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),
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 Et;SiH
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 21a with HSiMe(OTMS),
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), 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,?* Patrick Kaifosh,>* Mazen A. Kheirbek,%> Nathan Danielson,*?

Jeffrey D. Zaremba,™? Thomas R. Reardon,™? Gergely F. Turi,? René Hen,

Boris V. Zemelman,* Attila Losonczy™*°t

1,2,3

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.

versive 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 (/—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-
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Columbia University, New York, NY, USA. 3Division of Inte-
grative Neuroscience, New York State Psychiatric Institute,
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versity of Texas, Austin, TX, USA. >Kavli Institute for Brain
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mary sensory attribute is the US. The sensory
features of the US may disrupt conditioning (/7).
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 CAl, are
driven to spike by proximal dendritic excita-
tion from CA3 and distal dendritic excitation
from the entorhinal cortex (/3). Whereas CA3
stores a unified representation of the multisen-
sory context (/4), the entorhinal cortex conveys
information pertaining to the discrete sensory
attributes of the context (/5). 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 (/6—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 (27). 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 CAl during CFC with two-photon Ca*"
imaging, we developed a variation of CFC for
head-fixed mice (hf-CFC). We combined Ca*"
imaging with cell-type—specific inactivation tech-
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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
(CtxQ) 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(; 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 PSAM"****-GlyR in
the amygdala or dorsal CA1, revealed by o-bungarotoxin-Alexaé47 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 PSEM® systemically 15 min 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 PSAM"****-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 PSAM™#**-GlyR (No PSAM, n = 11 mice), whereas mice expressing
PSAM"“**F-GlyR in CA1 Pvalb* interneurons (CA1-Pvalb*, n = 4 mice) did not.
Comparisons are Mann-Whitney U tests. Error bars, mean + 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 CA1l 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-PSAM™*'"_GlyR)] to express
the ligand-gated C1~ channel PSAM™"*'F_GlyR
in either dorsal hippocampal area CA1 or the
amygdala in wild-type mice (Fig. 1D). Neurons
expressing PSAM™*'"_GlyR are inactivated for
~15 to 20 min upon systemic administration of its
ligand PSEM® (60 mg per kg of weight, intra-
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peritoneally) (30). We administered PSEM® to
mice before conditioning in CtxC, and tested their
memory 24 hours later without the drug by assess-
ing lick suppression in CtxC recall compared with
mean licking across all sessions. In agreement
with conventional freely moving CFC results
(6, 7,31, 32), we found that inactivating neurons
in dorsal CAl or the amygdala prevented con-
textual fear learning (Fig. 1E).

Som™ Interneurons Are Required for CFC

To determine the relevance of CAl inhibitory
circuits for the acquisition of hf-CFC, we asked
whether acute inactivation of y—aminobutyric acid-
releasing (GABAergic) interneuron subclasses
in CA1 would alter learning. We injected rAAV
(Synapsin-PSAM™"*'"F-GlyR)™ bilaterally into CA1
of Som~cre or Pvalb-cre mice to express PSAM-41F-
GlyR selectively in either Som " dendrite-targeting
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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; |-m., stratum
lacunosum-moleculare). (Right) Confocal image of
coronal section from mouse expressing GCaMP5G
in Som* interneurons in dorsal CAL. 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) AF/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 AF/F over the 3 s after the stimulus. [two-
way ANOVA, axon-type x stimulus type, F(y84) = 16.9, P < 0.001; post hoc Mann-Whitney U tests]. Error bars, mean + SEM. *P < 0.05; **P < 0.01;
***%P < 0.001. (E) Summary data for whole-field AF/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 PSEM™ administration during condi-
tioning prevented learning in mice expressing
PSAM"'*'"_GIyR in CAl Som' interneurons,
but not in mice expressing PSAM™'*'"_GIyR 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 CAl Som" interneurons during con-
ditioning prevented recall 24 hours later without
the drug, while inactivating Pvalb" intemeurons 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 Ca?* imaging to record the
activity of CA1 Som" interneurons over the course
of hf-CFC. We unilaterally injected rAAV(Synapsin-
GCaMP5G)™ into dorsal CA1 of Som-cre mice to
express the genetically encoded Ca”" indicator
GCaMP5G (34) in the somata, dendrites, and
axons of Som" interneurons (Fig. 2A). To visual-
ize CAl 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 Ca*"-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" intemeurons 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 CAL1 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
CALl 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).
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alveus layers of CA1. (E) (Top left) Example in vivo 2p image of GCaMPéf-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 + 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 GCaMPSG 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),

A GCaMP6f in CA3
CA1

500 um

GCaMPé6f in lateral EC
CA1

input

500 um

GCaMP6f in medial EC

[l CA3 axons in o/a.

and lesions of cholinergic inputs from the medial
septum are known to prevent the suppressive
effects of aversive stimuli on CA1 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 mM mecamylamine) (Fig. 3C) but instead mod-
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-
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recording configuration,

with 2p imaging from excitatory axons in the oriens/radiatum layers (CA3 projections) or lacunosum-
moleculare layer (LEC or MEC projections) of CAL. (Right) Example in vivo 2p images of GCaMPéf-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
AFIF over the 3 s after the stimulus (two-way ANOVA, axon type x stimulus type, F(;g4) = 10.7, P < 0.001;
post hoc Mann-Whitney U tests). Error bars, mean + SEM. *P < 0.05; **P < 0.01; ***P < 0.001.
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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
mAChHRs 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 (47, 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 from m1 AChR-responsive PCs (49),
because mIAChR block did not substantially alter
air-puff-evoked activity in the minority of respond-
ing PCs (fig. S7C), and responses of Som' intemeu-
rons were not substantially changed by blockade of
glutamatergic AMPA receptors (20 uM 2,3-Dioxo-
6-nitro-1,2,3,4-tetrahydrobenzo[ f Jquinoxaline-7-
sulfonamide) (Fig. 3C).

Cholinergic input to the hippocampus arises
from projection neurons in the medial septum
(50), a region required for CFC (57). To directly
record the activity of these projections, we in-
jected rAAV(ef10-DIO-GCaMP6f)™ into the
medial septum (MS) of ChAT-cre mice to ex-
press the sensitive Ca®" indicator GCaMP6f (52)
in cholinergic projection neurons. We imaged cho-
linergic (ChAT™) axons in the oriens and alveus
layers of CAl 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
to CA1 (15), including projections from the lateral
entorhinal cortex (LEC) (53) and nonspatial neu-
rons of the medial 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 rTAAV(Synapsin-GCaMP6f") into
CA3, LEC, or MEC and imaged axonal activity
in ipsilateral CAl 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
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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 (/6—/8), 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
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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 PSAM"***F-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 PSAM"***F-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 PSAM™***-GlyR in Som* interneurons. PCs with sig-
nificant US responses are marked in red. (Right) Mean AF/F responses of cells active in both control and
PSEM®® conditions from left (shading is SD). (€) Summary data for multiple FOVs between drug
conditions. (Top) Mean percentage of significantly active CA1 PCs (ctrl, 7.6 + 0.7%; PSEM®, 13.7 +
2.5%; n = 13 FOVs; paired t test). (Bottom) Mean duration of significant transients in cells active in
both drug conditions (ctrl, 2.64 + 0.09 s; PSEM®’, 3.09 + 0.09 s; n = 96 cells; paired t test). Error bars,
mean = SEM. *P < 0.05; ***P < 0.001.
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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(;,19) = 3.87, P < 0.05; comparisons
are unpaired t tests. Error bars, mean + SEM. *P < 0.05; **P < 0.01.

to the primary hippocampal output neurons:
CAl 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-PSAM™*""_-GIyR)™ and
rAAV(Synapsin-GCaMPo6f) 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 PSEM® through the hippocampal im-
aging window (Fig. 5A). Although systemic
PSEM®’ reduced air-puff-evoked Ca®" activity
in Som'/PSAM""*""GlyR" intemeurons (fig. S11),
we applied PSEM® locally to the imaging win-
dow to extend the duration of neuronal inactiva-
tion. We imaged PC populations during control
conditions and PSEM® application, identifying
neurons with significant air-puff-evoked Ca®"
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 Ca®" transients in PCs that re-
sponded to the US in both control and PSEM®
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 PSAMM'F_GIyR (fig. SI13A). Non-
specific reduction in inhibition with GABA AR
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 CI” pump halorhodopsin (56) in
Som" interneurons by injecting rAAV (Synapsin-
eNpHR3.0-eGFP)™™ 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 CAl 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)™ (Fig. 6, B and C). Importantly, shift-
ing the optical suppression of Som" interneurons
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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 CAl 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 (/7). 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
CA1 PC activity 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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Editor's Summary

Fear, Memory, and Place

Contextual fear conditioning (CFC) is widely used as a hippocampal-dependent classical
conditioning task to model human episodic memory. Lovett-Barron et al. (p. 857) combined in vivo
imaging with pharmacology, pharmacogenetics, and optogenetics and they found that
somatostatin-expressing, dendrite-targeting y-aminobutyric acid-releasing interneurons in hippocampal
area CA1 are required for CFC. During CFC, sensory features of the aversive event reach hippocampal
output neurons through excitatory cortical afferents and require active inhibitory filtering to ensure that
the hippocampus exclusively encodes the conditioned stimulus.
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Materials and Methods
All experiments were conducted in accordance with the US National Institutes of Health
guidelines and with the approval of the Columbia University and New York State

Psychiatry Institute Institutional Animal Care and Use Committees.

Mice and Viruses

In all experiments we used adult mice of either sex, that were either wild-type C57/BI6
mice, ChAT-cre mice (Jackson, #006410), or the hemizygous offspring of Som-Cre or
Pvalb-cre mice with the Ai9 reporter line (loxP-STOP-loxP-tdTomato Cre reporter strain
B6;129S6-Gt(ROSA)26Sortm9(CAG-tdTomato)Hze/J (Jackson Laboratory)) on a
C57/BI6 background, have previously reported (25).

We used the following viruses: rAAV2/1(synapsin-PSAM-"*'F-GlyR), rAAV2/7(Synapsin-
PSAM-"F_GlyR)®® (25,30), rAAV2/1(Synapsin-GCaMP5G) (29,34), rAAV2/7(Synapsin-
GCaMP5G)“®, rAAV2/1(Synapsin-GCaMP6f), rAAV2/7(Synapsin-GCaMP6f)® (52,
Penn vector core), rAAV2/7(Synapsin-eNpHR3.0-eGFP)*®, rAAV2/7(Synapsin-
tdTomato)"®, or rAAV2/7(Synapsin-eGFP)*°. For targeting ChAT+ neurons in the
medial septum, rAAV2/1(ef1 a-DIO-GCaMP6f)*® was created by cloning the GCaMP6f
gene (Addgene 40755) into the Cre-conditional vector, rAAV-ef1a-DIO-hChR2(H134R)-
EYFP-WPRE-pA (Addgene 20298), replacing the existing hChR2-EYFP insert.
Restriction sites 5' Nhel and 3' Ascl were used, and only the core of GCaMP6f was
maintained after removing the 5' 6xHis tag. A chimeric serotype 1+2 of AAV was
prepared (64) for stereotaxic injection. This specific serotype and viral promoter were
required to gain reliable expression in ChAT-positive cells, as synapsin (serotypes 2/1 &
2/7) and CAG (serotype 5) viruses were ineffective for labeling these neurons.
Stereotaxic viral injections were performed using a Nanoject syringe, as described
previously (25,29). Recordings from eNpHR3.0-GFP/Som+ interneurons in CA1 were
performed as described previously (25), and cells were stimulated using the same

593nm laser used for in vivo experiments.



Surgery
Hippocampal window

Hippocampal window implant surgeries were performed as described previously
(29,35). Briefly, we anesthetized mice with isoflurane and treated them with
buprenorphine (0.1 mg/kg, subcutaneous) to minimize post-operative discomfort. We
exposed the skull and drilled a 3-mm diameter circle centered over left dorsal CA1,
matching the size of the cannula window to be implanted. We removed the bone and
dura, and then slowly aspirated cortex covering the hippocampus while constantly
irrigating with chilled cortex buffer until the external capsule was exposed. If the alveus
(anterior-posterior fibers) became exposed, surgery was terminated. Otherwise, we
implanted the sterilized window implant by wedging it into place, and secured the top of
the cannula to the skull and stainless steel headpost with grip cement, leaving it to dry
for 15-20 min before returning mice to the home cage (awake and mobile in 5-20 min).
We monitored mice every 12 hours for three days after surgery, administering
buprenorphine to minimize any signs of discomfort.

Opitical fibers

We used published techniques for the construction of chronically dwelling optical fibers
and patch cables for optogenetic behavioral procedures (65). For all experiments, a 200
pum core, 0.37 numerical aperture (NA) multimode fiber was used for optical stimulation
via a patch cable connected to either a 100 mw 593.5 or 473 nm laser diode. Adult mice

were surgically implanted with fiber optic cannulas using published protocols (65).

Head-fixed stimulus presentation and behavioral readout

We developed a flexible system for combining two-photon imaging with microcontroller-
driven stimulus presentation and behavioral read-out, as previously described (29).
Briefly, tones were presented with speakers near each of the mouse's ears, light flashes
lasting 200 ms were delivered with a red LED, and odor stimuli and air-puffs were
delivered via separate solenoid valves to gate airflow from a compressed air tank to a
tube ending in a pipette tip facing the mouse's snout. Odor was delivered with lower
pressure air, and passed through a filter covered in a 50:50 mixture of odorant with

mineral oil (50 pL). We tracked locomotion by measuring treadmill wheel rotation,



recorded as changes in voltage across an infrared photo-transistor as wheel spokes
blocked light from an infrared LED. Electrical signals encoding mouse behavior and
stimulus presentation were collected with an analog to digital converter, which was
synchronized with two-photon imaging by a common trigger pulse.

We used headpost-implanted adult mice for all experiments. In the case of hf-CFC
experiment, starting 3—7 days after implantation we water-restricted mice (>85% pre-
deprivation weight) and habituated them to handling and head-fixation. Within 3 or 4
sessions, mice could undergo extended head-fixation while appearing calm, but alert,
and periodically running while freely licking for small-volume (~0.5 pl/lick) water rewards
during imaging sessions. During the hf-CFC task, mice could lick for water for 4.5 min —
1 m pre context, 3 min context, and 30 s post-context. This protocol was repeated twice
a day for three days (Habituation, Conditioning, and Recall), with 1-3 hours between
each context. Each context CS consisted of a distinct set of auditory, visual, olfactory,
and tactile cues that we presented to mice using a microcontroller-driven stimulus
presentation and behavioral recording system (Fig. S1a)(29). On the second day
(Conditioning) we presented mice with both contexts again, but paired one context
(CtxC) with a US: six air-puffs to the snout (200 ms, 0.1 Hz) during the final minute of
the context. The other context was neutral and not paired with a US (CtxN). On the third
day (Recall), we exposed mice to the conditioned context (CtxC) and the neutral context
(CtxN) again, and assessed the rate of licking in each context.

For discrete stimulus presentation, we habituated mice to handling and head-fixation,
but did not water-restrict them. We used a variable inter-stimulus interval of 20-40 s
between stimuli, which were repeated 5-10 times for each modality in a pseudorandom
order. To characterize responses to air-puffs of varying durations, we repeated
stimulation with durations from 10 ms to 500 ms; each level was presented 3 times,

interspersed with 200 ms tones.

Freely-moving behavior

Fear Conditioning — PSAM-""F-GlyR experiments
Fear conditioning took place in fear-conditioning boxes that contained one clear

plexiglass wall, three aluminum walls, and a stainless steel grid as a floor. All mice were



injected with PSEM®® (60 mg/kg i.p. in saline) 15 min prior to conditioning. The training
session began with the onset of the houselight and fan, and anise scent was placed
under the grid floor. In this one-trial contextual fear conditioning protocol, 180 s after
placement of the mouse in the training context and onset of houselight and fan, mice
received a single 2 s footshock of 1 mA. All freezing was measured before the single
footshock. The mouse was taken out 15 s after termination of the footshock and
returned to its home cage. The grid and the waste tray were cleaned with Sanicloths
between runs. The recall session occurred 24 hours later in the same chamber, but
without PSEM®® injection or footshocks. Mice were recorded by video cameras mounted
above the conditioning chamber and were scored for freezing by an investigator blind to
the experimental condition of the animal.

Fear Conditioning — Tone conditioning

All mice were injected with PSEM®® (60 mg/kg i.p. in saline) 15 min prior to conditioning.
For cued fear conditioning, mice were trained in the same context as in CFC, except
that a 20 s, 80 dB, 2 kHz pure tone was provided as the discrete cue CS, and a 2 s
footshock that co-terminated with the tone was provided. This was repeated three times.
Twenty-four hours later, mice were tested for cued fear in a novel context, in which the
conditioning chamber was altered, the stainless steel grid floor was covered with a
plastic panel and novel cage bedding, the chamber walls were covered and made
circular using colored plastic inserts, the house fan and lights were turned off, and no
scent was used. The tone was presented three times, and an investigator blind to
condition scored freezing before the first tone presentation and during each tone
presentation as a measure of cued fear.

Fear Conditioning — optogenetic experiments

In the case of optogenetic manipulations during conditioning, mice were quickly
attached to the fiber optic patch cables (bilaterally) via a zirconia sleeve, then placed in
a novel cage bottom for five minutes prior to being placed in the testing apparatus. The
patch cables were interfaced to an FC/PC rotary joint, which was attached on the other
end to a 593 nm laser diode that was controlled by a Master-8 stimulator, as previously
described (65). In these experiments, mice were exposed to two 2 s shocks (1 mA)

separated by one minute; shocks were paired with 6 s optogenetic stimulation (593 nm)



centered over the shock (Light-US condition) or shifted 30 s before each shock (Light-
shift condition). All mice were processed for histology, and subjects were excluded from
the study if the implant entered the hippocampus, if viral infection was not complete, or
if the viral infection was not limited to CA1 Som+ interneurons.

Delayed non-match to sample

Mice were food-restricted for 1 day prior to experiments. Mice pursued sweetened
condensed milk rewards (50% dilution, 30 uL) (66). Mice were injected with 60 mg/kg
PSEM® i.p., and tested in a delayed non-match to sample task in a y-maze from 10-35
min post-injection. Mice performed 10 trials, in which the mouse began in the start box,
and consisting of a sample phase (shuffling of location across trials), a 30 s delay phase
in the start box, and a sample phase, where the correct response is to go to the arm not
yet visited. Between trials mice were moved to a clean cage for 60 s, and the location
of the sample arm was shuffled. Animals were scored as the % correct trials, and trials

were omitted if mice took >90 s on the sample phase, or >120 s on the choice phase.

2-photon imaging

We use an in vivo X-Y galvanometer-mounted mirror-based multi-photon microscopy
system and an ultra-fast pulsed laser beam (920-nm wavelength; 2040 mW average
power at the back focal plane of the objective) controlled with an electro-optical
modulator to excite GCaMP and tdTomato through a 40X objective. Distilled water or
warmed cortex buffer (in the case of acute pharmacology experiments) served to
connect the water immersion objective with the cannula. Green and red fluorescence
were separated with an emission filter cube set (green, HQ525/70m-2p; red,
HQ607/45m-2p; 575dcxr). Fluorescent light was detected with photomultiplier tubes
(green GCaMP fluorescence, GaAsP PMT; red tdTomato fluorescence, multi-alkali
PMT) operated with PrairieView software. Once mice were head-fixed, we used
goniometers (Edmund Optics) to adjust the angle of the mouse's head up to 10 degrees
to make the imaging window parallel to the objective. Time series were collected in red
(tdTomato signal) and green (GCaMP signal) channels at 256 x 128 pixels covering 150
x 150 ym at 7.63 Hz (cell bodies, interneuron axons), or 256 x 256 pixels covering 75 x

75 um at 4.02 Hz (CA3, LEC, and ChAT+ axons). Time-series were motion-corrected as



described in ref. 29, adapted from methods established in ref. 36. Regions of interest
(ROIls) were manually drawn over corrected time-series in Image J (NIH), to isolate the
somas or axons of cells of interest. Trials with running were excluded from summary

analyses of sensory responses in interneurons and excitatory axons.

Local pharmacology during 2-photon imaging

For local pharmacology experiments, we replaced the glass coverslip with a plastic
coverslip with a punctured hole (~200 um diameter) (29). This hole was plugged by a
plastic bar and Kwik-Sil. Instead of waiting several days to perform experiments, mice
were habituated and tested 1-5 days after implants. Before imaging, we removed the
plastic plug and filled the cannula with warmed (~32 °C) cortex buffer (125 mM NaCl, 5
mM KCI, 10 mM glucose, 10 mM HEPES, 2 mM CaCl, and 2 mM MgCl,). After control
imaging, we filled the cannula and fluid well for the objective with cortex buffer
containing dissolved scopolamine (1 mM), pirenzepine (0.01-1 mM), mecamylamine (1
mM), NBQX (20 uM), PSEM®® (500 uM), or bicuculine (20 uM) and allowed 30-90 min

for drug diffusion before imaging.

Identification of significantly responding PCs

Approximately 150-200 ROIls were drawn over putative PCs for each field of view.
Statistically significant calcium transients were identified automatically using an
approach similar to that described by ref. 36. Briefly, negative deflections in the AF/F
trace are assumed to be due to motion out of the z-plane. Because cells should move
into the imaging plane with the same frequency they leave this plane, positive and
negative deflections in the AF/F curve that are attributable to motion should occur at the
same frequency. Therefore we calculate a false positive event detection rate by dividing
the number of negative deflections for a given amplitude and duration by the number of
positive deflections at the same magnitude and duration. As signal-to-noise ratio can
vary on a per-cell basis, event amplitudes are calculated in terms of the standard-
deviation (o) of the AF/F trace, which provides an estimate of noise for the cell.
Transient onsets are defined as the times when the AF/F exceeds 2 o, and offset is

defined as the time at which AF/F falls below 0.5 6. A decaying exponential was fit by
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least-squares to the false positive rate values, allowing for the determination of a
minimum transient duration at each o level at different confidence levels (Fig. S$12).

We analyzed sensory responses in PCs using peri-stimulus-time-histograms (PSTHs).
To calculate PSTHs, a binary activity function of time was computed for each cell,
indicating whether it was in a significant calcium transient (95% confidence). Time
series were aligned by stimulus time, and the binary-activity functions across stimulus
presentations were averaged at each time point in a window +/- 20 frames from the
stimulus, yielding a PSTH of the binary activity function for each cell and stimulus. The
response-value was defined as the mean of the 20 post frames minus the mean of the
20 pre frames. To assess confidence, alignment times were shuffled 10000 times,
yielding a distribution of response-values. A cell was deemed significantly responsive if
the true response-value exceeded the 95" percentile of the shuffle distribution. For
significantly-responsive cells, PSTHs of the AF/F traces were computed similarly. For
the analysis of PSEM and bicuculine effects on PC population (Fig. 5 and Fig. $13),
fields of view containing fewer than 3% responsive cells were omitted.

Immunohistochemistry & confocal imaging

After imaging experiments, virally-injected mice were deeply anesthetized with
isoflurane and perfused with 4% paraformaldehyde dissolved in 0.1 M phosphate-
buffered saline (pH = 7.4). Brains were removed, sectioned at 50-60 ym and either
mounted for confocal microscopy or processed for immunofluorescence staining. In
mice expressing PSAM-"'F-GIyR, we performed immunostaining of the hybrid
PSAM-"F.GIyR channel as detailed previously (25,29,30), using Alexa 647—conjugated
a-bungarotoxin (a-BTX, 1:3000), selective for the mutated a7-nAChR receptor binding
site of PSAM-"*"F-GIyR. Confocal stack images (40-50 slices, 1-2 um optical thickness)
were collected from dorsal CA1 region with a 20X objective. Stacks were collapsed into
one z-plane, and cell bodies that were labeled for tdTomato and/or a-BTX Alexa 647
were counted in the oriens/alveus and/or pyramidale layers of CA1 (Imaged, US
National Institutes of Health), allowing for quantification of the density and overlap of
neuronal expression. In mice expressing GCaMP6f in ChAT+ cells of the medial
septum, slices were immunostained with ChAT antibodies (AB144P; Millipore; 1:500
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dilution) and detected with 1:500 concentration of anti-goat DyLight 649 (Jackson
ImmunoResearch). Confocal tile-stack images (2,535 slices, 1 uym optical thickness)
from the medial septum were acquired using a (20X objective), and counted for
GCaMP6f and ChAT co-localization as described above.

Data analysis
hf-CFC was scored by automated measurement of the rate of licks in each context

(capacitive transients measured from metal water port), as described previously (29).
Freely-moving conditioning was assessed by freezing scored by a trained observer
blind to the experimental condition. Head-fixed contextual fear conditioning behavioral
data, delayed non-match to sample behavioral data, and responses by stimulus and cell
type were analyzed with two-way ANOVA, with repeated measures in cases that the
same subject was used across multiple conditions. Pair-wise comparisons were
performed with sign tests for paired data and Mann-Whitney U tests for unpaired data.
Sign tests were used to assess pharmacological effects on calcium responses, and
Mann-Whitney U tests were used to assess pharmacogenetic effects on head-fixed
contextual fear conditioning and differences in running-related activity across cell types.
PC population imaging data was analyzed with paired or unpaired t-tests in the cases of
% active cells and transient durations, respectively. Statistical tests on imaging data
were performed treating each field-of-view as an independent observation by averaging
the responses from all simultaneously imaged ROls. Statistical comparisons were 1-
way or 2-way ANOVAs, with pairwise sign tests or unpaired Mann-Whitney U tests, or
paired and unpaired t-tests. All tests were two-sided, and the type of statistical test is
noted in each case. All summary data are presented as mean + s.e.m. *p <0.05, **p
<0.01, ***p <0.001.



Supplementary References

64) McClure, C., Cole, K.L., Wulff, P., Klugmann, M., and Murray, A.J. (2011).
Production and titering of recombinant adeno-associated viral vectors. J Vis Exp, 57,
€3348, doi:10.3791/3348.

65) Kheirbek, M.A., et al. (2013). Differential control of learning and anxiety along the

dorsoventral axis of the dentate gyrus. Neuron, 77, 955-968.

66) Deacon, R.M.J., and Rawlins, J.N.P. (2006). T-maze alternation in the rodent.
Nature Protocols, 1, 7-12.

10



Supplementary Figures

Fig. S1. Details of hf-CFC task and controls

a) Details about the two contexts used in the hf-CFC task. b)-e) Control experiments for
the hf-CFC task — of mice that received no experimental manipulation, some received
surgical or behavioral treatments whereas others did not. None of these treatments
altered hf-CFC performance. b) Implant and imaging control: ‘Imaging’ group (n = 9) —
mice express GCaMP, have a hippocampal window implanted, and have CA1 imaged
with a 2-photon microscope during hf-CFC. ‘No imaging’ group (n = 12) — mice are
implanted with a headpost alone with no window surgery or imaging. Unpaired t-test: p
= 0.705. c) Viral expression control: ‘Virus’ group (n = 11) — mice have received
stereotaxic injections of a virus to express tdTomato, GFP, or GCaMP. ‘No virus’ group
(n = 10) — mice received no viral injection. Unpaired t-test: p = 0.828. d) PSEM injection
control: ‘PSEM’ group (n=11) — mice were injected with 60 mg/kg PSEM®® in saline i.p
15 min before conditioning in CtxC session. These mice were used as the control group
in Figure 1e. ‘No PSEM’ group (n=10) — mice received no PSEM® injection. Unpaired t-
test: p = 0.252. e) Context identity control: ‘CtxC = 1’ group (n = 10) — mice were
conditioned to Context 1 (CtxC), and Context 2 was neutral (CtxN). ‘CtxC = 2’ group (n
= 11) — mice were conditioned to Context 2 (CtxC), and Context 1 was neutral (CtxN).
Unpaired t-test: p = 0.652. f) Mean lick rates for each group in Fig.1e, displaying the
mean total lick rate across all sessions (baseline for learning index), and the mean lick
rate in recall of CtxC and CtxN.

Fig. S2. Viral expression of PSAM-"*'F-GIyR in CA1 Som+ or Pvalb+ interneurons
of dorsal CA1

a) Septo-temporal extent of viral expression of the ligand-gated Cl- channel PSAM-"*'F-
GlyR in dorsal CA1, revealed by a-bungarotoxin/Alexa647 (a-BTX IHC) immunostaining
(example Som-cre and Pvalb-cre mice). b) Mean % of cre/tdTomato+ cells in CA1 that
are also PSAM""F-GlyR+ in Som-cre/Ai9 (5 sections) and in Pvalb-cre/Ai9 (6 sections)
mice. ¢) Counts in Som-cre/Ai9 mice from panel b) were restricted to oriens, because a
sparse subset of CA1 PCs in pyramidale express tdTomato developmentally, but do not
express cre in adulthood.

Fig. $3. PSAM-'"'F.GIyR inactivation of CA1 interneurons during freely-moving
CFC and tone conditioning

a) Schematic of experimental protocol. Mice were injected with 30 mg/kg PSEM® i.p. 15
min before CFC with a single 2 s/1 mA footshock, and are tested in a recall session 24
hours later without PSEM®. b) Summary data for contextual freezing 24 hours later
with Som-cre mice and Pvalb-cre mice, expressing either tdTomato or PSAM-"*'F-GIyR
in cre+ CA1 interneurons (2-way ANOVA, genotype x virus: F(131) = 5.43, p < 0.05).
Som-cre mice, control vs. PSAM""'F-GIyR (p < 0.05); Pvalb-cre mice, control vs.
PSAM-"F.GIyR (p = 0.75), unpaired 2-tailed t-test. ¢) Summary data for tone-
conditioning experiments with Som-cre and Pvalb-cre mice. Mice were injected with 60
mg/kg PSEM® i.p. 15 min before conditioning with four 20 s tones terminating with a 2
s/1 mA footshock. Freezing was assessed 24 hours later in an altered context without
PSEM®°, tested with four repetitions of 20 s tones. Som-cre: control, n=2; PSAM-"4'F-
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GlyR, n=2; p = 0.56, unpaired 2-tailed t-test. Pvalb-cre: control, n=4; PSAM-"*'F-GIyR,
n=4; p = 0.839, unpaired 2-tailed t-test.

Fig. S4. Effects of inactivating CA1 Som+ interneurons on learning is not a
consequence of brain-state effects

Som-cre mice were injected with 60 mg/kg PSEM® in saline i.p. 15 min before CtxC
conditioning session, and CtxC recall session. Unpaired 2-tailed t-test: p < 0.01.
Because these mice were similar to Som-cre mice injected with PSEM® during
conditioning alone, the two groups were merged for Fig. 1e.

Fig. S5. Inactivating CA1 Pvalb+ interneurons with PSAM-'*'F-GlyR disrupts
spatial working memory

a) Schematic of experimental protocol. Mice pursued sweetened condensed milk
rewards (50% dilution, 30 uL). Mice were injected with 60 mg/kg PSEM® i.p., and
tested in a delayed non-match to sample task in a y-maze from 10-35 min post-
injection. Mice went through 10 trials beginning in the start box, consisting of a sample
phase (shuffling of location across trials), a 30 s delay phase in the start box, and a
choice phase. The correct response in the choice phase is to collect a reward in the arm
not yet visted, reflecting working memory in a natural foraging behavior. Between trials
mice were moved to a clean cage for 60 s. b) Summary data for DNMS task, in Som-cre
and Pvalb-cre mice (2-way ANOVA, genotype x virus: F(123) = 2.0, p = 0.172). There
was a significant main effect of virus (p < 0.005). Som-cre mice, Control vs. PSAM-"#'F-
GlyR (p = 0.173); Pvalb-cre mice, control vs. PSAM-"*"F_-GIyR (p < 0.05), Mann-Whitney
U tests.

Fig. S6. Fraction of sensory-evoked responses by cell types in CA1

a) Expression of GCaMP5G in CA1 oriens interneurons of a Som-cre/Ai9 mouse,
including parallel recording from Som/tdTom+ and Som/tdTom- interneurons. b) Left:
traces from example cells in panel a during the pseudorandom presentation of discrete
sensory stimuli. Traces are concatenated together from 30 individual trials of air-puffs,
tones, and lights. Middle: example averaged air-puff responses on an expanded time
scale. Right: The same data represented as heat maps, with trials grouped by stimulus
type. ¢) Summary data for GCaMP5G responses to discrete sensory stimuli in Som+
and Som- interneurons (Som-cre/Ai9 mice), Pvalb+ interneurons (Pvalb-cre/Ai9), and
pyramidal cells (both lines). AF/F is calculated using the difference between the 5 s
before and after stimulus onset.

Fig. S7. Local pharmacological manipulation of imaged tissue

a) Spread of 1% Evans Blue (in cortex buffer) through the perforated imaging window
over the timescale of pharmacological manipulation, followed by perfusion, fixation, and
mounting. b) Concentration-dependence of m1AChR blockade on air-puff-evoked
activity in Som+ interneurons. Each line is one Som+ cell (n=13 cells). c¢) Responses of
pyramidal cells to air-puffs (see Supplementary Figure 12 & 13) are not significantly
altered by the concentration of pirenzepine (100uM) required to block Som+ interneuron
responses to air-puffs. We measured this as the duration of air-puff-evoked transients in
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PCs active in both drug conditions (ctrl: 2.51 + 0.3s, Pir.: 2.84 + 0.5s, n = 5 cells; paired
t-test), as in Fig. 5 and Fig. S13.

Fig. S8. Expression of GCaMP6f in ChAT+ neurons of the medial septum and
imaging their axons in CA1

a) Top: Confocal images of the medial septum showing co-localization of virally
expressed GCaMP6f and endogenous ChAT with ChAT immunohistochemistry. Bottom:
Summary graph of co-localization of ChAT immunohistochemistry and GCaMP labeling
(n = 3 section in 3 mice) in ChAT-cre mice injected with rAAV2/1(ef1 a-DIO-GCaMP6f)*"®
into the medial septum. b) More examples of FOVs from oriens/alveus in CA1 of ChAT+
mice, and the ROIls drawn to analyze axonal signals. ¢) Responsiveness of ChAT+
axons to locomotion on the treadmill.

Fig. S9. ChAT+ and Som+ axons are sensitive to the onset of air-puffs, but not the
duration

Mean responses to air-puffs of duration 10 ms, 30 ms, 50 ms, 100 ms, 150ms, 200 ms,
300 ms, and 500 ms in: @) ChAT+ axons (individial axon ROls averged over FOVs, as in
Figure 3d-e) in oriens/alveus (o/a.). b) Som+ axons (whole-field ROIls in lacunosum-
moleculare (I-m.), as in Figure 2c-e).

Fig. S10. Imaging GCaMP6f-expressing excitatory projections to CA1

a) Injection sites of rAAV(Synapsin-GCaMP6f) into CA3 (left), LEC (middle), or MEC
(right) ipsilateral to the imaged hemisphere of CA1. b) Locomotion signals in CA3, LEC,
and MEC axons (whole-field ROIs). ¢) Example responses of single CA3 axons to
running and air-puffs. While most CA3 axons do not respond to air-puffs, as reflected in
whole-field fluorescence (Fig.. 4), a sparse subset of CA3 axons do respond, potentially
providing the drive to excite a sparse subset of CA1 PCs, even though the much
stronger LEC and MEC signals are being inhibited.

Fig. S11. PSEM® inactivation of Som+ interneurons in vivo

Mean air-puff responses of Som+/PSAM-"'F_-GlyR+ interneurons (left) and
Som-/PSAM-"*F_GlyR- interneurons (right) in control and PSEM® administration (60
mg/kg PSEM®® i.p. 12-30 min before stimulus presentation).

Fig. S12. Identification of pyramidal cells with significant stimulus-evoked activity
a) Histograms of positive (blue) and negative (red) deflections in the AF/F trace. Event
amplitudes are quantified in terms of o, which is determined for each cell and is defined
as the standard deviation of the noise of the cell's AF/F trace. Histograms show the
distribution of event durations for events greater than or equal to each o level. b) False
positive rates for 2-, 3-, and 4-c events (pooled across all FOVs in all mice used in Fig.
5 and Fig. S13). False positive rate curves are calculated for each o level by dividing
the number of negative events at that level by the number of positive events at that
level. See ref. 33 for more details. Event onsets are defined as the times when the
AF/F exceeds 2-c, and offset is defined as the time at which the AF/F falls below 0.5 .
A decaying exponential was fit by least-squares to the false positive rate values,
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allowing for the determination of a minimum transient duration at each clevel for
different confidence levels.

Fig. S13. Effects of local PSEM and bicuculine on PC populations

a) PSEM®® does not alter the mean % of active cells during air-puffs (ctrl: 10.1 + 2.6%,
PSEM®: 7.1 + 1.3%, n=4 FOVs; paired t-test) or the duration of air-puff-evoked
transients in cells active in both drug conditions (ctrl: 2.73 + 0.2s, PSEM®®: 2.56 + 0.2s,
n = 21 cells; paired t-test) in mice that do not express PSAM-"*F-GIyR. b) 20 uM
Bicuculine increases the mean % of active cells during air-puffs (ctrl: 7.6 + 0.7%, Bic.:
41.3 £ 6.7%, n=13 FOVs; paired t-test) and the duration of air-puff-evoked transients in
cells active in both drug conditions (ctrl: 2.72 + 0.09 s, Bic: 3.21 + 0.09 s, n = 114 cells;
paired t-test). Bars represent mean + s.e.m., ***p < 0.001, ns = non-significant

Fig. S14. Expression of eNpHR3.0-eGFP in CA1 Som+ interneurons

a) Left: example confocal image of eNpHR3.0-eGFP expression in dorsal CA1 of
injected Som-cre mice. Right: Mean % of cre/tdTomato+ cells in oriens that are also
eNpHR3.0-eGFP+. b) Top left: Example cell-attached recording from Som+/eNpHR3.0-
eGFP+ neuron ex vivo, showing suppression of spontaneous spiking with 593 nm light.
Bottom left: Example whole-cell current clamp recording from Som+/eNpHR3.0-eGFP+
neuron ex vivo, showing hyperpolarization with 593 nm laser light at two resting
voltages. Right: example whole-cell current clamp recordings from Som+/eNpHRS3.0-
eGFP+ neuron ex vivo, with overlapping laser light and current injection.

Fig. S15. Hypothesized conceptual model of CFC

a) Schematic of sensory processing in the case of fear conditioning to a unimodal CS,
such as a tone. b) Schematic of sensory processing in the case of fear conditioning to a
multimodal contextual CS, which requires the hippocampus to form a unified
respresentation of the context from disparate sensory cues. ¢) Traditional view of CFC.
The hippocampus processes the context CS independent of the sensory features of the
US. d) We propose an alternative conceptual model of CFC. Sensory information about
the US can reach CA1 through direct inputs from the entorhinal cortex, requiring active
filtering. The US also sends parallel signals to the medial septum cholinergic system,
which excites CA1 dendrite-targeting interneurons to prevent US signals from
influencing hippocampal CS processing.
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