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SUMMARY

Hippocampal somatostatin (SOM) cells are dendrite-projecting inhibitory interneu-
rons. CA1 SOM cells receive major excitatory inputs from pyramidal cells (PC-SOM
synapses) which show mGluR1a- and mTORC1-mediated long-term potentiation
(LTP). PC-SOM synapse LTP contributes to CA1 network metaplasticity and mem-
ory consolidation, but whether it is sufficient to regulate these processes remains
unknown. Here we used optogenetic stimulation of CA1 pyramidal cells and
whole-cell recordings in slices to show that optogenetic theta-burst stimulation
(TBSopto) produces LTP at PC-SOM synapses. At the network level, we found that
TBSopto differentially regulates metaplasticity of pyramidal cell inputs: enhancing
LTP at Schaffer collateral synapses and depressing LTP at temporo-ammonic synap-
ses. At the behavioral level, we uncovered that in vivo TBSopto regulates learning-
induced LTP at PC-SOM synapses, as well as contextual fear memory. Thus, LTP
of PC-SOM synapses is a long-term feedback mechanism controlling pyramidal
cell synaptic plasticity, sufficient to regulate memory consolidation.

INTRODUCTION

Hippocampal interneurons are heterogeneous populations of GABAergic inhibitory cells with varied

morphological, molecular, and electrophysiological properties, as well as specialized network functions

(Pelkey et al., 2017; Klausberger and Somogyi, 2008; Booker and Vida, 2018; Freund and Buzsaki, 1996; Bez-

aire and Soltesz, 2013). CA1 somatostatin-expressing (SOM) cells are a major interneuron subgroup

comprised notably of oriens-lacunosum-moleculare (O-LM) cells, bistratified cells, and long-range projec-

ting cells (Katona et al., 2014; Pelkey et al., 2017; Honore et al., 2021). SOM cells have axons that target den-

drites of pyramidal cells (Muller and Remy, 2014; Lovett-Barron et al., 2014; Klausberger et al., 2003; Pelkey

et al., 2017) as well as other interneurons (Fuhrmann et al., 2015; Leao et al., 2012). SOM cells suppress spike

rate and burst firing of pyramidal cells in vitro (Lovett-Barron et al., 2012) and of place cells during explo-

ration in vivo (Royer et al., 2012). SOM cells fire with specific phase-coupling during hippocampal theta and

gamma network oscillations that are hallmarks of hippocampal function and occur during spatial naviga-

tion, memory tasks, and rapid-eye-movement sleep (Klausberger and Somogyi, 2008; Katona et al.,

2014). Indeed, SOM cell regulation of pyramidal neuron activity is critical for hippocampus-dependent

learning and memory, as silencing SOM cells during contextual fear conditioning impairs long-term

contextual memory (Lovett-Barron et al., 2014).

SOM cells, like other hippocampal interneurons, show long-term synaptic plasticity of their input synapses (Kull-

mann et al., 2012; Pelletier and Lacaille, 2008; Honore et al., 2021). CA1 pyramidal cell excitatory synapses onto

SOM cells (PC-SOM synapses) display a Hebbian form of long-term potentiation (LTP) (Vasuta et al., 2015; Perez

et al., 2001; Lapointe et al., 2004; Honore et al., 2021; Croce et al., 2010) dependent onmetabotropic glutamate

receptor subtype1a (mGluR1a) activationandpostsynapticCa2+ rise (Lapointeetal., 2004; Perezetal., 2001). This

form of long-term plasticity is cell-specific and absent in parvalbumin-expressing cells (Vasuta et al., 2015) and

radiatum interneurons (Perez et al., 2001). LTP at input synapses enables long-term regulation of interneuron

firing (Croce et al., 2010) and pyramidal cell inhibition (Lapointe et al., 2004).

A critical SOM cell function is the differential regulation of afferents onto pyramidal cell dendrites: via distal

dendritic inhibition, SOM cells downregulate activity and LTP in the temporo-ammonic pathway (TA-PC),
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whereas via proximal dendritic disinhibition (inhibition of other inhibitory interneurons), they upregulate

activity and LTP in the CA3-CA1 Schaffer collateral pathway (SC-PC) (Leao et al., 2012). Remarkably, Heb-

bian LTP at PC-SOM synapses increases subsequent LTP at SC-PC synapses (Vasuta et al., 2015) and de-

creases subsequent LTP at TA-PC synapses (Sharma et al., 2020), showing that plasticity at PC-SOM input

synapses controls durably CA1 network metaplasticity (Honore et al., 2021).

LTP at PC-SOM synapses can be persistent, as repeated activation of mGluR1a induces LTP of excitatory

synapses lasting hours and involving gene transcription and mRNA translation (Ran et al., 2009; Artinian

et al., 2019). mTORC1 signaling controls translation during LTP at PC-SOM synapses (Ran et al., 2009; Ar-

tinian et al., 2019). Interestingly, mTORC1 activity in SOM cells is required for learning-induced LTP of PC-

SOM synapses, regulation of CA1 network plasticity, and long-term consolidation of spatial and contextual

fear memory (Artinian et al., 2019). However, whether LTP at PC-SOM synapses is sufficient for the regula-

tion of CA1 network metaplasticity and hippocampus-dependent memory remains to be determined.

In the present study, we address this question by using optogenetics to induce long-term plasticity at PC-

SOM excitatory synapses. We found that optogenetic stimulation of pyramidal cells induces LTP at PC-

SOM synapses in slices. Furthermore, optogenetic induction of LTP at PC-SOM synapses bidirectionally

controls CA1 network plasticity by facilitating SC-PC LTP and suppressing TA-PC LTP. Moreover, we un-

cover that optogenetic induction of LTP at PC-SOM synapses in vivo regulates learning-induced LTP at

these synapses and controls contextual fear memory. Our findings suggest that LTP at PC-SOM synapses

is sufficient to control the state of plasticity in the CA1 network and the consolidation of contextual fear

memory, uncovering a long-term feedback control mechanism via PC-SOM synapses sufficient for the

regulation of CA1 pyramidal cell metaplasticity and hippocampus-dependent memory.
RESULTS

Optogenetically induced long-term potentiation at pyramidal cell- somatostatin interneuron

synapses

CA1 pyramidal cells are the major excitatory synaptic inputs to SOM interneurons in CA1 stratum oriens

(Croce et al., 2010; Honore et al., 2021). We used a combination of optogenetic stimulation after the injec-

tion of AAV2/9-CaMKIIa-hChR2(E123T/T159C)-mCherry in SOM-Cre-EYFP mice to activate CA1 pyramidal

cells, and of whole-cell current-clamp recordings in slices with synaptic inhibition intact to monitor excit-

atory postsynaptic potentials (EPSPs) in CA1 SOM interneurons resulting from the activation of PC-SOM

synapses (Figure 1A). Local optogenetic stimulation (470 nm) through the objective was adjusted (pulse

duration 0.5–2.0 ms) to elicit light-evoked EPSPs in SOM interneurons (Figures 1B, 1G, and S1A–S1G),

similar to EPSPs evoked by electrical stimulation (Figures S2B–S2F) (Vasuta et al., 2015). Theta-burst stim-

ulation (TBS) is an effective induction protocol for eliciting Hebbian LTP at PC-SOM excitatory synapses

(Perez et al., 2001; Croce et al., 2010; Vasuta et al., 2015). Therefore, we developed an optogenetic TBS pro-

tocol (TBSopto; bursts of four light pulses at 80 Hz, given 5 times with 300ms inter-burst intervals, repeated 3

times at 30 s intervals) effective in eliciting EPSP summation and burst firing of SOM cells (Figure 1B). The

TBSopto protocol-induced LTP of light-evoked EPSPs at PC-SOM synapses. Light-evoked EPSP amplitude

showed a slow onset, gradual increase, lasting at least 30min after TBSopto (132.0% of baseline at 20–30 min

post-induction; Figures 1B and 1J).

Next, we examined the mechanisms involved in the optogenetically induced LTP at PC-SOM synapses.

First, low-frequency optogenetic stimulation (LFSopto; 20 Hz) that elicited EPSP summation but a lower

rate of firing in SOM cells (Figure 1C) did not induce lasting changes in light-evoked EPSP amplitude

(103.0% of baseline at 20–30 min post-induction; Figures 1C, 1J, and S1B). Second, in recordings with no

optogenetic tetanization, light-evoked EPSP amplitude was unchanged over the same time period

(95.7% of baseline at 20–30 min post-induction; Figures 1D, 1J, and S1C). Third, to determine whether

the optogenetically induced LTP at PC-SOM synapses was mGluR1a-dependent, TBSopto was given in

the presence of the mGluR1a antagonist LY367385 (40 mM) (Figure 1E). In these conditions, TBSopto failed

to induce lasting changes in EPSP amplitude (111.0% of baseline at 20–30 min post-induction; Figures 1E,

1J and S1D). Fourth, to determine whether optogenetically induced LTP at PC-SOM synapses is dependent

on mTORC1-mediated translation, we used SOM-Raptor-KO mice that are deficient in mTORC1 signaling

and late-LTP in SOM cells (Artinian et al., 2019). In these mice, TBSopto failed to induce lasting changes in

light-evoked EPSP amplitude (104.0% of baseline at 20–30 min post-induction; Figures 1F, 1J, and S1E).

Fifth, we examined if optogenetically induced LTP requires transcription by pre-incubating hippocampal
2 iScience 25, 104259, May 20, 2022
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Figure 1. Optogenetically induced LTP at PC-SOM synapses

(A) Left: schematic of experimental paradigm showing viral injections in the dorsal hippocampus of SOM-Cre-EYFP or SOM-Cre-Raptor-KO mice. Middle:

representative images of EYFP expression in SOM cells and mCherry expression in CA1 pyramidal cells (calibration bar: 100 mm bottom; 250 mm top). Right:

diagram of local optogenetic stimulation of CA1 pyramidal cells and whole-cell recording from SOM interneurons in stratum oriens.

(B and C) Bottom left: time plots of light-evoked EPSP amplitude for all SOM cells, showing LTP at PC-SOM synapses following TBSopto (B; n = 17 cells) but

not after LFSopto (C; n = 8 cells). Right: example of representative cells of average EPSPs before (pre) and 20–30 min after (post) TBSopto or LFSopto. Top: EPSP

summation and cell firing during TBSopto (80 Hz) or LFSopto (20 Hz). Paired t-tests; ***p < 0.0001; ns, p > 0.05. See Figures S1A and S1B for the respective time

plots of EPSP amplitude of representative cells in (B) and (C), respectively.

(D–G) Left: time plots of light-evoked EPSP amplitude for all SOM cells, showing absence of LTP at PC-SOM synapses following no tetanization (D; n = 13

cells), TBSopto in the presence of the mGluR1a antagonist LY367385 (40 mM) (E; n = 10 cells), or TBSopto in SOM-Cre-Raptor-KO mice (F; n = 15 cells); but LTP

after TBSopto in slices pre-incubated with the transcription inhibitor actinomycin D (2mM) (G; n = 6 cells). Right: representative example of average EPSPs

before (pre) and after (post) each treatment condition. Paired t-tests; *p < 0.05; ns, p > 0.05. See Figures S1C, S1D, and S1F for the respective time plots of

EPSP amplitude of representative cells in (D), (E), (F), and (G), respectively; and Figure S1G for representative cells and S1H for time plot for all cells, showing

LTP after TBSopto in DMSO (vehicle for actinomycin D).

(H) Schematic of experimental paradigm with (left) viral injections in the dorsal hippocampus of Pvalb-Cre mice and (right) local optogenetic stimulation of

pyramidal cells and recording from CA1 PV interneurons.

(I) Time plot of light-evoked EPSP amplitude for all PV cells (left) and example of average EPSPs from a representative cell (right), showing absence of LTP at

PC-PV synapses following TBSopto (n = 8 cells). Paired t-test; ns, p > 0.05. See Figure S1I for the time plot of EPSP amplitude of the representative PV cell in (I).

(J) Summary graph of EPSP amplitude for all cells at 20–30 min post-induction, showing LTP after TBSopto in ACSF and after incubation with actinomycin D,

but no LTP after LFSopto, in absence of tetanization, or after TBSopto in LY367385, in Som-Cre-Raptor-KO mice, or in PV cells. Paired t-tests (post vs pre in B-I)

and unpaired t-test (post in B vs post in G); ***p < 0.0001; *p < 0.05; ns, p > 0.05.

(K) Summary graph for all cells, showing no change in cell input resistance at 20–30 min post-induction in any experimental group. Wilcoxon matched-pairs

signed-rank test (TBSopto and LFSopto), or paired t-test (other groups); ns, p > 0.05. Data are represented as mean G SEM here and below. *p < 0.05,

**p < 0.01, ***p < 0.001; p > 0.5 is considered not significant (ns). Statistical tests and actual p values for each comparison here and below are given in

Table S1.
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slices with 2 mM of the irreversible transcription inhibitor actinomycin D for 15 min before recording (Yuan

and Burrell, 2013; Younts et al., 2016). In these conditions, TBSopto induced a slow onset LTP of light-evoked

EPSP amplitude (119.5% of baseline at 20–30 min post-induction; Figures 1G, 1J, and S1F) that was com-

parable to the LTP induced in control (Figures 1B and 1J) or in vehicle (DMSO; Figures S1G and S1H). Sixth,

we determined if optogenetic stimulation elicited LTP at PC synapses onto parvalbumin-expressing inter-

neurons (PC-Pvalb synapses) using the injection of AAV2/9-CaMKIIa-hChR2(E123T/T159C)-mCherry and

AAV2/9-EF1a-DIO-EYFP in Pvalb-Cre mice (Figure 1H). In these mice, TBSopto failed to induce lasting in-

creases in light-evoked EPSPs at PC-Pvalb synapses (90.0% of baseline at 20–30 min post-induction;

Figures 1I, 1J, and S1I). In all these experiments, cell input resistance was unchanged after TBSopto (Fig-

ure 1K). Together, these results suggest that optogenetic stimulation of CA1 pyramidal cells produces a

frequency-dependent LTP at PC-SOM synapses that is dependent on mGluR1a activation and mTORC1-

mediated translation, but independent of transcription. Moreover, optogenetic stimulation of CA1 pyrami-

dal cells does not induce LTP at PC-Pvalb synapses.

These properties of optogenetically induced LTP at PC-SOM synapses are similar to those previously re-

ported for Hebbian LTP at excitatory synapses onto SOM cells characterized using electrical stimulation

(Perez et al., 2001; Croce et al., 2010; Honore et al., 2021). So, next we determined if TBSopto can induce

LTP of EPSPs evoked in SOM cells by electrical stimulation (Figure S2A). We found that TBSopto induced

a similar LTP of electrically evoked EPSPs that was dependent on mGluR1a and mTORC1, required tetani-

zation, and was absent in mice that received only the control CaMKIIa-mCherry injection without hChR2

(Figures S2B–S2G), indicating similar mechanisms as at PC-SOM synapses activated optogenetically.
TBSopto differentially regulates LTP at Schaffer collateral and temporo-ammonic synapses

CA1 SOM cells (notably OLM cells) differentially control transmission at Schaffer collateral and temporo-

ammonic synapses of CA1 pyramidal cells (Leao et al., 2012). In consequence, Hebbian LTP at excitatory

synapses onto SOM cells is associated with increased LTP at Schaffer collateral inputs and reduced LTP

at temporo-ammonic synapses of CA1 pyramidal cells (Vasuta et al., 2015; Artinian et al., 2019; Sharma

et al., 2020). So, next we studied if TBSopto-induced LTP at PC-SOM synapses was sufficient to regulate

metaplasticity of the CA1 network using whole-field optogenetic stimulation and field potential record-

ings in slices with synaptic inhibition intact. First, we established that whole-field optogenetic stimulation

also elicited LTP at PC-SOM synapses (Figure 2A). Whole-field TBSopto elicited EPSP summation and

burst firing of SOM cells and induced LTP of light-evoked EPSP amplitude (125.0% of baseline at 20–

30 min post-induction; Figures 2B and S3E). LTP was absent in cells that received no optogenetic
4 iScience 25, 104259, May 20, 2022
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Figure 2. Whole-field TBSopto induces LTP at PC-SOM synapses and differentially regulates LTP at SC-PC and TA-PC synapses

(A) Left: schematic of experimental paradigm with hippocampal viral injections in SOM-Cre-EYFP mice. Right: diagram of whole-field optogenetic stimu-

lation of CA1 pyramidal cells and whole-cell recording from SOM interneurons.

(B) Left bottom: time plot of light-evoked EPSP amplitude for all SOM cells, showing LTP at PC-SOM synapses following TBSopto (n = 7 cells). Left top: EPSP

summation and cell firing during TBSopto in a representative cell. Right: example from a representative cell of average light-evoked EPSPs before (pre) and

20–30min after (post) TBSopto. Paired t-test; *p < 0.05. See Figures S3A–S3E for the dependence of whole-field TBSopto-induced LTP on tetanization (S3B and

S3E), mGluR1a (S3C and S3E), and mTORC1 (S3D and S3E).

(C) Left: schematic of experimental paradigm with hippocampal viral injections in SOM-Cre-EYFP or SOM-Cre-Raptor-KO mice. Right: diagram of whole-

field optogenetic stimulation of CA1 pyramidal cells, with electrical stimulation and recording of SC-PC fEPSPs in stratum radiatum.

(D) Time plot of fEPSP slope for all slices, showing that LTP at SC-PC synapses (n = 13 slices, red) is facilitated by prior application of TBSopto (n = 11 slices,

blue), but not in the presence of the mGluR1a antagonist LY367385 (n = 7 slices, brown) nor in slices from mice with control CaMKIIa-mCherry injection

without hChR2 (n = 11 slices, magenta). See Figures S3G and S3H for time plots of fEPSP slope in representative slices without and with TBSopto, respectively.

(E) Time plot of fEPSP slope for all slices from SOM-Cre-Raptor-KOmice, showing that prior application of TBSopto (n = 10 slices, blue) does not facilitate LTP

at SC-PC synapses (n = 9 slices; red) in these mutant mice.

(F) Summary graph of fEPSP slope for all slices at 25–35 min post-induction of LTP at SC-PC synapses, showing that LTP at SC-PC synapses (red) is facilitated

by prior application of TBSopto (blue), but not in LY367385 (brown) or in slices from mice injected with mCherry (magenta). Paired t-tests (pre vs post);

ANOVA, Tukey’s multiple comparisons tests (post wTBS-SC vs post other conditions); *p < 0.05, ns p > 0.05.

(G) Summary bar graph of fEPSP slope before (�10 to 0 min) and after (15–25 min) TBSopto, showing that basal transmission at SC-PC synapses is unchanged

after TBSopto or no TBSopto. Paired t-test, ns p > 0.05.

(H) Summary graph of fEPSP slope for all slices at 25–35 min post-induction of LTP at SC-PC synapses, showing that LTP at SC-PC synapses (red) is not

facilitated by prior application of TBSopto (blue) in SOM-Cre-Raptor-KO mice. Unpaired t-test, ns p > 0.05.

(I) Left: schematic of experimental paradigm with hippocampal viral injections in SOM-Cre-EYFP or SOM-Cre-Raptor-KOmice. Right: diagram of whole-field

optogenetic stimulation of CA1 pyramidal cells, with electrical stimulation and recording of TA-PC fEPSPs in stratum lacunosum-moleculare.

(J) Time plot of fEPSP slope for all slices, showing that LTP at TA-PC synapses (n = 7 slices, red) is depressed by prior application of TBSopto (n = 6 slices, blue),

but not by TBSopto in the presence of the mGluR1a antagonist LY367385 (n = 7 slices, brown), nor by TBSopto in slices from mice with CaMKIIa-mCherry

injection (n = 7 slices, magenta). See Figures S3J and S3K for time plots of fEPSP slope in representative slices without and with TBSopto, respectively.

(K) Time plot of fEPSP slope for all slices from SOM-Cre-Raptor-KO mice, showing that LTP at TA-PC synapses (n = 8 slices; red) is not depressed by prior

application of TBSopto (n = 7 slices, blue) in these mutant mice.

(L) Summary graph of fEPSP slope for all slices at 25–35 min post-induction of LTP at TA-PC synapses, showing LTP at TA-PC synapses (red) is depressed by

prior application of TBSopto (blue), but not by TBSopto in LY367385 (brown) or in slices frommice injected with mCherry (magenta). Paired t-tests (pre vs post);

ANOVA, Tukey’s multiple comparisons tests (post wTBS-TA vs post other conditions); *p < 0.05, ns p > 0.05.

(M) Summary bar graph of fEPSP slope before (�10 to 0 min) and after (15–25 min) TBSopto, showing that basal transmission at TA-PC synapses is unchanged

after TBSopto or no TBSopto. Paired t-test, ns p > 0.05.

(N) Summary graph of fEPSP slope for all slices at 25–35 min post-induction of LTP at TA-PC synapses, showing that LTP at TA-PC synapses (red) is not

depressed by prior application of TBSopto (blue) in SOM-Cre-Raptor-KO mice. Paired t-tests (pre vs post); unpaired t-test (wTBS-TA vs TBSopto + wTBS-TA);

**p < 0.01, *p < 0.05, ns p > 0.05.

ll
OPEN ACCESS

iScience
Article
tetanization (light-evoked EPSP amplitude 97.8% of baseline at 30 min post-induction; Figures S3B and

S3E), or with TBSopto given in the presence of the mGluR1a antagonist LY367385 (40 mM) (light-evoked

EPSP amplitude 97.0% of baseline at 20–30 min post-induction; Figures S3C and S3E), or in SOM cells

of SOM-Raptor-KO mice (light-evoked EPSP amplitude 96.3% of baseline at 20–30 min post-induction;

Figures S3D and S3E). Thus, whole-field TBSopto induced a similar mGluR1a- and mTORC1-mediated

LTP at PC-SOM synapses as local optogenetic stimulation.

Next,weexaminedthe long-lastingeffectsofwhole-fieldTBSoptoonplasticity atSchaffer collateral synapses (SC-

PC synapses) and temporo-ammonic synapses (TA-PC synapses) onto CA1 PCs in slices with synaptic inhibition

intact. In these experiments, weusedwhole-fieldoptogenetic stimulationand fEPSP recordings so thatwecould

obtain long-term stable recordings of synaptic responses, for a 15 min baseline period before TBSopto and a

25min period after TBSopto, to assess the effects of TBSopto onbasal transmission, and for another 35min period

after the tetanization of SC-PC or TA-PC synapses, to assess effects on LTP at these synapses (Figure 2). First, we

investigated the regulation of plasticity at SC-PC synapses (Figure 2C and S3F). A weak electrical TBS (wTBS) of

the SC pathway failed to induce LTP of fEPSP slope (107.0% of baseline at 25–35 min post-induction; Figure 2D

and S3G). In contrast, when the wTBSwas preceded 25min earlier by TBSopto, LTP was induced at SC-PC synap-

ses (125.7%ofbaselineat 25–35minpost-induction; Figures 2D, 2F, andS3H). Thus, TBSopto facilitatedLTPatSC-

PC synapses. TBSopto did not affect basal transmission at SC-PC synapses (Figure 2G). In mice with control

CaMKIIa-mCherry injection without hChR2, TBSopto failed to facilitate LTP at SC-PC synapses (104.0% of

baseline at 25–35 min post-induction; Figures 2D and 2F), indicating that the LTP facilitation was not owing to

unspecific effects of light stimulation. To determine if the facilitation of LTP at SC-PC synapses was due to plas-

ticity at SOM-PC synapses induced by TBSopto, we examined if the facilitation was dependent onmGluR1a and

on mTORC1 in SOM cells. When wTBS was preceded 25 min earlier by TBSopto in the presence of the

mGluR1a antagonist LY367385 (40 mM), the facilitation of LTP at SC-PC synapses was absent (107.0% of baseline
6 iScience 25, 104259, May 20, 2022
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Figure 3. Silencing of SOM cells and TBSopto impair contextual fear memory

(A) Left: schematic of cannulation and injection site of AAV2/9-flex-Arch-GFP or AAV2/9-EF1a-DIO-EYFP in dorsal CA1 hippocampus of SOM-Cre mice with

the representative image of Arch expression. Right: diagram of behavioral testing sequence (open field and contextual fear conditioning).

(B) Experimental protocol of optogenetic stimulation (in phase or shifted with respect to shocks) during contextual fear conditioning.

(C) Summary graph for all mice, showing reduced freezing in the long-term memory test in mice that received Arch activation in phase with shocks (n = 9

mice, dark green), relative to those that received light stimulation without Arch (n = 8 mice, gray) or Arch activation out of phase with shocks (shifted; n = 7

mice, light green). Mann-Whitney Rank-Sum test or paired t-test (pre vs post-conditioning), ***p < 0.001 (gray). One way ANOVA(Memory tests), Holm-Sidak

pairwise comparisons, *p < 0.05, ***p < 0.001, ns p > 0.05.
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Figure 3. Continued

(D) Schematic of cannulation and injection site of AAV2/9-CaMKIIa-hChR2(E123T/T159C)-mCherry or AAV2/9-CaMKIIa-mCherry in dorsal CA1 hippocampus

of SOM-Cre-EYFP or SOM-Cre-Raptor-KO mice with a representative image of hChR2-mCherry expression, and diagram of behavioral testing sequence

(open field and contextual fear conditioning).

(E) Experimental protocol of TBSopto given 30 min before contextual fear conditioning.

(F) Left: Summary graph for all SOM-Cre-EYFP mice, showing reduced freezing in the long-termmemory test in mice that received TBSopto (n = 8 mice, blue),

relative to mice that received no TBSopto (n = 7 mice, violet) or TBSopto without hChR2 (n = 8 mice, gray). Mann-Whitney Rank-Sum test (pre vs post-con-

ditioning), ***p < 0.001 (gray). Kruskal-Wallis One-way ANOVA on Ranks (Memory tests), Dunn’s pairwise comparisons test, ***p = 0.001, ns p > 0.05. Right:

Similar data presentation for SOM-Cre-Raptor-KO mice, showing significant freezing in the memory test relative to pre-conditioning, and no difference in

freezing in the long-term memory test in mice that received TBSopto (n = 6 mice, blue) or no TBSopto (n = 7 mice, violet). Mann-Whitney Rank-Sum test (pre vs

post-conditioning), **p < 0.005 (gray). Unpaired t-test (Memory tests), ns p > 0.05.
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at 25–35min post-induction; Figures 2D and 2F). Similarly, whenwTBSwas preceded 25min earlier by TBSopto in

slices fromSOM-Raptor-KOmice, the facilitationof LTPatSC-PCsynapseswasalso absent (112.0%ofbaseline at

25–35 min post-induction without TBSopto and 1007.0% of baseline at 25–35 min post-induction with TBSopto;

Figures 2E and 2H). These results suggest that the facilitation of LTP at SC-PC synapses was owing tomGluR1a-

and mTORC1-dependent plasticity at SOM-PC synapses induced by TBSopto.

Second, we investigated the regulation of plasticity at TA-PC synapses (Figures 2I and S3I). A weak electri-

cal TBS (wTBS) of the TA pathway induced LTP of fEPSP slope (126.7% of baseline at 25–35 min post-induc-

tion; Figures 2J, 2L, and S3J). In contrast, when the wTBS was preceded 25 min earlier by TBSopto, LTP was

prevented at TA-PC synapses (95.5% of baseline at 25–35 min post-induction; Figures 2J, 2L and S3K). Thus,

TBSopto depressed LTP at TA-PC synapses. TBSopto did not affect basal transmission at TA-PC synapses

(Figure 2M). In mice with control CaMKIIa-mCherry injection without hChR2, TBSopto failed to depress

LTP at TA-PC synapses (127.0% of baseline at 25–35 min post-induction; Figures 2J and 2L), indicating

that the LTP depression was not owing to unspecific effects of light stimulation. The depression of LTP

at TA-PC synapses was likely due to plasticity at SOM-PC synapses induced by TBSopto because it was

dependent on mGluR1a and on mTORC1 in SOM cells. The depression of LTP at TA-PC synapses was ab-

sent when wTBS was preceded by TBSopto in the presence of the mGluR1a antagonist LY367385 (126.0% of

baseline at 25–35 min post-induction; Figures 2J and 2L). Similarly, the depression of LTP at TA-PC was ab-

sent when wTBS was preceded by TBSopto in slices from SOM-Raptor-KO mice (123.0% of baseline at 25–

35 min post-induction without TBSopto and 118.9% of baseline at 25–35 min post-induction with TBSopto;

Figures 2K and 2N). These results suggest that the TBSopto-induced depression of LTP at TA-PC synapses

is the result of mGluR1a- and mTORC1-dependent plasticity at SOM-PC synapses. Thus, TBSopto-induced

LTP at PC-SOM synapses appears sufficient to regulate metaplasticity of the CA1 network, upregulating

LTP at SC-PC synapses and downregulating LTP at TA-PC synapses.
Optogenetic theta-burst stimulation interferes with contextual fear memory consolidation

At the behavioral level, mTORC1 activity in SOM cells, that is required for learning-induced LTP of PC-SOM

synapses, contributes to long-term consolidation of spatial and contextual fear memory (Artinian et al.,

2019). So, next we examined if LTP at PC-SOM synapses is sufficient to regulate hippocampus-dependent

memory. First, we verified that, as previously reported (Lovett-Barron et al., 2014), the activity of CA1 SOM

cells is necessary for long-term contextual fear memory using optogenetic silencing of CA1 SOM cells with

archaerhodopsin (Arch) (Vasuta et al., 2015) during contextual fear conditioning (Figures 3A and 3B). Op-

togenetic activation of Arch in phase with the presentation of shocks during conditioning, resulted in

reduced freezing during the long-term contextual fear memory test, relative to light stimulation in absence

of Arch (51.4% reduction; Figure 3C) or to the activation of Arch out of phase (shifted) with the presentation

of shocks (64.9% reduction; Figure 3C). In the open field test (Figure S4A), silencing of CA1 SOM cells with

light stimulation of Arch did not affect anxiety level (time spent in periphery or center, and ratio of time in

center/periphery; Figure S4B) or locomotion (total distance traveled and zone transitions; Figure S4C) rela-

tive to mice receiving light stimulation without Arch. These results indicate that silencing SOM cells during

contextual fear conditioning impairs long-term contextual fear memory, confirming that SOM cell activity is

necessary during long-term contextual fear learning (Lovett-Barron et al., 2014).

Next, wedetermined if LTP at PC-SOM synapses is sufficient to regulate hippocampus-dependentmemory.We

used CA1 injection of AAV2/9-CaMKIIa-hChR2(E123T/T159C)-mCherry in SOM-Cre-EYFP mice and the same

TBSopto induction protocol that elicits LTP at PC-SOM synapses in slices. We delivered the optogenetic stimula-

tion in vivoand investigated its effectoncontextual fearmemory (Figures 3Dand3E). TBSoptogiven inCA130min
8 iScience 25, 104259, May 20, 2022
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Figure 4. LTP induction by TBSopto interferes with subsequent induction of Hebbian or learning-related LTP

(A) Left: schematic of experimental paradigm with viral injections in the dorsal hippocampus of SOM-Cre-EYFP mice. Right: diagram of whole-field opto-

genetic stimulation of CA1 pyramidal cells (TBSopto), electrical stimulation of afferents in stratum oriens/alveus (S), and whole-cell recording (R) of electrically

evoked EPSPs in SOM interneurons.

(B–F) (Left) Time plots of electrically evoked EPSP amplitude for all cells (with above, representative average EPSPs during baseline, post-induction #1 and

#2), and (right) summary bar graphs of EPSP amplitude for all cells during baseline, 10–15 min after induction #1 and 15–20 min after induction #2, showing:

(B) LTP following a first episode of TBS of afferents (TBS#1) that is further increased after a second TBS episode (n = 8 cells); (C) LTP following the first episode

of TBSopto without further increase following a second TBSopto episode (n = 7 cells); (D) LTP following the first episode of TBSopto followed by depotentiation

after a subsequent episode of TBS (n = 8 cells); (E) LTP following a first episode of TBS and absence of depotentiation after a subsequent TBSopto episode (n =

8 cells); and (F) LTP following TBS given at the induction #2 time point only (n = 10 cells). rmANOVA, Tukey’s multiple comparisons test; *p < 0.05, **p < 0.01,

***p < 0.0001, ns p > 0.05.

(G) Diagram of experimental paradigm with in vivo optogenetic stimulation of CA1 pyramidal cells (TBSopto) before contextual fear conditioning, and ex vivo

whole-cell recording of spontaneous and electrically evoked EPSCs (electrical stimulation in stratum oriens/alveus) in SOM interneurons in slices at 24 h post-

conditioning.

(H) Top: Spontaneous EPSCs from representative cells from mice receiving contextual fear conditioning only (violet) or TBSopto before contextual fear

conditioning (blue). Bottom: Summary bar graphs of sEPSC frequency and amplitude for all cells, showing a decrease in frequency and amplitude of sEPSCs

in cells frommice with TBSopto before contextual fear conditioning (blue; n = 18 cells, threemice), relative to cells frommice with contextual fear conditioning

only (violet; n = 17 cells, four mice). Mann-Whitney Rank-Sum Test, **p < 0.01.

(I) Top: Family of EPSCs evoked by increasing intensity of stimulation in representative cells from mice receiving contextual fear conditioning only (violet) or

TBSopto before contextual fear conditioning (blue). Bottom: Summary plots of input–output function of EPSC amplitude as a function of stimulation intensity

and linear fit (synaptic gain), showing that the input–output function of evoked EPSCs was decreased in cells from mice with TBSopto before contextual fear

conditioning (blue; n = 17 cells, three mice), relative to cells from mice that received contextual fear conditioning only (violet; n = 19 cells, four mice). Mann-

Whitney Rank-Sum Test, *p < 0.05.
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before conditioning resulted in reduced freezing during the long-term contextual fear memory test, relative to

mice receiving no TBSopto before conditioning (73.7% reduction; Figure 3F) or TBSopto in the absence of hChR2

(71.5% reduction; Figure 3F). Mice in the three groups showed similar normal anxiety level (time spent in periph-

ery or center, and ratio of time in center/periphery; Figure S4E) and locomotion (total distance traveled and zone

transitions; Figure S4F) in the open field test. These results indicate that the TBSopto induction protocol that elicit

LTP at PC-SOM synapses is sufficient to regulate long-term contextual fear memory in vivo.

As LTP inducedbyTBSopto atPC-SOMsynapses, and its regulationofCA1PCmetaplasticity, areblockedby con-

ditional knock-out of Rptor in SOM cells (Figures 1 and 2), we tested next if the reduction of fear memory by

TBSopto was owing to mTORC1 signaling in SOM cells. TBSopto in CA1 given 30 min before conditioning in

SOM-Cre-Raptor-KO mice did not affect freezing during the long-term contextual fear memory test, relative

to mice not receiving TBSopto before conditioning (Figure 3F). Both mice groups showed increased freezing in

the memory tests demonstrating significant contextual fear learning (Figure 3F) and behaved similarly in the

open field test (Figures S4D–S4F) indicating normal anxiety level and locomotion. These results indicate that

the TBSopto-induced impairment of fear memory was dependent on mTORC1 signaling in SOM interneurons

and not owing to other non-specific effects of optogenetic activation of CA1 PCs, suggesting that TBSopto-

induced LTP at PC-SOM synapses is sufficient for the regulation of hippocampus-dependent memory.
Prior induction of long-term potentiation by optogenetic theta-burst stimulation results in

subsequent theta-burst stimulation- and learning-induced depotentiation

As the behavior experiments indicate that TBSopto impairs contextual fear memory consolidation when

given before contextual fear conditioning, we examined the interaction between optogenetically and elec-

trically induced LTP of electrically evoked EPSPs in SOM cells in slices (Figure 4A).

After a baseline period, the first episode of electrical TBS elicited LTP of EPSP amplitude (134.0% of base-

line at 10–15 min post-induction TBS#1), and a second TBS episode induced a further increase in LTP

(164.0% of baseline at 30–35 min post-induction TBS#1; Figure 4B). In contrast, the first episode of

TBSopto elicited LTP of EPSP amplitude (140.0% of baseline at 10–15 min post-induction of TBSopto #1),

and a second TBSopto episode did not induce a further increase in LTP (142.0% of baseline at 30–35 min

post-induction TBSopto #1; Figure 4C). Interestingly, after the first episode of TBSopto that elicited LTP of

EPSP amplitude (121.0% of baseline at 10–15 min post-induction of TBSopto #1), a subsequent TBS episode

induced depotentiation of EPSP amplitude (94.0% of baseline at 30–35 min post-induction TBSopto #1; Fig-

ure 4D). Such a depotentiation was absent when a first episode of TBS (130.0% of baseline at 10–15 min

post-induction of TBS #1) was followed by a subsequent TBSopto episode (141.0% of baseline at 30–

35 min post-induction TBS #1; Figure 4E). Finally, a single TBS episode given at the later time point induced
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LTP (129.0% of baseline; Figure 4F), suggesting that the depotentiation induced by TBS was not owing to a

response run-down due to recording time, or dialysis of cell content. Thus, prior induction of LTP by TBSopto
engages some mechanisms resulting in depotentiation when TBS is given subsequently.

Contextual fear conditioning inducesapersistentLTPofPC-SOMsynapses, that canbe recordedex vivo24hafter

conditioning (Artinian et al., 2019). Therefore, we used ex vivowhole-cell recordings in slices 24 h after condition-

ing, toexamine if invivoTBSoptogiven30minbefore contextual fearconditioning interfereswith learning-induced

LTPat excitatory synapsesof SOMcells (Figure 4G). SOMcells frommice that receivedTBSopto before contextual

fear conditioning exhibited decreases in spontaneous EPSC frequency and amplitude, relative to cells frommice

with contextual fear conditioning only (56.1% decrease in frequency, 31.9% decrease in amplitude; Figure 4H).

Similarly, the input–output function of electrically evoked EPSCs was decreased in SOM cells from mice that

receivedTBSopto before contextual fear conditioning, relative to cells frommicewith contextual fear conditioning

only (64.1% decrease in the slope of EPSC input–output function; Figure 4I). These results suggest that in vivo

TBSopto given 30min before contextual fear conditioning interfereswith learning-induced LTP atPC-SOM synap-

ses, consistentwith our findings that the induction ofHebbian LTP results in depotentiation at PC-SOM synapses

after prior induction of LTP by TBSopto in slices. Overall, our findings indicate that LTP at PC-SOM synapses is suf-

ficient to regulate CA1 pyramidal cell metaplasticity and hippocampus-dependent memory.

DISCUSSION

Long-term synaptic plasticity at excitatory input synapses onto specific inhibitory interneurons is an

intriguing feature of hippocampal synaptic networks but its role in hippocampal memory function has re-

mained largely undetermined (Kullmann et al., 2012; Honore et al., 2021; Bartos et al., 2011; McBain and

Kauer, 2009). Brain-wide manipulation of mTORC1 activity specifically in SOM cells indicated that LTP at

afferent synapses of hippocampal SOM cells contributes to the regulation of CA1 network plasticity and

long-term consolidation of spatial and contextual fear memory (Artinian et al., 2019). Here we used hippo-

campal CA1-specific optogenetic approaches to establish that LTP at PC-SOM synapses is sufficient to

differentially control metaplasticity of SC-PC and TA-PC synapses, and regulate contextual fear memory,

uncovering a long-term feedback mechanism controlling pyramidal cell synaptic plasticity and memory

consolidation.

Long-term potentiation induced by optogenetic theta-burst stimulation

TBSopto was sufficient to induce LTP of synaptic responses elicited by optogenetic activation or local elec-

trical stimulation of PC-SOM synapses. Optogenetically induced LTP at PC-SOM synapses shared key

features with Hebbian LTP induced by electrical tetanization: slow onset potentiation, frequency-depen-

dence, mGluR1a-mediated, and SOM versus Pvalb cell-specificity (Perez et al., 2001; Lapointe et al.,

2004; Croce et al., 2010; Vasuta et al., 2015). As TBSopto restricts activation to CA1 PCs, without affecting

other CA1 afferent fibers potentially activated with tetanization by electrical stimulation (Nabavi et al.,

2014; Nicholson and Kullmann, 2021; Cardin et al., 2010), selective activation of CA1 PC axons may,

thus, be sufficient to induce Hebbian LTP at PC-SOM synapses. CA1 SOM cells receive other afferents,

notably cholinergic projections from septum (Lovett-Barron et al., 2012; Leao et al., 2012), GABAergic fi-

bers from septum (Sun et al., 2014), brainstem nucleus incertus (Szonyi et al., 2019) and local interneurons

(Tyan et al., 2014), as well as noradrenergic, serotonergic and dopaminergic inputs (Pelkey et al., 2017; Ole-

skevich et al., 1989). Our findings establish that the activation of these other projection systems is not

required for LTP at PC-SOM synapses. This is in contrast to another form of plasticity at excitatory synapses

onto putative-SOM cells in CA1 stratum oriens, anti-Hebbian LTP (Lamsa et al., 2007; Nicholson and Kull-

mann, 2021), which can be induced by optogenetic activation of cholinergic afferents but not of CA1 PCs,

and, thus, is owing to cholinergic heterosynaptic LTP at PC-oriens interneurons excitatory synapses (Nich-

olson and Kullmann, 2021). Our finding that TBSopto of PC-SOM synapses is sufficient for the induction of

LTP is consistent with previous work that Hebbian LTP is afferent pathway-specific, occurring at CA1 PC-

SOM synapses but not at CA3 PC-SOM synapses (Croce et al., 2010).

Interestingly, we uncovered that TBSopto-induced LTP at PC-SOM synapses was mTORC1-dependent and

transcription-independent. A more persistent (lasting many hours) form of mGluR1a-mediated LTP at PC-

SOM synapses is both transcription- and translation-dependent (Ran et al., 2009; Artinian et al., 2019). As

mTORC1 is a key signaling control mechanism of translation (Costa-Mattioli et al., 2009), our results

suggest that mGluR1a-mediated LTP at PC-SOM synapse is translation-dependent. Thus, LTP at PC-

SOM synapses may be mediated by mechanisms analogous to mGluR-mediated, mTORC1- and
iScience 25, 104259, May 20, 2022 11



ll
OPEN ACCESS

iScience
Article
translation-dependent, transcription-independent LTD at SC-PC synapses (Huber et al., 2000; Banko et al.,

2006). Such a mTORC1- and protein synthesis-dependent mechanism is consistent with the slow onset

gradual development over minutes of LTP at PC-SOM synapses (Huber et al., 2000). SOM interneurons ex-

press both mGluR1 and mGluR5 (van Hooft et al., 2000; Topolnik et al., 2006). Previous work indicated that

mGluR1a and mGluR5 signal via distinct pathways in SOM interneurons, notably OLM cells (Topolnik et al.,

2006). Activation of mGluR1a leading to Src/ERK-dependent Ca2+ entry via TRP channels and intracellular

Ca2+ release is necessary for LTP induction at SOM interneuron excitatory synapses, whereas mGluR5 acti-

vation and intracellular Ca2+ release are not involved in LTP induction (Topolnik et al., 2006). Here we exam-

ined the role of mGluR1a in TBSopto-induced LTP at PC-SOM synapses; however, additional work will be

necessary to clarify if mGluR5 is implicated in this plasticity.
Network regulation

Our finding that TBSopto up-regulated LTP at SC-PC synapses and down-regulated LTP at TA-PC synapses

in a mGluR1a- and SOM cell-mTORC1-dependent manner, is consistent with a differential gating of plas-

ticity at PC input pathways by SOM cells (Leao et al., 2012) that is controlled over long-term periods by the

plasticity of SOM cell input synapses (Vasuta et al., 2015; Artinian et al., 2019; Sharma et al., 2020; Leao

et al., 2012). It is noteworthy that TBSopto did not affect basal transmission at SC- and TA-PC synapses,

but regulated theta-burst-induced plasticity at these synapses. This modulation of plasticity reflects the

property of PC-SOM synapses that show facilitation and postsynaptic firing with repeated stimulation, re-

sulting in effective recruitment with repetitive activation of PCs (Croce et al., 2010; Honore et al., 2021;

Pouille and Scanziani, 2004).

What are the network mechanisms responsible for the differential modulation of LTP of CA3 and entorhinal

inputs of pyramidal cells? Previous work indicated that somatostatin-expressing oriens-lacunosum-molec-

ulare (OLM) interneurons differentially modulate CA3 and entorhinal inputs to CA1 pyramidal cells (Leao

et al., 2012). OLM inhibitory interneurons suppress entorhinal inputs via postsynaptic inhibition of PC distal

dendrites in stratum lacunosum-moleculare (Leao et al., 2012). In addition, OLM inhibitory interneurons

facilitate CA3 inputs by the disinhibition of the more proximal dendrites of pyramidal cells, i.e. OLM inter-

neurons inhibit other inhibitory interneurons in stratum radiatum which themselves inhibit local pyramidal

cell dendrites (Leao et al., 2012). Moreover, OLM interneurons similarly modulated LTP in these pathways,

depressing LTP of entorhinal inputs and facilitating LTP of CA3 inputs (Leao et al., 2012). Our present find-

ings are consistent with these mechanisms of regulation of CA1 network plasticity. In addition, previous

work showed that a consequence of LTP at PC-SOM input synapses is to enhance synaptically evoked firing

of SOM interneurons (Croce et al., 2010). Thus, our present results and previous reports (Leao et al., 2012;

Croce et al., 2010) are consistent with network mechanisms whereby LTP at input synapses of SOM INs in-

creases their firing output, which enhances LTP of the CA3 input pathway via an increased disinhibitory ac-

tion in proximal dendrites of pyramidal cells (Artinian et al., 2019; Vasuta et al., 2015), and suppresses LTP of

the entorhinal input pathway via an increased inhibitory action in distal dendrites of pyramidal cells (Sharma

et al., 2020).

Our findings highlight the different roles of long-term synaptic plasticity at excitatory synapses onto PC

versus SOM interneurons. It has been proposed that LTP at PC excitatory synapses serves to generate

enduring changes at synapses of engram cells that encode memories (Nabavi et al., 2014; Choi et al.,

2018). In contrast, our results suggest that LTP at SOM cell excitatory synapses may serve to regulate

the state of plasticity (or metaplasticity) of PC input synapses (Honore et al., 2021). These distinct roles sug-

gest that hippocampal-dependent encoding of memories, via LTP in PCs, can still occur, albeit in a reduced

manner, in the absence of LTP at SOM cell synapses, as for example in mice with conditional knockout of

Rptor in SOM cells (Artinian et al., 2019). However, LTP at PC-SOM synapses controls the efficiency of

hippocampal-dependent encoding memories by PCs, providing additional versatility to CA1 network plas-

ticity. Our findings provide a link between LTP at PC-SOM synapses, regulation of metaplasticity at SC-PC

and TA-PC synapses, and modulation of contextual fear memory. Contextual fear learning was previously

shown to induce LTP at PC-SOM synapses (Artinian et al., 2019). Thus, during contextual fear learning, LTP

is induced at PC-SOM synapses, and this may cause an upregulation of the CA1 network plasticity changes,

such as LTP at SC-PC synapses, that encode memory. Thus, impairment in learning-induced plasticity at

PC-SOM synapses caused by TBSopto in vivo (Figure 4) may result in a loss of upregulation of metaplasticity

in the CA1 network during learning (Figure 2), and a deficit in memory consolidation (Figure 3). Such a

link would be strengthened by a demonstration that contextual fear learning induces long-term changes
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at SC-PC and TA-PC synapses, and that these changes are modulated by in vivomanipulation of LTP at PC-

SOM synapses. However, given the spatially restricted synaptic plasticity changes in pyramidal cells (Whit-

lock et al., 2006) and the sparse coding of synaptic changes in hippocampal engram cells (Choi et al., 2018),

such experiments require different approaches than those used in the present study.

The gating of PC input pathways has been well established for OLM cells, a subtype of SOM cells (Leao

et al., 2012). However, SOM cells also include other types of interneurons: bistratified cells, and other cells

with both local projections and distal projections to septum, subiculum, CA3, dentate gyrus, or entorhinal

cortex (Honore et al., 2021; Pelkey et al., 2017; Booker and Vida, 2018). Although excitatory synapses onto

bistratified cells and OLM cells show Hebbian LTP (Perez et al., 2001; Croce et al., 2010), it remains to be

determined if SOM projection cells also do. Thus, it will be interesting to build on our findings and deter-

mine how plasticity at input synapses of other CA1 SOM cell types may participate in network regulation,

possibly even controlling more distant hippocampal-related pathways.

Learning-induced changes at the input synapses of SOM cells may only be part of a more integrated

response of SOM cells during learning. An increase in the intrinsic excitability of CA1 SOM cells, owing

to a reduced Ca2+-dependent K+ conductance, was found after learning a hippocampus-dependent trace

eyeblink conditioning task (McKay et al., 2013). Although it remains to be determined if SOM cell inhibitory

synapses demonstrate learning-induced changes (Chiu et al., 2018; Udakis et al., 2020), mTORC1-depen-

dent axonal sprouting by CA1 SOM cells takes place in the CACNA1A mouse model of epilepsy which is

characterized by impaired synaptic inhibition by Pvalb interneurons (Jiang et al., 2018). These previous

studies and our findings indicate that multiple plasticity mechanisms occur in SOM cells at the level of their

input function, intrinsic excitability, and perhaps even output synapses, suggesting that an integrated gain-

of-function response may occur in SOM cells during learning.
Optogenetic theta-burst stimulation interaction with Hebbian and learning-induced long-

term potentiation

Our results that TBSopto given in vivo before contextual fear conditioning affects long-term contextual fear

memory suggests that LTP at PC-SOM synapses regulates hippocampal memory. In these experiments,

TBSopto was given in vivo. Thus, it is conceivable that optogenetic activation of PCs in the CA1 region

also activated the other major synaptic target of pyramidal cells, subicular pyramidal neurons (Cenquizca

and Swanson, 2007; Taube, 1993), inducing long-term plasticity at these synapses (O’Mara et al., 2000;

Huang and Kandel, 2005) and influencing hippocampal memory function. To examine this possibility, we

examined the effects of TBSopto in mice with a cell-specific conditional knockout of Rptor in somatostatin

interneurons, in which LTP at PC-SOM synapses is blocked. We found that the regulation of long-term

contextual fear memory by TBSopto was absent in these mice (Figure 3), suggesting that the regulation

of hippocampal memory by TBSopto was owing to changes at PC-SOM synapses and not at other efferent

targets of CA1 PCs, like subicular neurons. However, it would be interesting in future experiments to design

an induction protocol applicable in vivo that selectively activates CA1 PC-SOM synaptic plasticity and, thus,

rule out actions via other synaptic targets of CA1 PCs. Nonetheless, our results are consistent with our other

observations that PC-SOM synapse efficacy was reduced, like fear memory, by TBSopto given before

learning (Figure 4), as well as with our previous findings that learning-induced LTP at PC-SOM synapses

is necessary for long-term contextual fear memory (Artinian et al., 2019). It is noteworthy that TBSopto in sli-

ces produces LTP at PC-SOM synapses and not at PC-PV synapses, indicating some CA1 PC target cell-

specificity in TBSopto-induced long-term plasticity.

Our results indicate that LTP at PC-SOM synapses induced by TBSopto share similar mechanisms as Heb-

bian LTP induced by electrical TBS and LTP induced by contextual fear learning at excitatory synapses

onto SOM cells. As reported for LTP at hippocampal synapses (Bliss and Lomo, 1973), LTP induced by

the first episode of TBSopto occluded further LTP by a second TBSopto. However, LTP induced by a first

episode of electrical TBS did not, and more LTP was induced by the second episode of TBS. In contrast,

when electrical TBS was given after LTP induced by a first TBSopto episode, depotentiation occurred at

PC-SOM synapses. Similarly, in vivo, when contextual fear conditioning was given 30 min after TBSopto,

the efficacy of PC-SOM synapses was reduced during ex vivo recordings 24 h later. These results indicate

that although they share similar mechanisms, LTP induced by TBSopto, electrical TBS, and fear learning are

not identical. This is not surprising given that electrical stimulation may activate additional intra-hippocam-

pal fibers, and learning may implicate other systems in addition to CA1 PC-SOM synapses. These
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additional mechanisms are likely implicated in the depotentiation of PC-SOM synapses. Multiple mecha-

nisms regulate PC-SOM synapse function and plasticity, notably pre- and postsynaptic GABAB-receptor-

mediated inhibition (Booker et al., 2018, 2020), astrocyte-mediated regulation of glutamate uptake (Huang

et al., 2004), and GABAA synaptic inhibition by vasoactive intestinal polypeptide inhibitory interneurons

(Tyan et al., 2014). It will be important to determine if any of these control mechanisms are implicated in

the modulation/depotentiation of PC-SOM synapses. Importantly, our findings that learning-induced

potentiation is impaired by prior application of TBSopto in vivo may explain why contextual fear memory

may be impaired by TBSopto, providing further support that LTP induced at PC-SOM synapses is sufficient

to regulate CA1 network metaplasticity and the contextual fear memory.
Limitations of the study

Some limitations should be considered when interpreting our results. First, although our interpretation of

the results is concordant with optical stimulation resulting in LTP at PC-SOM synapses in vivo, this remains

to be demonstrated directly. This would require recording synaptic activity of SOM INs in vivo and assess-

ing the effect of optogenetic induction in vivo on this synaptic activity. Such experiments, however, require

different experimental approaches than those used here. Instead, we addressed this issue using the

approach shown in Figure 4, with optical stimulation in vivo, contextual fear conditioning, and ex vivo

recordings. Our ex vivo results are consistent with optical stimulation in vivo eliciting LTP and with subse-

quent contextual fear conditioning resulting in depotentiation, instead of the late form of LTP that is nor-

mally elicited (Artinian et al., 2019). These results are analogous to the effect found in the slice experiments

whereby optical stimulation in vitro elicits LTP and subsequent TBS with electrical stimulation results in de-

potentiation, instead of the LTP normally elicited. Thus, our results are consistent with the notion that op-

tical stimulation elicits LTP at PC-SOM synapses both in vivo and in vitro. Previous work showed that a

different induction protocol with repeated episodes of stimulation elicits a late, persistent form of LTP

that lasts many hours to a day at SOM interneuron excitatory synapses (Artinian et al., 2019; Ran et al.,

2009). Thus, it would be important to test if such a repeated optical stimulation protocol in vivo can produce

persistent changes at PC-SOM synapses that can be detected with ex vivo recordings.

Second, a caveat of our study concerns our results that the regulation of long-term contextual fear memory by

TBSopto was absent inmice with conditional knockout of Rptor in somatostatin cells, suggesting that the regula-

tionofhippocampalmemorybyTBSoptowasowing tochanges at PC-SOMsynapses.The lackof effectof TBSopto
on contextual fear memory in the Raptor-KOmodel could be due to the low level of freezing response in these

mice, indicating that these animals cannot learn any worse. In our experiments, we used a weak contextual fear

conditioning protocol based on previous work showing that inactivating SOM interneurons impairs contextual

fear memory (Lovett-Barron et al., 2014). It is important to note that with this contextual fear conditioning proto-

col, SOM-Cre-Raptor-KO mice show impaired fear memory relative to control mice; however, the SOM-Cre-

Raptor-KOmice dodisplay significant freezing responses in thememory probe test relative to pre-conditioning,

indicating some level of contextual memory (Figure 3F). Using a stronger contextual fear conditioning protocol,

previous work showed also that although the SOM-Cre-Raptor-KOmice display amemory impairment, they still

show significant contextual fear learning (Artinian et al., 2019). Thus, these findings suggest that a component of

contextual fear learning requires mTORC1 and SOM interneurons, but another component does not. A similar

conclusion was found for spatial learning in the Barnes maze (Artinian et al., 2019). Thus, repeating the present

experiments with a stronger contextual fear conditioning protocol (Artinian et al., 2019) could help resolve

the possibility of a floor effect in our experiments. However, the residual significant freezing responses in

SOM-Cre-Raptor-KO mice in the contextual fear memory probe test suggest the absence of a floor effect,

and, thus, are consistent with the effects of TBSopto on contextual fear memory being due to LTP at PC-SOM

synapses.
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP ThermoFisher Scientific Cat# A11122; RRID :

AB_221569

Alexa Fluor 594-conjugated goat anti-rabbit IgG Jackson Immunoresearch Laboratories Cat# 111-585-003;

RRID : AB_2338059

Chemicals, Peptides, and Recombinant Proteins

LY367385 Tocris Bioscience Cat# 1237;

CAS# 198419-91-9

Actinomycin D Sigma Cat# 114666;

CAS# 50-76-0

DL-2-Amino-5-phosphonopentanoic

acid (DL-AP5)

Abcam Cat# ab120004

CAS# 76326-31-3

SR-95531 (Gabazine) Abcam Cat# ab120042

CAS# 104104-50-9

Experimental models: Organisms/strains

Mouse: Sstires�Cre: Ssttm2.1(cre)Zjh/J The Jackson Laboratory (Taniguchi et al., 2011) JAX: 013044

Mouse: Rosa26lsl-EYFP:

B6.Cg-Gt(ROSA)26Sortm3(CAG-EYFP)Hze/J

The Jackson Laboratory (Madisen et al., 2010) JAX: 007903

Mouse: Rptorfl/fl: B6.Cg-Rptortm1.1Dmsa/J The Jackson Laboratory (Sengupta et al., 2010) JAX: 013188

Mouse: Sst ires-Cre;Rosa26lsl-EYFP;Rptorfl/fl (Artinian et al., 2019) N/A

Mouse: Pvalbires-Cre: B6;129P2-Pvalbtm1(cre)Arbr/J The Jackson Laboratory (Hippenmeyer et al., 2005) JAX: 008069

Recombinant DNA

AAV2/9-CaMKIIa-hChR2(E123T/T159C)-mCherry UPenn Vector Core;

Canadian Neurophotonics Platform

Addgene 35512

AAV2/9-CaMKIIa-mCherry UPenn Vector Core;

Canadian Neurophotonics Platform

Addgene 114469

AAV2/9-EF1a-DIO-EYFP UPenn Vector Core;

Canadian Neurophotonics Platform

Addgene 27056

AAV2/9-flex-Arch-GFP UPenn Vector Core Addgene 22222

Software and Algorithms

pClamp 10.5, 10.7 Molecular Devices N/A

Clampfit 10.5, 10.7 Molecular Devices N/A

Multiclamp Molecular Devices N/A

PolyLite Mightex N/A

Polyscan2 Mightex N/A

SimplePCI Compix Inc, Imaging Sytems N/A

FreezeFrame Actimetrics Coulbourn Instruments N/A

Smart 3.0 tracking system Panlab N/A

Graph Pad Prism 6 GraphPad N/A

SigmaPlot 11 Systat Software Inc N/A

Photoshop CS3 Adobe N/A

Illustrator 17.1 Adobe N/A
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Lead contact

Further information and requests for resources should be directed to and will be fulfilled by the Lead Con-

tact, Dr. Jean-Claude Lacaille (jean-claude.lacaille@umontreal.ca).

Materials availability

This study did not generate new unique reagents.

Data and code availability

d The published article includes all datasets generated or analyzed during this study. The raw electrophys-

iology data supporting the current study have not been deposited in a public repository because there is

currently no standardized format or repository for such data, but they are available from the correspond-

ing author on request.

d This paper does not report original code.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

Experimental protocols were approved by the Animal Care Committee at the Université deMontréal (Com-

ité de Déontologie de l’Expérimentation sur les Animaux; CDEA Protocols # 17-001, 17-002, 18-002, 18-003,

19-003, 19-004, 20-001, 20-002, 21-001, 21-002) and experiments were performed in accordance with the

Canadian Council of Animal Care guidelines.

Sstires�Cre mice (Taniguchi et al., 2011) were crossed with Rosa26lsl�EYFP reporter mice (Madisen et al., 2010)

to generate Cre-dependent Enhanced Yellow Fluorescent Protein (EYFP) expression in SOM interneurons

(SOM-Cre-EYFP mice) (Artinian et al., 2019). Sstires�Cre;Rosa26lsl�EYFP mice were crossed with floxed Rptor

mice (Sengupta et al., 2010) for cell-specific homozygous knock-out of Rptor in SOM cells (SOM-Cre-

Raptor-KO mice) (Artinian et al., 2019). Pvalbires-Cre mice (Hippenmeyer et al., 2005) were used for Cre-

dependent targeting of PV interneurons (Pvalb-Cre mice). Mice were housed 2–4 animals per cage, except

for in vivo optogenetic studies in which mice were housed singly after cannula implantation. Food and wa-

ter were given ad libitum. The mice were maintained on a 12 h light/dark cycle with all experiments per-

formed during the light phase.

The in vitro electrophysiological slice experiments were performed on 6–7 weeks old male or female mice

at the diestrus phase to reduce possible variability in responses. Behavioral studies and ex vivo electro-

physiological slice experiments were carried out on 8–10 weeks old male mice.

METHOD DETAILS

Virus injection

Fourweeks oldmiceweregiven an intraperitoneal (IP) injection of ketamine (50mg/kg i.p.) and xylazine (5mg/kg

i.p.) and placed in a stereotaxic frame (Stoelting). For in vitro slice experiments, AAV2/9-CaMKIIa-hChR2(E123T/

T159C)-mCherry (1.5–1.7731012 particles/mL) or AAV2/9-CaMKIIa-mCherry (2.2031013 particles/mL) were in-

jected bilaterally in CA1 hippocampus (coordinates relative to bregma: �1.95 mm AP, G1.3 mm ML, and

�1.3 mmDV) of mice of either sex. Viral solution (0.5–0.8mL) was delivered at a flow rate of 50–100 nL/min using

a 10mL Hamilton syringe and a microfluidic pump (Harvard Apparatus). The needle was left in place for at least

5 min after injection. For some slice experiments, Pvalb-Cre mice were injected, in addition, with AAV2/9-

EF1a-DIO-EYFP (3.9531013 particles/mL). For in vivo optogenetic experiments, 7–8 weeks old male mice were

used and treated as above. In some in vivo experiments, mice were injected bilaterally 0.5mL of AAV2/9-flex-

Arch-GFP (1.74–1.8331013 particles/mL) or AAV2/9-EF1a-DIO-EYFP (3.9531013 particles/mL) as above.

Hippocampal slice preparation

Six to seven weeks old animals (10–18 days after viral injection) were anesthetized by isoflurane inhalation

and the brain was rapidly removed and placed in cold (4�C) sucrose-based cutting solution saturated with
iScience 25, 104259, May 20, 2022 19
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95%O2 and 5% CO2 containing the following (in mM): 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 7 MgSO4, 0.5 CaCl2,

25 NaHCO3, 25 glucose, 9.5 ascorbic acid, 3.0 pyruvic acid and 75 sucrose, pH 7.4, and 295–300 mOsmol/L.

A block of tissue containing the hippocampus was prepared and transverse hippocampal slices (300 and

400 mm thickness for whole-cell and field recordings, respectively) were cut with a vibratome (Leica

VT1000S). Slices were transferred to artificial CSF (ACSF; saturated with 95% O2 and 5% CO2) containing

the following (in mM): 124 NaCl, 2.5 KCl, 1.25 NaH2PO4, 4 MgSO4, 4 CaCl2, 26 NaHCO3, and 10 glucose

(pH 7.3–7.4, and 295–300 mOsmol/L) at 32�C for 30 min, and afterward maintained at room temperature

(20–22�C) for at least 90 min and until recording experiments. Individual slices were transferred to a

submersion chamber perfused (3–4 mL/min) with ACSF at 31 G 0.5�C, and with CA1 and CA3 regions

separated by a surgical cut. Synaptic inhibition was intact in most experiments, except for voltage-clamp

recordings of EPSCs (see below). For ex vivo recordings after learning, slices were obtained as above from

animals 24 h after optogenetic stimulation and contextual fear conditioning.

Whole-cell patch clamp recording

EYFP-expressing CA1 interneurons were identified using an upright microscope (Nikon Eclipse, E600FN),

equipped with a water-immersion long-working distance objective (40x; differential interference contrast,

DIC), epifluorescence and an infrared CCD camera (CXE-B013-U; Mightex). Whole-cell current-clamp

recordings were obtained using borosilicate glass pipettes (3–5 MU) filled with intracellular solution con-

taining (in mM): 120 KMeSO4, 10 KCl, 0.5 EGTA, 10 HEPES, 2.5 MgATP, 0.3 NaGTP and 10 Na2-phospho-

creatine (pH 7.3, 290–298 mOsmol/L). For whole-cell voltage-clamp recordings, the intracellular solution

contained (in mM): 120 CsMeSO3, 5 CsCl, 2 MgCl2, 10 HEPES, 0.5 EGTA, 10 Na2-phosphocreatine, 2

ATP-Tris, 0.4 GTP-Tris, 0.1 spermine, 2 QX314 (pH 7.2–7.3, 300 mOsmol/L). Data was acquired using a Mul-

ticlamp 700B amplifier (Molecular Devices) and digitized at 10–20 kHz using Digidata 1440A and pClamp

10.5/10.7 software (Molecular Devices). Recordings were low-pass filtered at 2 kHz and membrane poten-

tial was corrected for liquid junction potential (11 mV). Access resistance was monitored throughout exper-

iments and data were included only if the holding current and series resistance were stable (changes <20%

of initial value).

Whole cell recording of synaptic responses

EPSPs and EPSCs evoked by electrical stimulation were elicited using constant current pulses (50 ms dura-

tion) via an ACSF-filled bipolar theta-glass electrode positioned approximately 100–150 mm lateral from the

recorded cell soma in the alveus near the border with CA1 stratum oriens. EPSCs were recorded in the pres-

ence of DL-2-Amino-5-phosphonopentanoic acid (DL-AP5; 50 mM) and SR-95531 (Gabazine, 5 mM) to block

NMDA and GABAA receptors, respectively. Input-output function of EPSCs was studied by delivering cur-

rent pulses of incremental intensity (0–600mA, 50mA steps); 10 trials per pulse intensity were delivered and

responses averaged to determine EPSC amplitude (initial EPSC peak). The slope (synaptic gain) and

x-intercept (minimal stimulation intensity) of the linear regression of the input-output relationship were

measured on averaged responses of individual cells. Spontaneous EPSCs were recorded over a period

of 5 min and generally 300 consecutive events were analyzed (except for some cells with low frequency

of events: TBSopto group 4 cells with 168, 188, 200 and 261 events; no TBSopto group 2 cells with 279 and

294 events) for frequency and amplitude (Clampfit 10.7).

EPSPs evoked by focal optogenetic stimulation through the objective were elicited using a Polygon400

Multiwavelength Dynamic Patterned Illuminator (Mightex). An area (20 3 20 to 20 3 30 mm) lateral to

the recorded cell soma was illuminated with brief pulses of blue light (470 nm; duration 0.5–2 ms). EPSPs

evoked by whole field optogenetic stimulation were elicited using a 4-Channel LED Driver (DC4104; Thor-

labs) coupled to an optical fiber (MF79L01; 400 mm core diameter, 0.39 NA; Thorlabs) and fiber optic

cannula (CFM14L20; 400 mm core diameter, 0.39 NA; Thorlabs) positioned above the CA1 stratum oriens

region of the slice with brief light pulses (470 nm; duration 0.5–2 ms). In some experiments, the mGluR1a

antagonist LY367385 (40 mM) was added in the ACSF during recordings. In other experiments, slices were

pre-incubated in ACSF with 2 mMof the irreversible transcription inhibitor actinomycin D for 15 min prior to

recording (Yuan and Burrell, 2013; Younts et al., 2016).

LTP induction protocol during whole cell current clamp recording

Test EPSPs were evoked at 0.1Hz. LTP induced by electrical stimulation was elicited by theta burst stimu-

lation (TBS) consisting of three episodes (given at 30 s intervals) of five bursts (at 250ms inter-burst intervals)

of four electrical pulses at 100 Hz (Vasuta et al., 2015). LTP induced by optogenetic stimulation of CA1
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pyramidal cells (TBSopto) was elicited by TBS consisting of three episodes (given at 30 s intervals) of five

bursts (at 300 ms inter-burst interval) of four light pulses at 80 Hz. In some experiments, low frequency op-

togenetic stimulation (LFSopto) was given as three episodes (given at 30 s intervals) of three bursts (at 500ms

inter-burst interval) of three light pulses at 20 Hz. Test EPSP amplitude was averaged in 2 min bins before

and after LTP induction. EPSPs were characterized in one cell per slice, and responses were analyzed offline

using Clampfit (pClamp 10.5/10.6; Molecular Devices) and GraphPad Prism 6.

Field potential recording

For experiments with field potential recordings, transverse hippocampal slices were prepared as described

above, except oxygenated ACSF contained 1.3 mM MgSO4 and 2.5 mM CaCl2. The slices were let to

recover for at least 2 h at 32�C in ACSF, and for an additional 30 min at 27�–28�C while submerged in a

recording chamber continuously perfused (2–2.5 mL/min) with ACSF. Extracellular field EPSPs were re-

corded with borosilicate glass pipettes (3–4MU) filled with ACSF using a differential extracellular amplifier

(Microelectrode AC Amplifier Model 1800, A-M Systems), filtered at 2 kHz, digitized at 10 kHz (Digidata

1440A), and analyzed with pClamp10.5. For Schaffer collateral-evoked fEPSPs, the concentric bipolar tung-

sten stimulating electrode (FHC) and recording pipette were placed in stratum radiatum. For temporo-am-

monic pathway evoked fEPSPs, the stimulation and recording electrodes were positioned in stratum

lacunosum-moleculare. Stimulus (0.1 ms duration; 15 s�1) strength was adjusted to elicit 50% of maximal

fEPSP and fEPSP slope was measured at 10–90% of fEPSP amplitude. CA1 pyramidal cell long-term poten-

tiation was induced by weak theta burst stimulation (wTBS; two bursts of four pulses at 100 Hz, with 200 ms

inter-burst interval) (Leao et al., 2012). Optogenetic induction of LTP in SOM interneurons was elicited as

described above through a fiber optic positioned above the CA1 stratum oriens/alveus region of the slice.

Optogenetic stimulation in vivo

One week after viral injections, mice were anesthetised using ketamine and xylazine as described above,

and fiber cannulas were stereotaxically implanted bilaterally (coordinates relative to bregma: �1.95

AP;G1.60ML; and�1.15 DV) and sealed with dental cement (Metabond, Parkell Inc). Animals were housed

singly after the optic fiber implantation and allowed to rest for a week before behavioral experimentation.

For in vivo optogenetic stimulation, a Quadruple Laser Diode Fiber Light Source (LDFLS_405/100_450/

070_520/060_638/080; Doric Lenses Inc) was coupled to Mono Fiberoptic Patchcords (MFP_200/240/

900–0.22_2m_FC-ZF1.25(F), 200 mm Core diameter, 0.22 NA; Doric Lenses Inc) and hand-made fiber optic

cannulas (optic fiber: FT200EMT, 200 mm Core diameter, 0.22 NA; ceramic ferrule: CFLC230-10; Thorlabs).

Behavioral experiments

For all behavioral experiments, the experimenter was blind to the experimental groups (opsin versus re-

porter) from the day habituation began until data analysis was completed.

Habituation

Mice were gently handled daily for 5 days (5min/day) to progressively habituate them to the experimenter

and reduce the stress related to the experimental handling and optic fiber connection (without light

stimulation).

Open field test

Mice were allowed to freely explore a square arena (45 3 45 cm; Pan-Lab) for 15 min for the Arch experi-

ments and 5 min for the hChR2 experiments. The anxiety level was assessed by measuring the time spent

and the distance traveled in the center (1/3 central zone) of the arena compared to the periphery (1/3 pe-

ripheral zone). Locomotion was evaluated by measuring the total distance traveled and the number of zone

transitions (16 equal squared zones). Mice were first video-tracked at 25 frames/s and their movements sub-

sequently analyzed using a position tracking system (Smart 3.0; PanLab). For the Arch experiments, mice

received continuous light stimulation (520 nm) for the 5–10 min period.

Contextual fear conditioning

Mice were trained in conditioning chambers that were housed in sound- and light-isolated cubicles (Coul-

bourn Instruments). The chambers contained a stainless-steel grid floor, overhead LED lighting, camera

and were supplied with background noise (60 dB) by an air extractor fan. The experimental protocol was

based on Lovett-Baron and coworkers (Lovett-Barron et al., 2014) with slight modifications. The training
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context was rectangular with two transparent and two stainless steel walls, was cleaned with 70% ethanol

solution before and after each trial, and ethanol solution was added under the grid floor as a contextual

smell. After 2 min free exploration, the animals received a weak fear conditioning consisting of two presen-

tations of unconditioned stimulus (2 s foot shock, 0.8mA; separated by 60 s). To test for long-term contex-

tual fear memory, the mice were returned to the training context during a test period of 3 min, at 24 h after

conditioning. The freezing behavior was assessed using FreezeFrame (Coulbourn Instruments).

For the Arch optogenetic experiments, mice received light stimulation (520 nm; 6 s pulses) in phase (start-

ing 2 s before) or shifted (30 s before) relative to foot shocks during conditioning. For the TBS optogenetic

experiments, mice were brought in the testing room on the training day and, in their home cage, given the

optogenetic TBS protocol (473 nm; five bursts of four light pulses of 1ms duration at 80 Hz, given at 300 ms

inter-burst interval, and repeated 3 times with 30 s interval) or no light stimulation, 30 min prior to contex-

tual fear conditioning.
Histology

Following in vivo optogenetic experiments, mice were deeply anesthetized intraperitoneally with sodium

pentobarbital (MTC Pharmaceuticals), perfused transcardially first with 0.1M PBS (PBS) and next with 4%

paraformaldehyde in 0.1M PBS (PFA). Brains were isolated, postfixed in 4% PFA for 24 h and cryoprotected

in 30% sucrose. Coronal brain sections (50 mm thick) were obtained using freezing microtome (SM200R; Le-

ica) and mounted in Pro-Long Gold (Invitrogen). Sections were examined using an epifluorescence micro-

scope (Eclipse E600; Nikon) and images were acquired with the Simple PCI software. Immunofluorescence

was used to enhance GFP fluorescence associated with Arch. For these mice, brain sections were obtained

as described above, permeabilized with 0.5% Triton X-100 in PBS for 15 min, and unspecific binding was

blocked with 10% normal goat serum in 0.1% Triton X-100/PBS for 1 h. Rabbit polyclonal GFP (1/200) an-

tibodies were incubated for 48 h at 4�C. Sections were subsequently incubated at room temperature

with Alexa Fluor 594-conjugated goat anti-rabbit IgG (1/500; 90 min), mounted in Pro-Long Gold, and

imaged as described above. For behavioral experiments, data were excluded if mice did not show virus

expression restricted to CA1, and if optic fibers placement was outside the CA1 hippocampus.
QUANTIFICATION AND STATISTICAL ANALYSIS

No statistical methods were used to predetermine the sample size, but our sample sizes are similar to those

used in the field. Statistical analysis was performed using SigmaPlot or GraphPad Prism 6 and 9. Data were

tested for normality using the Shapiro-Wilk, D’Agostino and Pearson, Kolmogorov-Smirnov, and Brown-

Forsythe tests. We used Student’s t tests, one- or two-way ANOVA, and one- or two-way mixed

repeated-measures ANOVA, with Tukey’s pairwise comparison tests (with Bonferroni adjustments for mul-

tiple comparisons) or with Holm-Sidak pairwise comparison tests, when data passed normality and homo-

scedasticity assumptions. Wilcoxon matched pairs signed rank tests, Mann-Whitney Rank Sum tests and

Kruskal-Wallis one-way ANOVA on Ranks with Dunn’s pairwise comparisons, were used when data did

not pass normality and homoscedasticity assumptions. All the tests were two-sided. All data in the

Figures are presented as mean G SEM. Asterisks in Figures denote statistical significance levels for spec-

ified tests (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant). Detailed results of all statistical tests refer-

enced per Figure panel are given in Table S1. Baseline EPSP amplitudes are reported for all groups in

Table S2, with Dunn’s multiple comparisons tests indicating no differences between SOM interneuron

groups.
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