cell Reports 27, 86–98, April 2, 2019
larly, a delayed response was also observed in CA1 PNs after

blocking adenosine receptors with the A1 receptor blocker cy-

clopentyltheophylline (CPT) (Klishin et al., 1995). Interestingly,

the concentration of CPT used in this study (100 nM) was shown

later on to have no effect on CA3-CA1 transmission but to trigger

a large increase in CA3-CA2 EPSPs (Simons et al., 2011).

Although a cut was made in the slice to prevent activation of

CA3, it is possible that if CA2 were left intact, part of the effect

observed might have been mediated by the recruitment of

CA2 PNs.

Feed-forward Inhibition Normalizes Excitatory Drive
from CA2 onto Deep and Superficial CA1 PNs
With optogenetic activation of CA2 PNs, it has been shown that

light-evoked excitatory currents recorded in CA1 PNs were

stronger in deep, than in superficial, CA1 PNs (Kohara et al.,

2014). Furthermore, larger EPSCs onto deep CA1 PNs have

also been reported with extracellular activation of CA2 PNs (Va-

lero et al., 2015). Consistent with our results, this study also re-

ported larger feed-forward inhibitory currents onto deep CA1

PNs. Neither of the two previous works examined the effect of

CA2-driven feed-forward inhibition on the excitatory potentials

of CA1 PNs. Here, we made the unexpected finding that when

CA1 PNs were not voltage-clamped, the amplitude of EPSPs

from CA2 PNs was not significantly larger in deep, as compared

with superficial, cells. However, the decay time course was

significantly faster in deep CA1 PNs, revealing that feed-forward

inhibition is acting to control EPSP shape and amplitude only in

deep CA1 PNs. Indeed, blocking inhibitory transmission slowed

the decay of EPSPs in deep CA1 PNs and increased their ampli-

tude, but it did not affect EPSPs in superficial CA1 PNs. We

postulate that this difference in EPSC amplitude between

deep and superficial cells is potentially a consequence of the

increased dendritic length and number of branches in deep cells

as comparedwith superficial PNs. As previously reported inmice

(Lee et al., 2014), we observed an increased dendritic length in

SO in deep CA1 PNs. Furthermore, in agreement with what

has been described in rats (Bannister and Larkman, 1995), we

also observed that deep CA1 PNs have more dendritic branches

than superficial CA1 PNs.

The fact that a previous study did not observed any effect of

inhibition on CA2-CA1 excitatory transmission likely results

from the recording method (Kohara et al., 2014). Indeed, the

CA2-CA1 transmission was monitored in voltage-clamp at

�70 mV. This recording configuration will greatly minimize

any contribution of inhibitory transmission. With a more physi-

ological recording configuration, we show that CA2-CA1 trans-

mission is strongly controlled by feed-forward inhibition in

deep, but not in superficial, CA1 PNs. This inhibition acts to

normalize the excitatory drive onto deep and superficial CA1

PNs.

We postulate that this feed-forward inhibition recruited by

CA2 inputs may have a role in the microcircuit that controls

the participation of different populations of CA1 PNs during hip-

pocampal function. Differences in activity have been reported

in deep and superficial CA1 PNs during theta and gamma os-

cillations in vivo (Mizuseki et al., 2011; Senior et al., 2008). It

has been shown that during sharp-wave ripple (SWR) events,



deep CA1 PNs have hyperpolarized membrane potentials,

whereas superficial PNs are depolarized, and the participation

of CA1 PNs in SWR activity in vivo correlates with somatic loca-

tion (Valero et al., 2015). Further, a fraction of SWRs have been

shown to originate from oscillatory activity in area CA2 (Oliva

et al., 2016). In that study, the authors propose that interneu-

rons in area CA1 are activated by CA2 inputs during the SWR

event. Our data support that hypothesis and demonstrate

directly that CA2 PNs engage feed-forward inhibition in area

CA1, particularly onto deep CA1 PNs. Which population of in-

terneurons is responsible and the contribution to the overall cir-

cuit remain open questions.

CA2 PNs Strongly Connect RGCs in Area CA1
Our results reveal a post-synaptic target of CA2 PNs within the

hippocampus. We found that CA2 PNs strongly connect to

large neurons in area CA1 SR. Although little is known about

these cells, they were originally characterized and named radi-

atum giant cells (RGCs) by Gulyás et al. (1998). Their dendritic

branching is similar to CA1 PNs but with some characteristic

differences, often having two large, apical dendrites or one api-

cal dendrite that bifurcates close to the soma, and these apical

dendrites form a large dendritic tuft in stratum lacunosum-mo-

leculare (SLM) (Gulyás et al., 1998). Like classical CA1 PNs,

their excitatory inputs display a NMDA-dependent LTP in

response to a pairing protocol. However, they differ from clas-

sical CA1 PNs by a large contribution of NMDA receptors to

synaptic responses evoked by stimulation in SR (Kirson and

Yaari, 2000). They also express a reversed gradient in HCN

channels compared with other CA1 PNs (Bullis et al., 2007).

Although electrical stimulation in SR has been shown to evoke

EPSPs in RGCs, that kind of stimulation cannot discriminate

between CA3 and CA2 inputs. Using specific optogenetic stim-

ulation of CA2 PNs, we show here that CA1 RGCs are strongly

connected by CA2 PNs. The physiological relevance of the

strong connection between CA2 and CA1 RGCs is currently un-

known. Interestingly, RGCs in the ventral hippocampus have

been shown to project directly to the olfactory bulb (Gulyás

et al., 1998; van Groen and Wyss, 1990). Silencing transmission

from CA2 PNs resulted in compromised social memory forma-

tion, i.e., the ability to remember a conspecific (Hitti and Siegel-

baum, 2014; Stevenson and Caldwell, 2014). In rodents, this

form of hippocampal-dependent memory profoundly relies on

olfaction. CA2 PNs receive a strong connection from the ento-

rhinal cortex (Chevaleyre and Siegelbaum, 2010), a structure

that has been shown to be implicated in odor processing (Leit-

ner et al., 2016) and to transmit sensory information to the hip-

pocampus. Thus, there may exist a potential olfactory feedback

connection between hippocampal area CA2 and the olfactory

bulb, via CA1 RGCs, contributing to the processing of social ol-

factory information in the hippocampus. Our results have been

obtained from dorsal hippocampus. However, both anatomical

and functional studies have shown that dorsal CA2 PNs project

to the ventral area CA1 (Meira et al., 2018; Tamamaki et al.,

1988). Therefore, although more experiments have to be per-

formed to conclude that CA2 transmission is similar in dorsal

and ventral CA1, it is likely that our conclusion also applies to

the ventral hippocampus.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

6-12-weeks old male C57BL/6, cacng5-cre or Pvalb-cre mice were used for electrophysiological experiments. All animals were

group housed in a standard 12 hr light/12 hr dark cycle and had free access to food and water. All procedures were approved

and performed in accordance with the Université Paris Descartes Animal Experimentation ethical committee (ethic protocol number

2016040417305913-V10, Apafis #12406).

METHOD DETAILS

Stereotaxic injection
The adeno-associated viruses, AAV.DJ/8.hSyn.DIO.hM4D.Gi.mCherry, and AAV.EF1a.DIO.hChR2(H134R).EYFP were used at

3 3 108 vg. 500 nL of virus was injected bilaterally into the hippocampus of 6 - 8 week-old cacng5-cre or Pvalb-cre mice at

100 nL/min and the injection cannula was removed 5 minutes after infusion was complete. Injections were centered on: AP:

�1.5 mm; ML: +/�1.8 mm; at a depth of 1.5 mm from the brain surface. The resulting infected area spanned at least 2 mm along

the longitudinal axis of the hippocampus.

Slice preparation
400 mm transverse hippocampal slices were prepared two weeks following viral injection for the optogenetic experiments

and 6 weeks following injection for Gi-DREADD experiments. From our previous work, we have not observed any differences in

the synaptic transmission or properties of CA2 PNs between 6 and 30 weeks old animals. Animals were euthanized in accordance

with institutional regulations with isofluorane and ketamine/xylazine anesthesia. Animals were intra-cardially perfused with oxygen-

ated cutting solution containing (in mM): 93 NMDG, 2.5 KCl, 1.25 NaH2PO4, 30 NaHCO3, 20 HEPES, 25 Glucose, 2 thiourea, 5 Na-

Ascorbate, 3 Na-pyruvate, 0.5 CaCl2, 10 MgCl2, 93 HCl. Hippocampi were removed and placed upright into an agar mold and cut

with a vibratome (Leica VT1200S) in ice-cold solution and transferred to 30�C ACSF (in mM: 125 NaCl, 2.5 KCl, 10 glucose, 26

NaHCO3, 1.25 NaH2PO4, 2 Na Pyruvate, 2 CaCl2 and 1 MgCl2) for 30 min and maintained at room temperature for at least 1.5 hr

prior to recording. For some experiments, a scalpel was used to make a small incision between CA2 and CA1 or between CA3

and CA2 under a dissection stereomicroscope immediately after cutting prior to incubation at 30�C. All experiments were performed

at 33�C. Cutting and recording solutions were both saturated with 95% O2 and 5% CO2 (pH 7.4).

Electrophysiological recordings
Whole-cell recordings were obtained from hippocampal PNs in current clamp mode held at �78 mV with a patch pipette (3–5 MU)

containing (in mM): 135 KMethylSulfate, 5 KCl, 0.1 EGTA-Na, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine and 5 mM bio-

cytin (pH 7.2; 280–290 mOsm). Inhibitory currents were recorded with pipette solution containing 135 CsMethylSulfate instead of

KMethylSulfate.When necessary, GABAA andGABAB receptors were blockedwith 1 mMSR95531 and 2 mMCGP55845, respectively

(HelloBio). The liquid junction potential was �8 mV and membrane potentials were corrected to account for this. Series resistance

(typically 12–18 MU) was monitored throughout each experiment; cells with more than 15% change in series resistance were

excluded from analysis.

Photostimulation with 0.1ms pulses of blue light was achieved using a 473 nm light-emitting diode (controlled by a CoolLEDmodel

PE-100) driven by a TTL pulse. The light intensity used was between 10–50 mW/mm2. This was measured at the appropriate focal

length under the objective with a Fieldmate model light meter (Coherent) at different power intensities. For extracellular recordings

examining CA3-CA1 fEPSP, recording electrodes filled with 1 M NaCl were placed in SP of CA1. The stimulation electrode was

placed 200 mm away from the CA2-CA1 border in CA1 SR. The stimulating pipettes were frequently moved to optimize evoked re-

sponses. GABA receptor blockers 1 mMSR95531 and 2 mMCGP55845 were bath-applied following dilution into the external solution

from concentrated stock solutions. We used pClamp10 and Axograph X software for data acquisition. Axograph X, Igor and Origin

Pro software was used for all data analysis.

Immunohistology and analysis
Recorded cells were filled with biocytin and post hoc labeling of filled cells with streptavidin-conjugated alexa-594 or alexa-647

was performed along with immunohistology to confirm cell identity. ChR2 was labeled with chicken a-GFP (Abcam) diluted 1:2000

with Alexa 488 conjugated goat a-chicken (Life Technologies) diluted 1:300. Gi-DREADD-mcherry was labeled with rat a-dsRed

(Life Technologies) diluted 1:2000 and Cy3-goat a-rat. In order to assess if CA1 pyramidal cells were deep or superficial all

neuronal soma were stained with a far-red or blue-conjugated nissl (Neurotrace, Life Technologies). Slices were mounted with

ProLong Diamond (Thermofisher) and z series confocal images were collected with a Zeiss 710 LSM microscope. Image analysis

was performed with ImageJ and cellular morphologies were reconstructed from confocal images with Neurolucida 360

(MicroBrightField).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Statistical analysis was performed using OriginPro software (OriginLab). We used Student’s t tests and ANOVA when the data

followed a normal distribution.When the distribution was not normal, we used non-parametric test (Wilcoxon andMan-Whitney tests,

see Table S1). Statistical significance was set to p < 0.05 (*** indicates p < 0.001, ** indicates p < 0.01, and * indicates p < 0.05). All

values are reported as the mean ± SEM.
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