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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/Bl6 

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/Bl6 background, have previously reported (25). 

We used the following viruses: rAAV2/1(synapsin-PSAML141F-GlyR), rAAV2/7(Synapsin-

PSAML141F-GlyR)cre (25,30), rAAV2/1(Synapsin-GCaMP5G) (29,34), rAAV2/7(Synapsin-

GCaMP5G)cre, rAAV2/1(Synapsin-GCaMP6f), rAAV2/7(Synapsin-GCaMP6f)cre (52; 

Penn vector core), rAAV2/7(Synapsin-eNpHR3.0-eGFP)cre, rAAV2/7(Synapsin-

tdTomato)cre, or rAAV2/7(Synapsin-eGFP)cre. For targeting ChAT+ neurons in the 

medial septum, rAAV2/1(ef1D-DIO-GCaMP6f)cre was created by cloning the GCaMP6f 

gene (Addgene 40755) into the Cre-conditional vector, rAAV-ef1D-DIO-hChR2(H134R)-

EYFP-WPRE-pA (Addgene 20298), replacing the existing hChR2-EYFP insert. 

Restriction sites 5' NheI and 3' AscI 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. 
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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. 

Optical 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 

ȝm 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 ȝL). We tracked locomotion by measuring treadmill wheel rotation, 
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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 – PSAML141F-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 
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injected with PSEM89 (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 PSEM89 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 PSEM89 (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) 
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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 µL) (66). Mice were injected with 60 mg/kg 

PSEM89 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; 20–40 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 × 128 pixels covering 150 

× 150 ȝm at 7.63 Hz (cell bodies, interneuron axons), or 256 × 256 pixels covering 75 × 

75 ȝm at 4.02 Hz (CA3, LEC, and ChAT+ axons). Time-series were motion-corrected as 
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described in ref. 29, adapted from methods established in ref. 36. Regions of interest 

(ROIs) 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 ȝm 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 KCl, 10 mM glucose, 10 mM HEPES, 2 mM CaCl2 and 2 mM MgCl2). 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 µM), PSEM89 (500 µM), or bicuculine (20 µM) and allowed 30-90 min 

for drug diffusion before imaging. 

 

Identification of significantly responding PCs 

Approximately 150-200 ROIs 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 'F/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 'F/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 (V) of the 'F/F trace, which provides an estimate of noise for the cell.  

Transient onsets are defined as the times when the 'F/F exceeds 2 V, and offset is 

defined as the time at which 'F/F falls below 0.5 V.  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 V�level at different confidence levels (Fig. S12). 

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 95th percentile of the shuffle distribution.  For 

significantly-responsive cells, PSTHs of the 'F/F traces were computed similarly.  For 

the analysis of PSEM and bicuculine effects on PC population (Fig. 5 and Fig. S13), 

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 µm and either 

mounted for confocal microscopy or processed for immunofluorescence staining.  In 

mice expressing PSAML141F-GlyR, we performed immunostaining of the hybrid 

PSAML141F-GlyR channel as detailed previously (25,29,30), using Alexa 647–conjugated 

Į-EXQJDURWR[LQ� �Į-BTX, 1:3000), selective for WKH�PXWDWHG�Į�-nAChR receptor binding 

site of PSAML141F-GlyR. Confocal stack images (40–50 slices, 1-2 ȝP�RSWLFDO�WKLFNQHVV��

were collected from dorsal CA1 region with a 20X objective. Stacks were collapsed into 

one z-plane, and cell bodies that were labelHG� IRU� WG7RPDWR�DQG�RU�Į-BTX Alexa 647 

were counted in the oriens/alveus and/or pyramidale layers of CA1 (ImageJ, 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 ȝm 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 ROIs. 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 r s.e.m. *p <0.05, **p 

<0.01, ***p <0.001. 
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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 PSEM89 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 PSEM89 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 PSAML141F-GlyR in CA1 Som+ or Pvalb+ interneurons 
of dorsal CA1 
a) Septo-temporal extent of viral expression of the ligand-gated Cl- channel PSAML141F-
GlyR in dorsal CA1, revealed by D-bungarotoxin/Alexa647 (D-BTX IHC) immunostaining 
(example Som-cre and Pvalb-cre mice).  b) Mean % of cre/tdTomato+ cells in CA1 that 
are also PSAML141F-GlyR+ in Som-cre/Ai9 (5 sections) and in Pvalb-cre/Ai9 (6 sections) 
mice.  c) 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. S3. PSAML141F-GlyR inactivation of CA1 interneurons during freely-moving 
CFC and tone conditioning 
a) Schematic of experimental protocol. Mice were injected with 30 mg/kg PSEM89 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 PSEM89.  b) Summary data for contextual freezing 24 hours later 
with Som-cre mice and Pvalb-cre mice, expressing either tdTomato or PSAML141F-GlyR 
in cre+ CA1 interneurons (2-way ANOVA, genotype x virus: F(1,31) = 5.43, p < 0.05). 
Som-cre mice, control vs. PSAML141F-GlyR (p < 0.05); Pvalb-cre mice, control vs. 
PSAML141F-GlyR (p = 0.75), unpaired 2-tailed t-test.  c) Summary data for tone-
conditioning experiments with Som-cre and Pvalb-cre mice.  Mice were injected with 60 
mg/kg PSEM89 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 
PSEM89, tested with four repetitions of 20 s tones. Som-cre: control, n=2; PSAML141F-
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GlyR, n=2; p = 0.56, unpaired 2-tailed t-test. Pvalb-cre: control, n=4; PSAML141F-GlyR, 
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 PSEM89 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 PSEM89 during 
conditioning alone, the two groups were merged for Fig. 1e. 
 
Fig. S5. Inactivating CA1 Pvalb+ interneurons with PSAML141F-GlyR disrupts 
spatial working memory 
a) Schematic of experimental protocol.  Mice pursued sweetened condensed milk 
rewards (50% dilution, 30 µL). Mice were injected with 60 mg/kg PSEM89 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(1,23) = 2.0, p = 0.172). There 
was a significant main effect of virus (p < 0.005). Som-cre mice, Control vs. PSAML141F-
GlyR (p = 0.173); Pvalb-cre mice, control vs. PSAML141F-GlyR (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. c) 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). 'F/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 (100µM) 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 r 0.3s, Pir.: 2.84 r 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(ef1D-DIO-GCaMP6f)cre 
into the medial septum. b) More examples of FOVs from oriens/alveus in CA1 of ChAT+ 
mice, and the ROIs drawn to analyze axonal signals. c) 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: a) ChAT+ axons (individial axon ROIs averged over FOVs, as in 
Figure 3d-e) in oriens/alveus (o/a.). b) Som+ axons (whole-field ROIs in lacunosum-
moleculare (l-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).  c) 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. PSEM89 inactivation of Som+ interneurons in vivo 
Mean air-puff responses of Som+/PSAML141F-GlyR+ interneurons (left) and 
Somí/PSAML141F-GlyRí interneurons (right) in control and PSEM89 administration (60 
mg/kg PSEM89 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 'F/F trace.  Event 
amplitudes are quantified in terms of V, which is determined for each cell and is defined 
as the standard deviation of the noise of the cell's 'F/F trace.  Histograms show the 
distribution of event durations for events greater than or equal to each V�level.  b)  False 
positive rates for 2-, 3-, and 4-V�events (pooled across all FOVs in all mice used in Fig. 
5 and Fig. S13).  False positive rate curves are calculated for each V�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 
'F/F exceeds 2-V, and offset is defined as the time at which the 'F/F falls below 0.5 V.  
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 Vlevel for 
different confidence levels. 
 
Fig. S13. Effects of local PSEM and bicuculine on PC populations  
a) PSEM89 does not alter the mean % of active cells during air-puffs (ctrl: 10.1 r 2.6%, 
PSEM89: 7.1 r 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 r 0.2s, PSEM89: 2.56 r 0.2s, 
n = 21 cells; paired t-test) in mice that do not express PSAML141F-GlyR.  b) 20 µM 
Bicuculine increases the mean % of active cells during air-puffs (ctrl: 7.6 r 0.7%, Bic.: 
41.3 r 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 r 0.09 s, Bic: 3.21 r 0.09 s, n = 114 cells; 
paired t-test). Bars represent mean r 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+/eNpHR3.0-
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. c) 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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