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functionalization of the more electron-deficient
arene, whereas the ratio of the initial rates of sep-
arate reactions was only 1.2:1 (11a:1a). These
results suggest that cleavage of the aryl C-H bond
is not the overall turnover-limiting step of the
silylation of toluene and that the cleavage of the
aryl C-H bond of toluene is irreversible.

The regioselectivities of the silylation reac-
tions appear to arise from the steric bulk of both
the ligand and the silane. The absence of reac-
tivity with other silanes in the rhodium-catalyzed
C–H silylation has prevented a direct comparison
of the selectivity of reactions of HSiMe(OTMS)2
with that of other silanes. However, results from
the analogous iridium-catalyzed silylations pro-
vide evidence for the influence of the silane on
the selectivity. The reaction of 5 equivalents of
2-tri(isopropyl)siloxytoluene (21a) with Et3SiH
generated the major product in which the silyl
group is installed meta to the larger OTIPS group
at the less electron-rich position of the arene (82:18
major:minor isomers) (Fig. 4). However, the reac-
tion of 5 equivalents of 21awithHSiMe(OTMS)2
gave predominantly the product in which the silyl
group is installed para to the larger group (7:93
minor:major isomers). We ascribe this change in
selectivity to the unfavorable placement of the
bulky SiMe(OTMS)2 group meta to the OTIPS
group on the arene in the latter transformation.

Conclusions
The intermolecular, rhodium-catalyzed silylation
of arenes that we report here occurs under mild
conditions, with arene as the limiting reagent and
with regioselectivities that complement or sur-
pass those of other arene functionalizations. Sev-
eral factors lead to the selectivity and synthetic
utility of the silylation reaction. First, the silicon
reagent is sterically demanding. Assuming the in-
termediate that cleaves the aryl C–H bond con-
tains a silyl group on the metal, the size of the
silane reagent, along with the size of the ancillary
ligands, control the degree of regioselectivity.
Second, two of the substituents on the silane are
bound to silicon through oxygen, and a silicon-
heteroatom bond is typically required for many
of the transformations of arylsilanes at the C–Si
bond. The origin of the remote selectivity remains
to be defined. However, our results suggest that
a wide scope of functionalization reactions with
remote regiocontrol should be achievable through
judicious choice of ancillary ligands and reagents
with appropriate steric bulk.
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Dendritic Inhibition in the
Hippocampus Supports Fear Learning
Matthew Lovett-Barron,1,2* Patrick Kaifosh,1,2* Mazen A. Kheirbek,2,3 Nathan Danielson,1,2

Jeffrey D. Zaremba,1,2 Thomas R. Reardon,1,2 Gergely F. Turi,2 René Hen,1,2,3

Boris V. Zemelman,4 Attila Losonczy1,2,5†

Fear memories guide adaptive behavior in contexts associated with aversive events. The hippocampus
forms a neural representation of the context that predicts aversive events. Representations of
context incorporate multisensory features of the environment, but must somehow exclude sensory
features of the aversive event itself. We investigated this selectivity using cell type–specific imaging
and inactivation in hippocampal area CA1 of behaving mice. Aversive stimuli activated CA1 dendrite-
targeting interneurons via cholinergic input, leading to inhibition of pyramidal cell distal dendrites
receiving aversive sensory excitation from the entorhinal cortex. Inactivating dendrite-targeting
interneurons during aversive stimuli increased CA1 pyramidal cell population responses and prevented
fear learning. We propose subcortical activation of dendritic inhibition as a mechanism for exclusion
of aversive stimuli from hippocampal contextual representations during fear learning.

Aversive stimuli cause animals to asso-
ciate their environmental context with
these experiences, allowing for adaptive

defensive behaviors during future exposure to
the context. This process of contextual fear con-
ditioning (CFC) is dependent upon the brain
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performing two functions in series: first devel-
oping a unified representation of the multisensory
environmental context (the conditioned stimulus,
CS), then associating this CS with the aversive
event (unconditioned stimulus, US) for memory
storage (1–5). The CS is encoded by the dorsal
hippocampus, whose outputs are subsequently
associated with the US through synaptic plas-
ticity in the amygdala (6–10). The hippocampus
must incorporate multisensory features of the
environment into a representation of context but,
paradoxically, must exclude sensory features dur-
ing the moment of conditioning, when the pri-

mary sensory attribute is the US. The sensory
features of the US may disrupt conditioning (11).
Although the cellular and circuit mechanisms of
fear learning and sensory convergence have been
extensively studied in the amygdala (3, 5, 12),
much less is known about how the neural cir-
cuitry of the hippocampus contributes to fear
conditioning.

The primary output neurons of the hippocam-
pus, pyramidal cells (PCs) in area CA1, are
driven to spike by proximal dendritic excita-
tion from CA3 and distal dendritic excitation
from the entorhinal cortex (13). Whereas CA3
stores a unified representation of the multisen-
sory context (14), the entorhinal cortex conveys
information pertaining to the discrete sensory
attributes of the context (15). At the cellular
level, nonlinear interactions between inputs from
CA3 and entorhinal cortex in the dendrites of
PCs can result in burst-spiking output and plas-
ticity (16–18). PCs can carry behaviorally rele-
vant information in the timing of single spikes

(19), spike rate (13), and spike bursts (20), but
information conveyed with just bursts of spikes
is sufficient for hippocampal encoding of con-
text during fear learning (21). Distinct CA1 PC
firing patterns are under the control of specialized
local inhibitory interneurons (22, 23). Where-
as spike timing is regulated by parvalbumin-
expressing (Pvalb+) interneurons that inhibit
the perisomatic region of PCs, burst spiking is
regulated by somatostatin-expressing (Som+) in-
terneurons that inhibit PC dendrites (24–26).
This functional dissociation suggests that CA1
Som+ interneurons may play an important role in
CFC. However, the activity of specific interneu-
rons during CFC and their causal influence re-
main unknown.

To facilitate neural recording from multiple
genetically and anatomically defined circuit ele-
ments in CA1 during CFC with two-photon Ca2+

imaging, we developed a variation of CFC for
head-fixed mice (hf-CFC). We combined Ca2+

imaging with cell-type–specific inactivation tech-

1Doctoral Program in Neurobiology and Behavior, Columbia
University, New York, NY, USA. 2Department of Neuroscience,
Columbia University, New York, NY, USA. 3Division of Inte-
grative Neuroscience, New York State Psychiatric Institute,
New York, NY, USA. 4Center for Learning and Memory, Uni-
versity of Texas, Austin, TX, USA. 5Kavli Institute for Brain
Science, Columbia University, New York, NY, USA.

*These authors contributed equally to this work
†Corresponding author. E-mail: al2856@columbia.edu

Fig. 1. Som+ interneurons in CA1 are required for learning hf-CFC.
(A) Schematic of hf-CFC task. A head-fixed mouse on a treadmill is exposed
to contexts (CS) defined by distinct sets of multisensory stimuli. We used air
puffs as the US and suppression of water-licking as a measure of learned fear
(CR). The two distinct contexts used in this study are described at right. (B)
Behavioral data from an example mouse over the hf-CFC paradigm. Conditioned
(CtxC) and neutral (CtxN) contexts are each presented once a day, and lick rate
is assessed during the 3-min context. (C) Summary data for 19 mice [two-way
analysis of variance (ANOVA), context x session, F(1,19) = 9.34, P < 0.01]. Mice
showed a selective decrease in mean lick rate between habituation and recall in
CtxC but not CtxN (paired sign tests). (D) Viral expression of PSAML141F-GlyR in
the amygdala or dorsal CA1, revealed by a-bungarotoxin-Alexa647 immuno-

staining. All injections were bilateral; for simplicity, only one hemisphere is
shown. Image at top left is from the Allen Brain Atlas. (E) Summary data for
mice injected with PSEM89 systemically 15min before the conditioning session
in CtxC (day 2 of hf-CFC paradigm). Learning is assessed by the percentage of
lick-rate decrease in the CtxC recall session (day 3) relative to the mean lick
rate in all sessions. Mice expressing PSAML141F-GlyR in amygdala cells (Amyg.,
n = 6 mice), dorsal CA1 cells (CA1, n = 5 mice), or CA1 Som+ interneurons
(CA1-Som+, n = 8 mice) showed impaired learning compared with mice not
expressing PSAML141F-GlyR (No PSAM, n = 11 mice), whereas mice expressing
PSAML141F-GlyR in CA1 Pvalb+ interneurons (CA1-Pvalb+, n = 4 mice) did not.
Comparisons are Mann-Whitney U tests. Error bars, mean T SEM. *P< 0.05; **P<
0.01; ***P < 0.001.
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niques in head-fixed and freely moving mice to
investigate the contribution of CA1 neural cir-
cuitry to fear learning.

CFC for Head-Fixed Mice
Conditioned fear in rodents is typically mea-
sured in terms of freezing upon re-exposure to the
context where the subject experienced an aver-
sive stimulus (3, 5). However, using freezing as a
conditioned response (CR) is problematic in
head-fixed mice. Instead, we measured learned
fear using conditioned suppression of water lick-
ing (27, 28), an established measure of fear that
translates well to head-fixed preparations. We
trained water-restricted mice to lick for small
water rewards while head-fixed on a treadmill
(29), then exposed them to two multisensory con-
texts (sets of auditory, visual, olfactory, and tactile
cues) over three consecutive days and monitored

their rate of licking (Fig. 1A and fig. S1A) (see
Materials and Methods). On the second day, we
paired the air-puff US with one of the contexts
and assessed lick rate in both contexts the fol-
lowing day. We found that US pairing caused a
decrease in the rate of licking in the conditioned
context (CtxC) but not the neutral (CtxN) (Fig. 1,
B and C, and fig. S1, B to E).

We used pharmacogenetic neuronal inactivation
to test the necessity of the hippocampus and amyg-
dala for the encoding of hf-CFC. We targeted bi-
lateral injections of recombinant adeno-associated
virus [rAAV(Synapsin-PSAML141F-GlyR)] to express
the ligand-gated Cl– channel PSAML141F-GlyR
in either dorsal hippocampal area CA1 or the
amygdala in wild-type mice (Fig. 1D). Neurons
expressing PSAML141F-GlyR are inactivated for
~15 to 20min upon systemic administration of its
ligand PSEM89 (60 mg per kg of weight, intra-

peritoneally) (30). We administered PSEM89 to
mice before conditioning in CtxC, and tested their
memory 24 hours later without the drug by assess-
ing lick suppression in CtxC recall comparedwith
mean licking across all sessions. In agreement
with conventional freely moving CFC results
(6, 7, 31, 32), we found that inactivating neurons
in dorsal CA1 or the amygdala prevented con-
textual fear learning (Fig. 1E).

Som+ Interneurons Are Required for CFC
To determine the relevance of CA1 inhibitory
circuits for the acquisition of hf-CFC, we asked
whether acute inactivation of g–aminobutyric acid-
releasing (GABAergic) interneuron subclasses
in CA1 would alter learning. We injected rAAV
(Synapsin-PSAML141F-GlyR)cre bilaterally into CA1
ofSom-creorPvalb-cremice to expressPSAML141F-
GlyR selectively in either Som+ dendrite-targeting

Fig. 2. Som+ interneurons targeting stratum
lacunosum-moleculare are activated by the
US. (A) (Top left) Schematic of hf-CFC during
two-photon (2p) imaging from hippocampal
neurons. (Bottom left) Schematic of record-
ing configuration, with 2p imaging from Som+

interneurons in the oriens/alveus layers of CA1
in vivo (o/a, strata oriens/alveus; pyr., stratum
pyramidale; rad., stratum radiatum; l-m., stratum
lacunosum-moleculare). (Right) Confocal image of
coronal section from mouse expressing GCaMP5G
in Som+ interneurons in dorsal CA1. The 2p mi-
croscope objective and landmarks showing the
outline of the brain, including the removed

cortex and the contralateral hippocampus, are illustrated. An in vivo 2p image of GCaMP-expressing Som+ interneurons is shown at far right. (B) (Left)
2p images of the same field of view from (A) for the six hf-CFC sessions over the course of 3 days. Images are time averages of 2000 motion-corrected
imaging frames collected for each imaging session. (Right) DF/F traces from an example Som+ CA1 interneuron (circled at left) over the three daily
exposures to CtxC. (C) (Left) Schematic of recording configuration, with in vivo 2p imaging from Som+ axons in radiatum or lacunosum-moleculare
layers of CA1, Pvalb+ axons in the pyramidale layer. (Middle) Expression of GCaMP5G in layer-specific axonal projections, revealed by confocal images
of coronal sections and in vivo 2p images of each layer. (Right) Example trial-averaged responses (five trials each presented in pseudorandom order)
of layer-specific whole-field fluorescence responses to discrete 200-ms sensory stimuli and locomotion (mean with shaded SD). (D) Summary data for
sensory stimulation experiments shown in (C). Responses are quantified as the mean integral of whole-field DF/F over the 3 s after the stimulus. [two-
way ANOVA, axon-type x stimulus type, F(4,84) = 16.9, P < 0.001; post hoc Mann-Whitney U tests]. Error bars, mean T SEM. *P < 0.05; **P < 0.01;
***P < 0.001. (E) Summary data for whole-field DF/F responses to treadmill-running. Pvalb+ axons in pyramidale exhibit locomotion responses similar
to Som+ axons in lacunosum-moleculare (Mann-Whitney U test, P = 0.101).
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interneurons or Pvalb+ perisomatic-targeting inter-
neurons, respectively (25) (Fig. 1D and fig. S2).
Systemic PSEM89 administration during condi-
tioning prevented learning in mice expressing
PSAML141F-GlyR in CA1 Som+ interneurons,
but not in mice expressing PSAML141F-GlyR in
CA1 Pvalb+ interneurons (Fig. 1E).

We repeated our inactivation experiments in
conventional CFC experiments with freely-moving
mice, with a foot-shock US and freezing as the CR.
Inactivating CA1 Som+ interneurons during con-
ditioning prevented recall 24 hours later without
the drug, while inactivating Pvalb+ interneurons had
no effect (fig. S3, A and B). Inactivating Som+

interneurons or Pvalb+ interneurons did not alter
perception of the US, as hippocampal-independent
auditory cued conditioning was left intact (fig. S3C).
Inactivating Som+ neurons did not simply alter
CS perception, as inactivation during both con-
ditioning and recall also prevented learning (fig.
S4). The absence of a role for Pvalb+ interneurons
in CFC was not due to insufficient neuronal in-
activation. In agreement with previous findings
(33), this manipulation reduced performance in
a spatial working memory task (fig. S5).

The US Activates Som+ Interneurons
We used two-photon Ca2+ imaging to record the
activity of CA1 Som+ interneurons over the course
of hf-CFC. We unilaterally injected rAAV(Synapsin-
GCaMP5G)cre into dorsal CA1 of Som-cre mice to
express the genetically encoded Ca2+ indicator
GCaMP5G (34) in the somata, dendrites, and
axons of Som+ interneurons (Fig. 2A). To visual-
ize CA1 neurons in vivo, we used established
surgical techniques (29, 35) to implant a chronic
imaging window superficial to dorsal CA1. After
recovery, water restriction, and habituation to head-
restraint, we engaged mice in the hf-CFC task
while imaging Ca2+-evoked GCaMP5G fluores-
cence transients from Som+ interneuron somata in
the oriens and alveus layers of CA1. We returned
to the same field of view for each of the six sessions
of hf-CFC (Fig. 2B) and processed fluorescence
time-series data using established methods for
motion-correction and signal processing (29, 36).
Strikingly, Som+ interneurons displayed increased
activity in response to the US during hf-CFC (ex-
ample neuron in Fig. 2B).

To investigate the dynamics of stimulus-
evoked GABAergic signaling in more detail,
we imaged CA1 inhibitory neurons during the
pseudorandom presentation of discrete sensory
stimuli from the hf-CFC task: light flashes and
tones, which were elements of the CS, or air-
puffs, which served as the US. To image a greater
variety of interneurons simultaneously, we injected
cre-independent rAAV(Synapsin-GCaMP5G) into
CA1 of Som-cre mice crossed with a tdTomato
reporter line, which allowed us to simultaneously
image sensory responses of Som+ and Som– in-
terneurons (fig. S6A). Air puffs activated most
Som+ interneurons (fig. S6B), whereas a smaller
proportion of Som– and Pvalb+ interneurons had
comparable responses (fig. S6C).

Not all Som+ interneurons were activated by
the air puff, which could reflect a difference be-
tween bistratified cells and oriens-lacunosum-
moleculare (OLM) cells, both of which are labeled
in Som-cre mice (25). The axons of bistratified
cells arborize in stratum oriens and radiatum,
whereas those of OLM cells arborize in stratum
lacunosum-moleculare (22, 23). These two in-
hibitory projections contact the dendritic com-

partments of CA1 PCs that receive input from
CA3 and the entorhinal cortex, respectively, sug-
gesting potentially distinct functions. To isolate
the relative contributions of these two inhibitory
pathways to US-evoked signaling, we labeled
Som+ neurons with GCaMP5G in Som-cre mice
and focused our imaging plane on the axons
of bistratified cells in radiatum, or the axons of
OLM cells in lacunosum-moleculare (Fig. 2C).

Fig. 3. Cholinergic inputs from the medial septum drive CA1 Som+ interneurons during the
US. (A) Schematic of recording configuration, with 2p imaging from Som+ interneurons in the oriens
and alveus layers of CA1, and local pharmacological manipulations through an aperture in the imaging
window. (B) Example in vivo 2p image of GCaMP-expressing Som+ interneurons and their fluorescence
responses to air puffs in vehicle (cortex buffer) and in the presence of 1 mM pirenzepine. (C) Summary
data for local pharmacological manipulations. Each point is the mean response of all Som+ inter-
neurons within a field of view (FOV) to air puffs (5 trials each) in vehicle (Ctrl.) and upon drug application
(nAChR block, 7 FOVs in 5 mice; mAChR block, 4 FOVs in 3 mice; m1AChR block, 9 FOVs in 5 mice;
AMPAR block, 9 FOVs in 4 mice). Comparisons are paired t tests between drug conditions. (D) (Left)
Coronal confocal image of GCaMP6f+/ChAT+ neurons in the medial septum of a ChAT-cre mouse.
(Right) Schematic of recording configuration, with 2p imaging from ChAT+ axons in the oriens and
alveus layers of CA1. (E) (Top left) Example in vivo 2p image of GCaMP6f-expressing ChAT+ axons in
CA1. (Right) Mean responses of individual axons to sensory stimuli. (Bottom left) Summary data from
ChAT+ axons averaged within each FOV (sign tests; n = 20 FOVs in 2 mice). Error bars, mean T SEM.
*P < 0.05; **P < 0.01; ***P < 0.001; ns, nonsignificant.
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Whole-field recording from the dense Som+ axonal
termination in lacunosum-moleculare revealed a
fast, high-amplitude increase in fluorescence in
response to the air puff but not the tone or light
(Fig. 2D). In contrast, the lower density axons in
radiatum revealed little response to these stimuli.
We also expressed GCaMP5G in Pvalb-cre mice
to record from Pvalb+ basket cell axons in stratum
pyramidale. These high-density axons had much
smaller responses to the US (Fig. 2, C and D) but
responded robustly to treadmill running (Fig. 2E).

Acetylcholine Drives Som+ Interneurons
To drive fast-onset responses to the US, Som+

interneurons in CA1 must receive a time-locked
source of US-driven excitation. However, most
excitatory inputs to OLM cells are synapses from
CA1 PCs (23), and PCs do not encode the US
(5, 10) or robustly respond to it (fig. S6C) (37–40).
Alternatively, Som+ interneurons could be excited
by extrahippocampal sources such as subcortical
neuromodulatory inputs. Indeed, OLM cells in
CA1 can be depolarized through both nicotinic
and muscarinic acetylcholine receptors (41, 42),

and lesions of cholinergic inputs from the medial
septum are known to prevent the suppressive
effects of aversive stimuli onCA1 spiking activity
(38, 43–45). Additionally, neocortical interneu-
rons have been demonstrated to respond to aver-
sive stimuli through cholinergic input (46).

To probe the source of US-evoked activation
of Som+ interneurons, we modified our imaging
window to allow for local pharmacological ma-
nipulation of the imaged neural tissue (fig. S7A)
(29). We applied antagonists of neuromodula-
tory receptors through the imaging window,
which passively diffused into CA1; there, we im-
aged GCaMP5G-expressing Som+ interneuron
responses to stimuli before and after drug ad-
ministration (Fig. 3, A and B). Blockade of the
nicotinic acetylcholine receptor (nAChR) did not
decrease Som+ interneuron responses to air puffs
(1 mMmecamylamine) (Fig. 3C) but insteadmod-
estly increased responses. However, blockade of
the muscarinic acetylcholine receptor (mAChR)
significantly reduced air-puff responses in Som+

interneurons (1 mM scopolamine) (Fig. 3C). We
recapitulated this result with more selective block-

ade of type 1 mAChRs (1 mM pirenzepine;
Fig. 3, B and C), which reduced air-puff–evoked
Som+ interneuron responses in a dose-dependent
manner (fig. S7B). Metabotropic receptors like
mAChRs generally act on slower time scales, but
studies in brain slices have demonstrated that mus-
carinic input can evoke fast-onset depolarization
and spiking of CA1 OLM cells (41, 47). mAChRs
in dorsal hippocampus are required for encoding
CFC (48), and our results suggest a possible circuit
mechanism that contributes to this requirement.
This effect was not a consequence of reduced di-
synaptic drive fromm1AChR-responsive PCs (49),
because m1AChR block did not substantially alter
air-puff–evoked activity in the minority of respond-
ing PCs (fig. S7C), and responses of Som+ interneu-
ronswere not substantially changed by blockade of
glutamatergic AMPA receptors (20 mM 2,3-Dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo[ f ]quinoxaline-7-
sulfonamide) (Fig. 3C).

Cholinergic input to the hippocampus arises
from projection neurons in the medial septum
(50), a region required for CFC (51). To directly
record the activity of these projections, we in-
jected rAAV(ef1a-DIO-GCaMP6f )cre into the
medial septum (MS) of ChAT-cre mice to ex-
press the sensitive Ca2+ indicator GCaMP6f (52)
in cholinergic projection neurons. We imaged cho-
linergic (ChAT+) axons in the oriens and alveus
layers of CA1 during sensory stimulation (Fig.
3D and fig. S8). ChAT+ axons responded robust-
ly to air puffs, with smaller responses to tones
and very little response to light flashes (Fig. 3E).
ChAT+ axon responses were independent of air-
puff duration, similar to Som+ axons in lacunosum-
moleculare (fig. S9) but differing from the graded
responses of septohippocampal GABAergic pro-
jections (29).

Coaligned Dendritic Inhibition and Excitation
The distal tuft dendrites of PCs receive excitatory
input from the entorhinal cortex, raising the pos-
sibility that the inhibition we observe is counter-
acting US-evoked excitation to these dendrites.
The entorhinal cortex provides sensory information
toCA1 (15), including projections from the lateral
entorhinal cortex (LEC) (53) and nonspatial neu-
rons of themedial entorhinal cortex (MEC) (54) that
synapse with CA1 PC distal dendrites. In con-
trast, the proximal dendrites of PCs receive input
from CA3 believed to carry stored contextual
representations rather than sensory information
(14). To directly record from these excitatory in-
puts, we injected rAAV(Synapsin-GCaMP6f ) into
CA3, LEC, or MEC and imaged axonal activity
in ipsilateral CA1 layers oriens/radiatum (CA3
axons) or lacunosum-moleculare (LEC and MEC
axons) (Fig. 4A and fig. S10, A and B). Sensory
inputs, particularly aversive air puffs, evoked
stronger signals from LEC and MEC axonal bou-
tons compared with CA3 axonal boutons, re-
flected by changes in whole-field fluorescence
(Fig. 4, B and C). These data indicate that US-
driven inhibition of PC distal tuft dendrites in
stratum lacunosum-moleculare is coaligned with

Fig. 4. US-evoked exci-
tatory input to CA1 PC
distal dendrites. (A) (Left)
Confocal images of cor-
onal sections from dorsal
hippocampus, showing
expression of GCaMP6f
in CA1-innervating axons
from CA3 (top), LEC (mid-
dle), or MEC (bottom).
(Middle) Schematic of
recording configuration,

with 2p imaging from excitatory axons in the oriens/radiatum layers (CA3 projections) or lacunosum-
moleculare layer (LEC or MEC projections) of CA1. (Right) Example in vivo 2p images of GCaMP6f-expressing
axons in CA1 (CA3, top; LEC, middle; MEC, bottom). (B) Example mean whole-field fluorescence traces from
CA3, LEC, and MEC axons [examples in (A)], in response to discrete sensory stimuli (mean with shaded SD).
(C) Summary data for sensory stimulation experiments. Responses are quantified as the mean integral of
DF/F over the 3 s after the stimulus (two-way ANOVA, axon type x stimulus type, F(4,84) = 10.7, P < 0.001;
post hoc Mann-Whitney U tests). Error bars, mean T SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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excitatory input, which could effectively limit den-
dritic depolarization (55). Compartmentalized in-
hibition can also prevent propagation of excitation
from distal to proximal dendrites (16–18), poten-
tially preserving responses of PCs to sparse ex-
citation from CA3 axons (fig. S10C). Similar
US-driven signals may occur in other excitatory

inputs to lacunosum-moleculare, such as the
thalamic reuniens nucleus.

Consequences for Hippocampal Output
and Learning
Ultimately, any dysfunction in hippocampal en-
coding of context is likely reflected in changes

to the primary hippocampal output neurons:
CA1 PCs. Som+ interneurons appear poised to
inhibit excitation during the US and are required
for CFC, but the response of PCs in their ab-
sence is unknown. To probe the consequences
of inactivating Som+ interneurons for US-evoked
PC population activity, we simultaneously im-
aged air-puff responses of ~150 to 200 PCs
while inactivating Som+ interneurons. We in-
jected rAAV(Synapsin-PSAML141F-GlyR)cre and
rAAV(Synapsin-GCaMP6f ) into CA1 of Som-cre
mice, and imaged air-puff–evoked responses of
PC populations in pyramidale before and during
Som+ interneuron inactivation with local appli-
cation of PSEM89 through the hippocampal im-
aging window (Fig. 5A). Although systemic
PSEM89 reduced air-puff–evoked Ca2+ activity
in Som+/PSAML141FGlyR+ interneurons (fig. S11),
we applied PSEM89 locally to the imaging win-
dow to extend the duration of neuronal inactiva-
tion. We imaged PC populations during control
conditions and PSEM89 application, identifying
neurons with significant air-puff–evoked Ca2+

transients (fig. S12) (36). Inactivating Som+ in-
terneurons significantly increased the number of
PCs activated by the air puff within a field of view
(Fig. 5, B and C) and significantly increased
the duration of Ca2+ transients in PCs that re-
sponded to the US in both control and PSEM89

conditions (Fig. 5, B and C). Extended transient
duration likely corresponds to the longer spike
bursts previously reported from electrophysio-
logical measurements of CA1 PCs upon inacti-
vating Som+ interneurons (25, 26). These effects
were not observed in control mice that did not
express PSAML141F-GlyR (fig. S13A). Non-
specific reduction in inhibition with GABAAR
blocker bicuculine substantially increased the
number of PCs responding to the air puff and
their duration (fig. S13B), suggesting that other
inhibitory synapses in CA1 also contribute to the
control of PC population activity during aver-
sive sensory events.

Our imaging data suggest that Som+ inter-
neurons are required for CFC because of their
activation during the US. To test this hypoth-
esis directly in a conventional CFC task, we used
optogenetic methods in freely moving mice to
inactivate Som+ interneurons selectively during
the footshock US (Fig. 6A). We expressed the
light-gated Cl– pump halorhodopsin (56) in
Som+ interneurons by injecting rAAV(Synapsin-
eNpHR3.0-eGFP)cre bilaterally into dorsal CA1
of Som-cre mice (fig. S14A) and implanting
optic fibers over the injection sites. We used a
CFC paradigm with two footshocks, which were
each accompanied by coincident illumination
of dorsal CA1 with 593-nm light (Fig. 6B),
which suppressed spiking of Som+/eNpHR3.0+

neurons (fig. S14b). Inactivating Som+ inter-
neurons during the US significantly reduced
conditioned freezing 24 hours later compared
with controls injected with rAAV(Synapsin-
eGFP)cre (Fig. 6, B and C). Importantly, shift-
ing the optical suppression of Som+ interneurons

Fig. 5. Effects of inactivating CA1 Som+ interneurons on US-evoked PC population activity.
(A) (Top) Schematic of recording configuration, with 2p imaging from CA1 PC populations in the
pyramidale layer of CA1 and local pharmacologenetic manipulation of PSAML141F-GlyR–expressing
Som+ interneurons through an aperture in the imaging window. (Bottom) Confocal image of coronal
CA1 sections, with GCaMP6f expression in all neurons (green) and PSAML141F-GlyR expression in Som+

interneurons, revealed by a-BTX immunostaining (blue). (B) (Left) Corrected time-average images of
example recordings in pyr. of a mouse expressing PSAML141F-GlyR in Som+ interneurons. PCs with sig-
nificant US responses are marked in red. (Right) Mean DF/F responses of cells active in both control and
PSEM89 conditions from left (shading is SD). (C) Summary data for multiple FOVs between drug
conditions. (Top) Mean percentage of significantly active CA1 PCs (ctrl, 7.6 T 0.7%; PSEM89, 13.7 T
2.5%; n = 13 FOVs; paired t test). (Bottom) Mean duration of significant transients in cells active in
both drug conditions (ctrl, 2.64 T 0.09 s; PSEM89, 3.09 T 0.09 s; n = 96 cells; paired t test). Error bars,
mean T SEM. *P < 0.05; ***P < 0.001.

Fig. 6. Inactivating CA1 Som+ interneurons during the US alone is sufficient to prevent CFC.
(A) Schematic of optogenetic experiments in freely moving mice. Bilateral optic fibers deliver 593-nm
light to inhibit eNpHR3.0-eGFP–expressing Som+ interneurons in CA1 during CFC in freely moving
mice. (B) (Top) Confocal image of eNpHR3.0-eGFP–expressing Som+ interneurons in dorsal CA1 and
indication of optic fiber positions. (Bottom) Experimental protocol. Mice are exposed to a context for
3 min, with two footshocks (2 s, 1 mA) 118 s and 178 s into the context. Two pulses of 593-nm light
(6 s) were delivered through bilateral optical fibers starting at 116 s and 176 s (Light-US group) or 86 s and
146 s (Light-shift group). (C) Summary data for optogenetic stimulation experiments. GFP-US, n = 6 mice;
eNpHR-US, n = 8 mice; eNpHR-shift, n = 6 mice; one-way ANOVA, F(2,19) = 3.87, P < 0.05; comparisons
are unpaired t tests. Error bars, mean T SEM. *P < 0.05; **P < 0.01.
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to 30 s before each US did not reduce freezing
(Fig. 6, B and C).

Discussion
Classical fear conditioning implies a separation of
CS and US prior to their association in the amyg-
dala (3–5). In the case of cued fear conditioning
(e.g., tone and shock), the brain achieves CS-US
segregation by separate anatomical pathways for
auditory and aversive somatosensory inputs (57, 58).
Standard models of CFC also assume that the
hippocampus does not receive information about
the US; rather, the hippocampus encodes the CS
alone, whose outputs to the amygdala can be paired
with the US for associative conditioning (fig. S15,
A and B). However, here we observe a direct cor-
tical excitatory input to CA1 during the US via the
entorhinal cortex, indicating an anatomical over-
lap between sensory information for CS and US
before the amygdala (59, 60). This US may im-
pede contextual conditioning (11). We suggest an
alternative conceptual model for CFC that ad-
dresses the problem of sensory convergence in the
hippocampus. In this model, subcortical neuro-
modulatory input drives CA1 Som+ interneurons to
selectively inhibit integration of the excitatory input
pathway carrying US information to CA1. These
data suggest a circuit mechanism for previously
reported suppression of CA1 activity upon aversive
stimulation (37–40). Compartmentalized inhibition
suppresses integration of excitatory input in PC
distal dendrites, which reduces US-evoked CA1
PC activity and can help limit interference of the
US with CS encoding. This circuit can ensure that
hippocampal output reliably encodes the CS dur-
ing learning, so that memories stored downstream
in the amygdala can be reactivated by exposure
to the CS alone (fig. S15, C and D).

Inactivating Som+ interneurons both increases
CA1PCactivity and prevents learning. Impairments
in memory storage could therefore result from a
disruption of the hippocampal ensemble identity
or population sparsity. The downstream mecha-
nisms by which associative fear memories are im-
paired by CA1 Som+ interneuron inactivation can
be addressed by studying CS-US convergence and
plasticity in the amygdala. Som+ interneurons may
also influence processing in the entorhinal cortex
and medial septum through long-range inhibition
(61). Furthermore, it remains to be determined
whether US-driven excitation to CA1 contributes
to long-term changes in CA1 PC activity after fear
conditioning, such as place-cell remapping (62).

Our data suggest that inhibitory circuits can
inhibit selected dendritic compartments to favor
integration of one excitatory input pathway (prox-
imal) over another (distal). GABA release localized
to lacunosum-moleculare could accomplish this
input segregation by inhibiting localized den-
dritic electrogenesis, which is required for prop-
agating entorhinal excitatory inputs to drive output
spikes and for inducing plasticity (16–18). This
mechanism may also be present in sensory neo-
cortex, where aversive footshocks activate cholin-
ergic input to drive layer 1 interneurons in primary

auditory and visual cortex (46). Layer 1 interneur-
ons inhibit the apical tuft dendrites of layer 5
PCs, the primary output cell of the neocortex, at
the site of multimodal association in layer 1 (55).
Therefore the same mechanism we describe in
CA1 could protect layer 5 PCs in primary sen-
sory cortex from interference by the US, so that
their outputs to the amygdala are driven by inputs
to their basal dendrites reflecting local sensory
processing, rather than inputs to tuft dendrites
reflecting cross-modal influences.

These results suggest that dendrite-targeting
Som+ interneurons provide US-evoked inhibi-
tion that is required for successful contextual
fear learning. These interneurons are central to a
mechanism by which the hippocampus processes
contextual sensory inputs as a CS while excluding
the sensory features of the US. Selective inhibitory
control over integration of excitatory input path-
ways could be a general strategy for nervous sys-
tems to achieve separate processing channels in
anatomically overlapping circuits, a process that
could be flexibly controlled by a multitude of
inhibitory interneuron types (22, 23) and neuro-
modulatory systems (63).
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