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Materials and Methods 
Mice     Adult (at least 10 weeks of age) male and female F1 hybrid (C57BL/6NTac x 
129S6/SvEvTac) wild-type (WT) mice were used for all experiments, except where 
noted.  Mice were bred at the Hospital for Sick Children and group housed (4 per cage) 
on a 12 h light/dark cycle with food and water available ad libitum.  Behavioral 
experiments took place during the light-phase.  All procedures were conducted in 
accordance with policies of the Hospital for Sick Children Animal Care and Use 
Committee and conformed to both Canadian Council on Animal Care (CCAC) and 
National Institutes of Health (NIH) Guidelines on Care and Use of Laboratory Animals. 
 PV-Cre knockin driver transgenic mice (B6;129P2-Pvalbtm1(cre)Arbr/J) which 
express Cre recombinase in PV neurons, without disrupting endogenous PV expression, 
were originally generated by Silvia Arber, FMI (26), and obtained from Jackson Lab. 
Heterozygous PV-Cre mice were maintained on a C57BL/6 genetic background.  
 
Fear conditioning      The same general procedure was used for fear conditioning (training).  Mice were 
placed in a conditioning chamber (Context A) and allowed to habituate for 2 min before 
presentation of a 30-sec auditory CS that terminated with a 2-sec footshock.  Mice 
remained in chamber for an additional 30 sec before being returned to home-cage.  A 
similar procedure was used for memory testing.  24 h after the last training event, mice 
were placed in a novel context (distinct from conditioning chamber) and, after 2 min, 
presented with CS for 1 min.  Memory was assessed by measuring percent time spent 
freezing (cessation of all movement except respiration) during CS presentation via 
automated procedures (7) or hand-scoring of videos (average of two scorers unaware of 
the treatment conditions in optogenetic experiments). 

For the sake of clarity, we did not present baseline (pre-CS) freezing scores for 
these experiments.  Mice generally showed low freezing when placed in a novel context 
and that there was no difference between groups in this baseline freezing. 

The specific behavioral procedures for each experiment are as follows: 
 
Discrimination between auditory CS1 and CS2 in fear conditioning experiments (Fig. 
1A) To test whether mice were able to distinguish between two auditory conditioned 
stimuli (CSs) in fear conditioning experiments, we used two auditory CSs [CS1 (auditory 
pips, 1.9 Hz pulses of auditory pips, 2-ms rise and fall, 7500 Hz, 85 dB, 30 sec), CS2 
(auditory tone, 2800 Hz, 85 dB, 30 sec), counterbalanced].  Mice were fear conditioned 
to CS1 (or CS2, counterbalanced) by pairing CS1 with a footshock (0.45mA, 2s that co-
terminated with the CS) in Context A.  24 h later, mice were placed in a novel context 
(Context B) and 2 min later, presented with the second untrained CS for 1 min (e.g. CS1-
US training, CS2 testing).  24 h later mice were similarly tested for the trained CS (e.g. 
CS1-US training, CS1 testing) in Context C (see Table 1 below). The order of testing for 
CS1 and CS2 were counterbalanced across mice.  As there were no order effects in CS 
testing, groups were averaged.  Fig. 1A shows mice readily discriminate between CSs, 
freezing significantly more to the trained CS and we observed no difference between 
levels of freezing to the trained CSs.  A Training Condition (CS1-shock, CS2-shock) X 
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Test Condition (CS1, CS2) ANOVA showed a significant interaction, F(1,12) = 44.29, P 
< .001.  Post-hoc Newman-Keuls tests on the significant interaction revealed that mice 
froze significantly more to the trained CS than non-trained CS and that the levels of 
freezing to the trained CS did not differ, indicating equal associability of each CS.  
 
Table 1: Experimental design for Fig. 1A 
 

Group Test1  Test2  
CS1+shock (0.45mA) CS2* CS1 
CS2+shock (0.45mA) CS1 CS2 

 
*order of testing counterbalanced 
 
Two Events separated by different intervals (Fig. 1B) Mice were exposed to two events (Event1, Event2) separated by different inter-trial 
intervals.  For all groups, Event2 was identical and consisted of placing mice in Context 
B and, 2 min later pairing CS2 with footshock (0.45mA, 2 sec).  The content and timing 
of Event1 differed between three groups. 

1. Prior learning group (filled orange bars in Fig. 1B). Event1 consisted of 
CS1+footshock training.  Mice were placed in Context A and, 2 min later, CS1 
was paired with footshock (0.4mA, 2 sec).  Mice remained in chamber for an 
additional 30 sec before being returned to home-cage.  Event1 occurred either 1.5, 
3, 6, 18 or 24 h before Event2 (CS2+footshock training).   

2. Prior CS1 (tone) alone group (CS1 alone, open purple bar). Event1 consisted of 
CS1 alone exposure (without footshock). Mice were placed in Context A and, 2 
min later, CS1 alone was presented.  Mice remained in chamber for an additional 
30 sec before being returned to home-cage. Event1 occurred either 1.5, 3, 6, 18 or 
24 h before Event2 (CS2+footshock training).  This group was designed to control 
for the effects of prior exposure to CS1.  Data were averaged into a single prior 
CS1 alone control group and presented in Fig. 1B.  The freezing scores for each 
time-point group are presented in fig. S1A. 

3. Prior immediate shock alone group (Imm shock, open gray bar).  Event1 consisted 
of placing mice in Context A followed by immediately by a footshock (0.4mA, 2 
sec) either 6 h or 24 h prior to Event2 (CS2+shock training).  An additional group 
received a stronger immediate footshock (0.8mA, 2 sec) 6 h prior to Event 2.  
Importantly, previous research shows that training with an immediate footshock 
does not induce learning (27-29). These immediate shock groups designed to 
control for potential sensitization effects of prior footshock.  
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Fig. S1.  Analysis of behavior during two-memory experiments A. CS1 alone groups (Event2 memory). Fig. 1B presented freezing scores for CS2 during the test as an average of all CS1 alone 
groups (open purple bar).  This group is comprised of 5 groups that received CS1 alone (for Event1) either 1.5, 3, 6, 18 or 24 h 
prior to Event2 (to match the timing of different it is in the experimental groups).  There was no difference between CS1 alone 
groups in terms of freezing during Event2 memory test, F(4,51) = 0.91, P > .05.  Therefore, we averaged these groups (presented 
in Right graph, Fig. 1B).  n=12, 12, 12, 8, 12 for each group, 56 for average.  

B. Memory for Event1 is not affected by timing of subsequent Event2 training. No effect of ITI between Event1 and Event2 on 
memory for Event1.  During Event2 all groups were given CS2+shock.  Mice exposed to CS1 without shock (CS1 alone group) 
for Event1 showed low levels of freezing but all ITI groups (1.5-24h between Event1 [CS1+shock] and Event2 [CS2+shock]) 
showed similar levels, F(5,118) = 23.34, P < .001. n=56, 12, 16, 16, 12, 12 per group, respectively.  

C. Freezing during Event2 training (Context B initial freezing levels). Freezing to Context B (2 min prior to CS2 presentation) 
during Event2 training for all groups presented in Fig. 1B.  Previously trained groups (CS1+shock for Event1), showed higher 
freezing than CS1 alone or immediate shock groups, F(8,142) = 11.31, P < .001.  Importantly, there was no difference in 
freezing between CS1+shock groups (closed orange bars) trained with different ITIs, F(4,51) = 0.91, P > .05.  n=56, 12, 16, 16, 
12, 12, 10, 12, 5 per group, respectively.  

D. Freezing during Event2 training (CS2 freezing levels). Freezing to the 30-sec presentation of CS2 during Event2 training for 
groups in Fig. 1B.  Previously trained groups (CS1+shock for Event1), showed higher freezing than CS1 alone or immediate 
shock groups, F(8,142) = 30.49, P < .001.  However, there was no difference in freezing between CS1+shock groups (closed 
orange bars) trained with different ITIs, F(4,51) = 0.91, P > .05.  n=56, 12, 16, 16, 12, 12, 10, 12, 5 per group, respectively.  

E. Control for time-of-day effects on fear conditioning. Mice were trained once at 9am or 3pm (CS1+ footshock, 0.45 mA) and 
tested the following day at 9am or 3pm.  There was no difference in freezing levels between groups [F(3,27) = 0.22, P > .05] 
indicating that under the present training conditions, time-of-day effects do not significantly contribute to the observed effects. 
n=8 per group. 
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Freezing scores for all groups during CS2 presentation in Event2 (training), are shown in 
fig. S1D.  In all groups, memory test for Event2 (or Event1, counterbalanced) occurred 
the day after Event2.  Mice were placed in Context C and CS2 replayed for 1 min.  24 h 
later, memory for Event1 was tested.  Mice were placed in Context D and CS1 replayed 
for 1 min (see Tables 2 and 3 below).  Freezing scores for Event2 memory are shown in 
Fig. 1B while scores for Event1 memory are shown in fig. S1B. 
 
Table 2: Experimental design for Fig. 1B 

 
Event1 Event2 Inter-training interval 

CS1+shock (0.4mA) CS2+shock (0.45mA) 1.5, 3, 6, 18 or 24 h 
CS1 alone CS2+shock (0.45mA) 1.5, 3, 6, 18 or 24 h 

(no difference between groups on 
subsequent CS2 freezing, so 
averaged into single control 
group) 

Immediate shock (Imm 
shock) alone (0.4mA, 
0.8mA) 

CS2+shock (0.45mA) 6 or 24h 

 
 

Training and testing contexts were as follows: 
 
Table 3: Design of different contexts 
 

Context Dimensions Floors Walls Lighting 
(relative to 
maximum 

brightness) 

Scent 

A rectangle  
714 cm2 2.5mm diam dark 

gray bars dull silver walls, 
white sheet over door 50% water 

B rectangle 
700 cm2 1. 5mm diam 

chrome-colored 
bars 

silver walls, door 
uncovered 30% mint 

C triangle 
357 cm2 smooth white 

plastic black walls, door 
uncovered 40% vanilla 

D semi-circle 
275.2 cm2 rough white plastic white plastic, door 

covered with sheet of 
white/black bars 

10% ethanol 
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Two Events separated by different intervals using CSs of different modalities (fig. S2A) To control for potential generalization between the two auditory CSs used in the 
above experiments, we conducted an additional experiment that used a light CS for 
Event1 and an auditory CS for Event2. Mice were first trained on Event1 [overhead light, 
luminous emittance of 500-600 lux, for 30 sec co-terminating with footshock, 0.4mA, 2 
sec) and trained on Event2 (auditory stimulus CS2 co-terminating with footshock, 
0.45mA, 2 sec).  Event1 occurred either 6 or 24h prior to Event2.  A control group 
receive light alone presentation 6h prior to Event2.  
 
Two Event FISH experiments to visualize engram overlap (Fig. 1C)      To visualize neurons activated by memory retrieval induced by re-exposure to 
CS1 and CS2 in the two-memory experiments (as a proxy for the engram underlying each 
memory), we trained and tested four groups of mice (summarized in Table 4 below). 

1. CS1-CS1 Group. Mice were trained for Event1 only [CS1+footshock (0.4mA)]. 
24h later, mice were tested for CS1 (placed in Context C and 2 min later presented 
with CS1 for 3 min). Neurons activated by this exposure were identified as h1a+. 
Mice were then placed in a quiet holding room for 25 min, followed by placement 
in Context D and 2 min later, presented with CS1 again for 3 min. Neurons 
activated by this exposure were identified as arc+.  5 min later, brains were 
quickly removed and frozen.  In this group, mice were trained for one event only 
(CS1+footshock) and tested twice for the same event memory. This control group 
was included to determine the percentage overlap of LA neurons activated by 
testing the same memory twice (as a means of assessing the upper-limit “ceiling” 
of overlap). 

2. CS1-CS3 Group. Mice were trained for Event1 only [CS1+footshock (0.4 mA)]. 
24h later, mice were tested for CS1 (placed in Context C and 2 min later presented 
with CS1 for 3 min). Mice were then placed in a quiet holding room for 25 min, 
followed by placement in Context D and 2 min later, presented with a novel CS 
(CS3) again for 3 min.  Half of the mice were tested for CS3 and CS1 in reverse 
order (no difference was observed between order presentations). In this group, 
mice were trained for one event only and tested for this learned CS and a novel 
CS. This control group was included to determine the percentage overlap of LA 
neurons activated by testing a memory and a novel CS (as a means of assessing 
the lower-limit “floor” of overlap). 

3. CS1-CS2 (6h interval) Group. Mice were trained on two events [CS1+footshock 
(0.4 mA), CS2+footshock (0.45 mA)] with a 6h inter-training interval. 24h 
following Event2 (CS2+shock), mice were placed in Context C, and 2 min later 
presented with CS2 for 3 min.  Mice were then placed in a quiet holding room for 
25 min, followed by placement in Context D and 2 min later, presented with CS1 
for 3 min.   

4. CS1-CS2 (24h interval) Group. Mice were trained on two events as above 
[CS1+footshock (0.4 mA), CS2+footshock (0.45 mA)], but with a 24h inter-
training interval. Testing was conducted as above. 
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Fig. S2.  Examining generalization between CSs in two-memory experiments A. Using CSs of different modalities.  Mice were trained with Event1 (light-shock pairing) followed either 6h or 24h by 
Event2 (auditory stimulus-shock training).  During Event2 training, both groups of mice showed similarly low levels of 
freezing when initially placed in Event2 training context, F(2,21) = 0.27, P > .05 and low levels of CS2-freezing, F(2,21) = 
0.96, P > .05.  However, when tested for Memory2, mice with short ITI (6h) showed significantly greater freezing than 
mice trained with longer ITI (24h), similar to the effects observed in Fig. 1B using two auditory CSs, F(2,21) = 6.33, P < 
.001. n=8 per group. 

B. Pre-exposure to two auditory CSs to reduce generalization.  Mice were pre-exposed to CS1 (5 x 1 min) and CS2 (5 x 1 
min).  The following day, mice were trained with Event1 followed either 6h or 24h by Event2 (exactly as in Fig. 1B).  
During Event2 training, both groups of mice showed similarly low levels of CS2-freezing, F(1,14) = 0.16, P > .05.  
However, when tested for Memory2, mice with short ITI (6h) showed greater freezing than mice trained with longer ITI 
(24h).  Using this protocol, generalization to CS2 during Event2 was reduced in both 6h and 24h groups (left graph, 
compare to fig. S1D), but memory enhancement in the 6h but not 24h group was still observed during Event2 memory test 
(right graph), F(1,14) = 5.56, P < .001. n=8 per group. 

C. Weak training conditions to reduce generalization between auditory CSs.  Mice were trained in Event1 and Event2 (no 
CS pre-exposure) using footshocks of weak intensity (0.25mA for Event1, 0.3mA for Event2), or exposed to CS1 alone 
1.5h or 24h before Event2 (averaged into CS1 alone group).  During Event2, all groups showed low levels of freezing 
during CS2 presentation (left graph, compare to fig. S1D), with CS1 alone mice freezing less.  Mice trained with short ITI 
froze more in Event2 memory test than similarly trained mice with longer ITI or mice that received CS1 alone F(2,45) = 
11.27, P < .001, similar to the effect observed in Fig. 1B.  n=24, 12, 12. 
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Table 4: Experimental design for Fig. 1C 
 

Group Training Interval Test1 (h1a) Test2 (arc) 
CS1-CS1 CS1+shock (0.4mA) only n/a CS1 CS1 
CS1-CS3 CS1+shock (0.4 mA) only n/a CS1 CS3 
CS1-CS2 (6h) CS1+shock (0.4mA),  

CS2+shock (0.45 mA) 6h CS1 CS2 
CS1-CS2 (24h) CS1+shock (0.4mA),  

CS2+shock (0.45 mA) 24h CS1 CS2 
 
 
Freezing scores for these groups are presented in fig. S3A (first min of each 3-min test).   
 

For FISH analyses, tissue was sectioned (20 m) and prepared for FISH as 
previously described.  arc mRNA expression was visualized using a DIG-conjugated 
anti-sense probe corresponding to the full length open reading frame of arc (7, 8).  For 
homer 1a (h1a), an FITC-conjugated anti-sense probe corresponding to nucleotides 4457-
4915 (exon 5’) was used (30).  Sections from 4 mice were mounted on the same slide to 
minimize differences in staining and visualization conditions.  After hybridization and 
amplification of arc and h1a signals, sections were counterstained with Hoechst 33258 to 
visualize nuclei.   
 Sections were imaged on a laser confocal microscope (Zeiss LSM 710).  For each 
image, an optical z-stack series was acquired with images ≤ 1 m apart.  Stacks were 
analyzed for nuclear arc and nuclear h1a by two individuals unaware of treatment 
condition.  At least four sections were counted for each mouse, and counts were averaged 
such that each mouse had one score. The proportion of neurons activated during recall of 
Event1 was calculated as pArcnuc (nuclear arc signal/total nuclei), for Event2 ph1a 
(nuclear h1a signal/total nuclei). The probability of memory co-allocation was calculated 
as parc/h1a (arc+h1a co-label)/[h1a + arc]-[h1a+arc co-label]).  
 The overlap of LA engrams was further examined with additional intervals 
between Event1 and Event2 using nuclear localized versus cytoplasmic localized arc 
mRNA as a marker of recent versus more remote neuronal activity (fig. S3B).  The 
proportion of neurons activated during recall of Event1 was calculated as pArcnuc (nuclear 
arc signal/total nuclei), for Event2 pArccyt (cytoplasmic arc signal/total nuclei).  The 
probability of memory co-allocation was calculated as parcdble (nuclear and cytosolic co-
label/[nuclear arc + cytoplasmic arc] – [nuclear and cytosolic co-label].  For cases where 
it was difficult to distinguish between nuclear and/or cytoplasmic arc signal, those 
neurons were excluded from the analysis (approx. 1% of neurons in each condition). 
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Fig. S3.  FISH analysis of the overlap of engrams supporting memories for two events with different inter-training intervals 
(ITIs) 
A. Left. Experimental time-line.  Right.  Freezing data for FISH experiments depicted in Fig. 1C.  Overall CS freezing levels were 

similar, except freezing to the novel CS (CS3) was lower than to trained CSs and mice trained with a 6h ITI showed higher 
freezing to CS2. Group [CS1-CS1, CS1-CS3, CS1-CS2 (6h ITI), CS1-CS2 (24h ITI)] X Test (CSs) ANOVA showed a 
significant interaction, F(3,8) = 15.3, P < .001. n=3 mice/group.  

B. Left. Examples of h1a and arc staining for control groups (CS1-CS1, CS1-CS3). Cells expressing mRNA for h1a (green signal, 
solid arrows, Event1), arc (red signal, open arrows, Event2) and both h1a and nuclear arc (asterisks).  Scale bar = 20 m. Left. 
Overall percent arc+, h1a+ neurons did not differ between groups, except that exposure to a novel CS induced less of the activity 
marker (arc). Group [CS1-CS1, CS1-CS3, CS1-CS2 (6h ITI), CS1-CS2 (24h ITI)] X Activity marker (h1a, arc) ANOVA 
showed a significant interaction, F(3,8) = 42.58, P < .001. This shows that both markers label active cells to similar extent and 
that the size of the LA engram was stable. n=3 mice/group  

C. In addition to h1a and arc co-staining to determine engram overlap, we also used nuclear (nuc) and cytoplasmic (cyt) arc signal.  
Top. Time-line of experiment. Left. Images with and without Hoechst 33258 signal (blue) for 6h ITI and 24h ITI groups.  Right. 
As with h1a/arc analysis, all groups showed equivalent proportions of cytoplasmic and nuclear arc+ neurons, indicating that the 
overall size of the LA component of the engram was stable [no effect of ITI on overall level of nuc arc F(3,10) = 0.22, P > .05 or 
cyto arc F(3,10) = 0.48, P > .05].  Far right. Nearly 3-fold increase in overlap of nuc and cyt arc signal in groups trained with 
short ITI (1.5, 3 or 6h) when compared to longer ITI (24h), F(3,10) = 16.51, P < 001.  n=3 or 4 mice per group, 4 sections 
analyzed per mouse.    
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Extinction experiment to examine whether memories are functionally linked (Fig. 1D)      To examine whether the memory for events trained with a short (6h) inter-training 
interval are functionally linked, we examined whether experimentally extinguishing 
Memory2 would impact Memory1.  Three groups of mice were included in this 
experiment (see Table 5 below).  Groups 1 and 2 were trained were trained on Event1 
[CS1+footshock (0.4 mA)] and Event2 [CS2+footshock (0.45 mA)], with 6h or 24h inter-
trial intervals.  Group3, a control group, was trained on Event1 only [CS1+footshock (0.4 
mA), similar to Groups 1 and 2], and 6h following Event1, was exposed to CS2 alone (in 
the absence of footshock).  The next day, all groups were tested for CS1 (Context C, 1 
min presentation of CS1).  24h later, mice were placed in Context D and CS2 was 
presented alone (without footshock) five times for 1 min, separated by 1 min (CS2 
extinction training).  The first exposure to CS2 was used to gauge pre CS2-extinction 
freezing (closed bars in Fig. 1D).  Importantly, CS1 was not presented during this 
extinction training and was never explicitly extinguished.  The day following extinction 
training, memory for each event was tested by presenting CS1 and CS2 alone (open bars, 
post-CS2-extinction freezing levels), as above.  Mice in Group 3 were included to control 
for the effect of multiple CS2 presentations on freezing to CS1.  
 
Table 5: Experimental design for Fig. 1D 
 

Group Training Interval Extinction 
Group1, CS1-CS2 (6h) CS1+shock (0.4mA),  

CS2+shock (0.45mA) 6h CS2 
Group2, CS1-CS2 (24h) CS1+shock (0.4mA),  

CS2+shock (0.45mA) 24h CS2 
Group3, CS1+shock control CS1+shock (0.4mA),  

CS2 alone 6h CS2 
 
 
 
The effects of recall on subsequent memory for a second event experiment (Fig. 4D) This experiment examined whether recall of a previously acquired Event1 
memory shortly before Event2 would impact memory for Event2.  There were 3 groups.  
All groups were trained on Event1 (CS1+footshock, 0.4mA). 24h later two groups were 
re-exposed to CS1 in Context B (for 1 min). Either 6h (Group1) or 24h (Group2) later, 
mice were trained for Event2 (CS2+shock, 0.45mA). A control group (Group3) was 
trained for Event1 as above, but not re-exposed to the CS1 again.  This group was simply 
placed in the novel context for the same length of time as Groups1 and 2 and was 
designed as a “no recall” control.  All groups were tested for Event2 (CS2 freezing) 24h 
later (see Table 6 below).   
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Table 6: Experimental design for Fig. 4D 
 

Group Event1 Recall Time between 
recall of CS1 
and Event2 

Event2 

1 Recall 6h  CS1+shock(0.4mA) CS1 6h CS2+shock(0.45mA) 
2 Recall 24h CS1+shock(0.4mA) CS1 24h CS2+shock(0.45mA) 
3 No recall CS1+shock(0.4mA) No recall No CS1 

recall, only 
context, 6h 

CS2+shock(0.45mA) 

 
 
 
In vivo pCREB analysis following fear conditioning (Fig. 2A)      WT mice were randomly divided into the following treatment groups; 1) fear 
conditioning + 1.5h, 2) fear conditioning + 6h, 3) fear conditioning + 18h, 4) fear 
conditioning + 24h, 5) homecage, 6) CS alone+6h, and, 7) immediate shock alone+6h.  
Mice were fear conditioned [single CS+footshock (0.45mA)] or received either the tone 
CS alone or immediate footshock (0.45mA) alone and returned to homecage.  Mice were 
perfused either 1.5, 6, 18 or 24h later.  Homecage mice were taken directly from 
homecage and not exposed to conditioning chamber, auditory CS or footshock.  
Therefore, there were three control groups in this experiment (homecage, CS alone 6h 
prior to perfusion, immediate shock alone 6h prior to perfusion).  

Immunostaining for pCREB and total CREB was performed as previously 
described (31) on 12-16 sections per mouse, spanning the antero-posterior axis of the LA.  
Sections were processed and imaged in parallel under identical conditions.  Briefly, 
sections were incubated with rabbit anti-pCREB polyclonal antibody (1:3000, Millipore 
cat#06519) overnight at 4oC, followed by a 2 h incubation at room temperature with a 
biotinylated goat anti-rabbit secondary antibody (111-065-144; 1:1 000, Jackson 
ImmunoResearch, West Grove, PA).  Staining was visualized using avidin-biotin 
peroxidase coupled to diaminobenzidine.  Before mounting, sections were lightly 
counterstained with 1% Neutral red.  The LA was imaged (with a 10X objective) and 
number of pCREB+ nuclei quantified using Image J software (NIH) (31).  Basal staining 
was determined by averaging pCREB signal intensity in sections from homecage mice 
and pCREB+ cells in all conditions were identified as signal if 2 standard deviation units 
above the mean.  Parallel sections from same mice were immunostained for total CREB 
using a rabbit anti-CREB polyclonal antibody (9197, 1:1000, Cell Signaling).  No 
differences in total CREB levels were noted between groups. 
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Fig. S4.  Neuronal stimulation transiently increases activated CREB followed by an increase in inhibitory CREB isoform, 
ICER   
KCl/forskolin stimulation of primary hippocampal neurons produced a transient increase in pCREB compared to non-treated cells 
(NT) that peaks 1 h after stimulation and returns to baseline by 4 h.  This stimulation also increases expression of the inhibitory CREB 
isoform ICER [inducible cyclic adenosine monophosphate (cAMP) early repressor] that peaked at 4h.  Total CREB levels not changed 
by stimulation.   
Right, western blot, with GADPH as loading control.  
Left, quantification of results, F(4,15) = 5.67, P < 0.05. n=8 for each time point.  
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Viral vectors Herpes virus (HSV)-based amplicons 
     We chose to use HSV vectors to manipulate excitability in LA principal neurons 
because HSV is naturally neurotropic (32).  Following microinjection into the LA, HSV 
infects roughly 10-20% of principal neurons, rather than glia or inhibitory neurons. In 
agreement with previous findings (10, 33) HSV infects primarily principal excitatory 
neurons in the LA (see fig. S6).  

Transgene expression using this viral system typically peaks 3 d, and dissipates 
within 10-14 d, following microinjection (34).  3-7 d following microinjection into LA, 
we observed no evidence of retrograde transport using this vector (8).  HSV virus was 
packaged using a replication-defective helper virus, purified on a sucrose gradient, 
pelleted and resuspended in 10% sucrose, as previously described (30, 31).  The average 
titer of the virus stocks was 4.0 x 107 infectious units/ml.    
 The following HSV-derived amplicons were synthesized and used in behavioral 
experiments: 

HSV-NpACY: containing enhanced channelrhodopsin2 (ChR2-H134R) fused to 
enhanced yellow fluorescent protein (eYFP) and halorhodopsin 3.0 (NpHR3.0) to enable 
bidirectional control of neuronal activity (see Fig. 3A).  These two opsins are spectrally 
compatible; neurons can be excited by blue light (473 nm) activation of ChR2 and 
inhibited by red light (660 nm) activation of NpHR3.0.  Using red light, rather than 
yellow, efficiently activates NpHR3.0 while minimizing cross-talk with ChR2 (17, 18).  
Opsin genes were connected in the viral vector using a 2A self-cleavage linker derived 
from porcine teschovirus (P2A) and expression was driven by the endogenous HSV 
promoter IE4/5.  We characterized this vector both using both in vitro and in vivo assays 
(see figs. S5, S7A). 

HSV-vCREB: containing wild-type full-length CREB fused to green fluorescent 
protein (GFP) (kindly provided by Dr. Satoshi Kida, Tokyo University of Agriculture, 
Tokyo, Japan) with expression driven by the IE4/5 promoter. 

HSV-vCREB/hM4Di: similar to HSV-vCREB above, but with inhibitory DREADD 
hM4Di (kindly provided by Dr. Bryan Roth, UNC) inserted after a downstream CMV 
promoter.  Control amplicons were HSV expressing GFP or hM4Di (after IE4/5 or CMV 
promoters, respectively). 

 
Adeno-associated virus (AAV) 
     AAV8-hSyn-DIO-hM4Di-mCherry was obtained from UNC Vector Core (Chapel 
Hill, NC).  In this viral vector, the double floxed inverse open reading frame of hM4Di 
fused to mCherry can be expressed from the human synapsin (hSyn) promoter after Cre-
mediated recombination (35).  These AAV viruses were microinjected into the amygdala 
of PV-Cre mice, enabling specific expression of hM4Di in parvalbumin-expressing 
interneurons (PV+ cells).  Further manipulations and behavioral experiments were 
performed on these mice 4 weeks after AAV-infusion.  We verified this construct in fig. 
S7C. 
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Fig. S5.  Characterization of NpACY construct A. Confocal image of NpACY-expressing neurons with both p2A immunostaining and eYFP fluorescence. Scale bar = 40 μm.  
B. Representative voltage-clamp traces from an NpACY-expressing neuron after blue (475/28 nm, top trace) and red (650/13 nm, 

bottom trace) light application.  Escape spike within peak current during blue light is truncated for clarity.  
C. Bar graph summary of photocurrent amplitudes after blue and red light delivery. 
D. Sample current-clamp trace showing red light-mediated inhibition of electrically-induced spiking in an NpACY-expressing 

neuron (200 pA electrical current injection).  
E. Bar graph summary of spike inhibition probability under red light.  
F. Sample current-clamp trace showing blue light-induced action potentials in the same neuron. Blue light pulse widths were 5 ms, 

delivered at 20 Hz.  
G. Spike generation probability under blue light. Light power density: 6.3 mW/mm2 for red light, 10.3 mW/mm2 for blue light. 

n=13 cells.  
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Fig.S6 Characterization of HSV infection   
Following microinjection into LA, HSV vectors overwhelmingly infect excitatory principal neurons (αCaMKII+) (~ 99%).  Mice were 
microinjected with HSV expressing GFP into the LA, and 4 days later infected cells were phenotyped using immunohistochemistry 
for various cell markers.  
DAPI (blue, nuclear stain), GFP (green, infected cell), various cell markers (red).  
We observed no (0%) HSV-infected cell that co-expressed endogenous markers typical of astrocytes (GFAP, glial fibrillary acidic 
protein, depicted as *) and all infected cells were positive for CaMKII as a marker of excitatory pyramidal/principal neurons 
(arrows). There was no overlap between GFP and PV (parvalbumin) neurons. Only very rarely (~ 1%) did HSV-infected cells co-
express GAD67 (Glutamate decarboxylase 67), a marker of an inhibitory neuron.     
 



Supporting online material 
Rashid et al., p. 16  

  

 
 
Fig. S7 Validation of constructs  

A. To verify that blue light (BL+) increased activity of HSV-NpACY expressing neurons, mice were microinjected with 
NpACY vector and LA cfos was analyzed following several treatments (depicted in experimental time-line, Right).  
Percent LA cfos was compared in a Neuron (infected vs. non-infected) X Treatment (NpACY, fear conditioning, BL+ vs. 
NpACY, fear conditioning, BL- vs. NpACY, fear conditioning, RL+ vs. NpACY, BL+) ANOVA, which revealed a 
significant interaction, F(3, 55) = 4.19, P < .001.  Post-hoc Newman-Keuls comparisons showed that 1) neurons infected 
with NpACY  had greater cfos than non-infected neighbors if these neurons were excited with blue light before training 
(BL+, FC), 2) there is no increase in cfos in neurons infected with NpACY relative to their non-infected neighbors if these 
neurons were NOT excited before training (BL-, FC), nor was there an increase in cfos in neurons infected with NpACY 
relative to their non-infected neighbors if these neurons were inhibited during training (RL+, FC), and, 3) neurons infected 
with NpACY show slightly (but not statically significant) higher cfos than their non-infected neighbors if these neurons 
were excited even in the absence of training (BL+, no FC).  These findings validate the use of these constructs. n=9-21 
sections/group. 

B. Examining the potential effects of blue light alone on cellular activity.  Mice were microinjected with HSV-GFP (no opsin) 
vector and shone blue light at 10% duty cycle (as in our behavioral experiments) and 50% duty cycle, and LA cfos levels 
were compared to mice that were fear conditioned but did not receive light.  An ANOVA revealed a significant effect of 
Treatment, F(2,82) = 16.99, P < .001. Post-hoc comparisons showed that mice with 50% duty cycle showed higher cfos 
than 10% duty cycle, but less than mice that were fear conditioned.  The levels of cfos in mice that received 10% duty 
cycle (the training conditions in most of our experiments in the present manuscript) were very low (3.5%) and comparable 
to homecage levels. n= 31 and 36 sections for 10% and 50% duty cycles, respectively, n=18 for FC group. 

C. To validate the DREADD construct (hM4Di) used in Fig. 4 and fig. S9, PV-Cre mice expressing AAV-DIO-hM4Di-
mCherry were fear conditioned (CS1+footshock, 0.5mA) 1hr after injection of CNO or vehicle (VEH).  Mice were 
perfused 90 min later. cfos expression in hM4Di-mCherry positive neurons in the amygdala was assessed.  A significant 
reduction in cfos was observed in PV+ cells in mice injected with CNO compared to VEH injected controls, F(1,33) = 
5.85, P < .001. n=15 for VEH, n=20 for CNO.  
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Surgery      Mice were pre-treated with atropine sulfate (0.1 mg/kg, ip), anesthetized with 
chloral hydrate (400 mg/kg, ip) and placed in a stereotaxic frame. Skin was retracted and 
holes drilled in the skull above LA [AP = -1.4 mm, ML = ±3.5 mm, V = -5.0 mm from 
bregma according to (36)].  Bilateral microinjections of HSV vectors (1.5 l) were 
delivered through glass micropipettes over 20 min.  Micropipettes were left in place an 
additional 10 min to ensure diffusion.  Unless otherwise specified, mice were trained 3 
days following HSV surgery, at a time of maximal transgene expression using this HSV 
vector system (34). For the optogenetic experiment, mice were similarly microinjected 
with HSV-NpACY and bilateral optical fibres were implanted slightly above each LA 
(~0.5 mm)(10, 37, 38).  Optical fibres were constructed in-house by attaching a 10 mm 
piece of 200-μm, optical fibre (with a 0.37 numerical-aperture, NA) to a 1.25-mm 
zirconia ferrule (fibre extended 5 mm beyond ferrule).  Fibres were attached with epoxy 
resin into ferrules, cut and polished.  Optical fibres were stabilized to the skull with 
screws and dental cement. Dental cement was painted black to minimize light leakage. 
After surgery, mice were fitted with plastic caps over implanted optical fibres.  
 For PV+ interneuron modulation experiments, AAV-DIO-hM4Di-mCherry (1.0 
µl) was infused bilaterally into the amygdala using the same approach and co-ordinates 
described above.  After 4 weeks, mice were then microinjected with HSV-NpACY and 
optical fibres implanted. 
 Verifying location of vector microinjection and extent of viral infection      At the completion of each experiment, mice were transcardially perfused with 4% 
paraformaldehyde (PFA) and brains removed. Brains were post-fixed overnight in PFA 
and coronal brain sections (40 µm) across entire anterior-posterior extent of LA collected.  
Every second section was slide-mounted and coverslipped with DAPI-containing 
mounting medium.  The placement and extent of viral infection for each mouse was 
determined using native immunofluorescence (which did not differ across vectors).  For 
HSV-infusions, only mice determined to show strong bilateral transgene expression 
limited to the LA (13-20% of LA neurons across 8-10 sections) were included for 
subsequent data analysis. Consistent with many reports from several labs microinjection 
of HSV vectors produces robust localized transgene expression with minimal tissue 
damage around the site of microinjection (34, 39, 40).  For mice also infused with AAV-
DIO-hM4Di-mCherry, bilateral expression of mCherry in LA/BA was examined and 
only mice correctly expressing both HSV and AAV transgenes were included in data 
analysis. 
 
Optogenetic modulation of fear memory:  overall design of experiments  Mice used in the optogenetic experiments were trained similarly to those in Fig. 1 
except that we increased the intensity of footshocks so as to equalize CS2-freezing levels 
in mice trained with two Events with short (6h) or long (24h) inter-training intervals.  
Specifically, Event1 used a 0.45mA footshock, while Event2 used a 0.5mA footshock. 

In Figs. 3 and 4 using HSV-NpACY vector, HSV-infected neurons were first 
excited with blue light stimulation (BL+, 473 nm, 20 Hz, 5 msec pulses, 10 mW peak, 
10% duty cycle) for 30 sec before onset of the auditory CS in the training session 
(Event1).  Blue light stimulation did not result in any changes in behavior during the 
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training session (fig. S8A) and blue light alone (without opsin) did not affect freezing 
during the test session (fig. S8B).  Red light was delivered in the test session (RL+, 660 
nm, 7 mW square pulse) such that mice were presented with the CS twice, one time with 
RL+ and the other time without RL (counterbalanced).   

 
The effects of increasing excitability before training on memory (Fig. 3B) Mice were microinjected in the LA with HSV vector (either HSV-NpACY or 
HSV-GFP) and 3 d later presented with Event1.  During Event1 mice were placed in 
Context A and 2 min later, CS1 was paired with footshock (0.5mA)(see Table 6 below).  
For 30s before the onset of CS1 some groups (BL+) were presented with blue light 
(BL+).  Mice in BL- groups did not receive blue light.  All mice were tested 24h later. 
During the test, mice were placed in Context B and 2 min later, presented CS1 for 1 min.  
Two min after this, the CS1 was again presented for 1 min.  For half of the mice the red 
light was presented (RL+) during the first 1-min first presentation of the CS and for the 
other half Red Light was presented during the second 1-min presentation of the CS.  A 
decrease in freezing during RL+ testing indicates that the infected neurons were allocated 
to the engram supporting that memory.  Data showing no effect of BL+ or opsin 
expression on training behavior provided in fig. S8A. 
 
Table 6:  Experimental design for Fig. 3B 
 

Group Light before training Training Light during Test 
NpACY BL-  No light CS+shock(0.5mA) RL+, RL- 
NpACY BL+ BL+ immediately before 

training CS+shock(0.5mA) RL+, RL- 
GFP BL+ BL+ immediately before 

training CS+shock(0.5mA) RL+, RL- 
NpACY 24hBL+ BL+ 24h before training CS+shock(0.5mA) RL+, RL- 

 
 
Statistical analysis of freezing Amount of time spent freezing during CS1 or CS2 presentation was compared 
across groups by Analysis of Variance (ANOVA).  Where appropriate, significant effects 
were further analyzed using Newman-Keuls (NK) or Fisher's Least Square Difference 
(LSD).  For example, data from Fig. 3B were analyzed with a Group (between factor) X 
Red-light-at-testing (RL+, RL-; within factor) ANOVA which showed a significant 
interaction F(3,28) = 17.41, P < .001.  Post-hocs Newman-Keuls performed on the 
significant interaction showed that freezing levels were only different in NpACY BL+ 
group when tested under RL+. Therefore, only mice in which a small portion of neurons 
were excited before training (NpACY BL+) showed decreased freezing when these  
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Fig.S8 Blue light activation of ChR2(H134R) in LA does not affect behavior during training 

A. No effects of blue light stimulation were observed on freezing behavior during training [pre tone (during BL+ stimulation), 
during the tone and post-shock.  A mixed ANOVA (Group X Training phase (during blue light, during tone CS, and post-
shock) showed no significant interaction F(6, 56) = 1.26, P > .05, but a significant overall effect of Training phase, with all 
groups showing greater freezing in the post-shock period (as expected) F(2, 56) = 36.14, P < .001.  Importantly the absence 
of main effect or interaction involving Group, confirmed that exciting a small portion of LA neurons (NpACY+, BL+) did 
not enhance memory by changing perception of footshock. n=8 for NpACY+, BL-, n=9 for NpACY+, BL+, n=8 for 
NpACY+, BL+24h before, n=7 for GFP, BL+.  

B. No effect of blue light during test.  No difference in freezing between mice (microinjected with HSV-GFP and trained with 
and without blue light) on testing, either on context exposure alone, blue light alone testing or CS alone testing. A Group 
(BL+ at training, BL- at training) X Test (context only, BL+, CS) ANOVA revealed no significant interaction, F(2,20) = 
0.025, P > .05, but a significant main effect of Test, F(2,20) = 24.76, P < .001, in that both groups froze more during CS (as 
expected). These data confirm that blue light does not become an important cue or occasion setter in this experimental 
protocol or induce freezing on its own in the test session. n=6/group.     
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neurons were subsequently silenced by RL during the test. We observed no effect of RL+ 
in the other control groups (and moreover, these control groups did not differ). 
 
The effects ITI on engram allocation using optogenetics (Fig. 3C) Mice were microinjected in the LA with HSV-NpACY and 3 d later presented 
with Event1.  During Event1 mice were placed in Context A and 2 min later, CS1 was 
paired with footshock (0.45mA).  For 30s before the onset of CS1 all mice were 
presented with blue light (BL+) to excite and allocate neurons to the engram supporting 
CS1-shock.  Either 6 or 24h later, Event2 occurred. Mice were placed in Context B and 
CS2 was paired with footshock (0.5mA).  No light was delivered before or during 
Event2. 24h later, mice were tested for CS1.  As above, during the test, mice were placed 
in Context C and 2 min later, presented CS1 for 1 min.  Two min after this, the CS1 was 
again presented for 1 min.  For half of the mice the Red Light was on (RL+) for the first 
1-min first presentation of CS1 and for the other half of the mice the Red Light was on 
for the second 1-min presentation of CS1. 24h later, mice were tested for CS2. A similar 
procedure took place except that mice were placed in Context D and CS2 was presented 
with or without Red Light.  As freezing scores for CS1 did not differ between the 6 and 
24h ITI groups, they were combined for an overall score with and without Red light 
(RL+, RL-). 

 
Co-allocating normally separate engrams by optogenetically exciting neurons (Fig. 3D) The experiment depicted in Fig. 3D was conducted similar to Fig. 3C except that 
Event2 occurred 24h following Event1 for all mice.  Prior to both Events1 and 2 all mice 
were given BL+ to allocate the same population of neurons to both engrams.  This 
treatment led to artificial co-allocation of normally separate engrams. 

 
Attempting to separate normally linked engrams by optogenetically inhibiting neurons 
(Fig. 3E) The experiment depicted in Fig. 3E was conducted similar to Fig. 3C.  Before 
Event1, all mice were given blue light to allocate neurons to the engram supporting the 
memory for Event1.  Either 6 or 24h later, Event2 occurred.  During CS2+footshock 
pairing, both groups received Red Light (for the duration of CS2 presentation) to inhibit 
previously allocated neurons.  6h and 24h ITI groups were tested as above.  Memory2 
was impaired in the 6h ITI group (but not the 24h ITI group), indicating that this 
technique was unable to separate normally linked memory by simply inhibiting 
previously “winning” neurons. 

 
Analysis of parvalbumin-expressing interneurons following fear conditioning (Fig. 4A)      WT mice were randomly divided into the following treatment groups; 1) fear 
conditioning + 3h, 2) fear conditioning + 6h, 3) fear conditioning + 24h, 4) homecage, 5) 
tone alone + 6h, and 7) immediate shock alone + 6h.  Mice were fear conditioned [single 
CS1+footshock (0.5mA)] or received either the tone or immediate footshock (0.5mA) 
and returned to homecage and perfused either 3, 6 or 24h later.  Homecage mice were 
taken directly from homecage and not exposed to conditioning chamber, auditory CS or 
footshock.  In this experiment, three control groups were included (homecage, tone alone, 
immediate shock alone).   
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Mice were perfused with 4% PFA and vibratome sections (50 m) prepared.  8-10 
sections per mouse, spanning the LA over the antero-posterior axis were immunostaining 
for parvalbumin (PV).  Sections were processed and imaged in parallel under identical 
conditions.  Sections were incubated with mouse anti-parvalbumin monoclonal antibody 
(1:1000, Sigma-Aldrich cat#P3088) overnight at 4oC, followed by a 2h incubation at 
room temperature with an AlexaFluor633-conjugated secondary antibody (1:500, Life 
Technologies).  Sections were counterstained with DAPI as a nuclear stain.  

Sections were imaged using identical acquisition parameters.  For each image, an 
optical z-stack was acquired with images ≤ 3 m apart.  Perisomatic PV innervation of 
LA neurons was determined using a custom-written macro in ImageJ.  To quantify the 
extent of perisomatic PV innervation, the soma of cells within the LA (50-100 cells per 
slice, identified by DAPI staining) was outlined and proportion of the perisomatic region 
(area within a 3μm band from the soma) innervated by the neurites of PV interneurons 
calculated using a manually-calibrated threshold to detect PV fluorescence. In order to 
exclude non-pyramidal cells, only somas with a feret size between 8-14 μm were 
included in analysis based on a frequency distribution of cell size.   
 
Attempting to separate normally linked engrams by optogenetically inhibiting neurons 
and chemogenetically inhibiting interneurons (Fig. 4B) The experiment depicted in Fig. 4B was designed to rescue the memory deficits 
observed in Fig. 3E by silencing PV interneurons before Event2.  PV-cre mice were 
microinjected into the LA/BLA with AAV-DIO-hM4Di-mCherry at least 4 weeks before 
being microinjected into the LA with HSV-NpACY.  In this way, the inhibitory 
DREADD receptor hM4Di was expressed in PV interneurons and NpACY was expressed 
in a portion of excitatory principal neurons.  

Event1 occurred 3 d after HSV-NpACY microinjection. Before Event1, mice 
were given blue light (BL+) to allocate HSV-infected neurons to the engram supporting 
Memory1.  Either 6h or 24h later, Event2 occurred. 1h prior to Event2, mice were 
administered CNO (clozapine N-oxide, 1 mg/kg, ip) or vehicle (VEH).  During Event2, 
mice received Red Light during CS2 presentation to inhibit HSV-infected neurons 
previously excited and allocated to the engram supporting Event1 memory.  Mice were 
tested for CS1 and CS2 as above. 

 
Picking winners and losers with optogenetics (Fig. 4C) WT mice were microinjected into the LA with HSV-NpACY.  3d later, Event1 
occurred. During Event1 [CS1+footshock (0.45mA) pairing], all mice received Red Light 
during CS1 presentation (to inhibit infected neurons).  6h later Event2 occurred.  30 s 
before CS2+footshock (0.5mA) pairing, mice received blue light stimulation to excite 
infected neurons and allocate them to the engram supporting Memory2.  Mice were tested 
for CS1 and CS2 as above. 
Examining CS generalization The levels of freezing to the 30-sec CS2 during Event2 training (from testing data 
depicted in Fig. 1B) is presented in fig. S1D. An ANOVA conducted on the freezing 
levels to the 30-sec CS2 revealed a significant effect of Previous Treatment, F(8,142) = 
30.49, P < .001.  However, there was no difference in freezing between CS1+shock 
groups (closed orange bars) trained with different ITIs, F(4,51) = 0.91, P > .05. 
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Importantly there was no difference between the CS2 freezing levels during this training 
period between groups that were fear conditioned in Event1 (while only mice trained 
with short ITI showed enhanced CS2 freezing during the test, Fig. 1B). That is, although 
mice with a 6h ITI and 24h ITI showed similar levels of freezing to 30 sec-CS2 during 
training, the 6h ITI groups showed statically higher levels of freezing during the CS2 test 
(1 min).  Therefore, although all previously auditory fear conditioned mice tended to 
generalize to a limited degree to the second auditory CS, only groups trained with a short 
ITI subsequently showed enhanced memory for Event2.   
 
Two Events separated by different intervals – reducing generalization (fig. S2)  To more directly control for potential effects of CS generalization, we performed 
several additional experiments that were designed to minimize the potential 
generalization of CS2 during Event2 training. 

Different sensory modalities of CS (fig. S2A).  To eliminate the possibility that 
generalization to CS2 influenced the present memory-enhancing effects, mice received 
two fear conditioning Events in which the CSs were of different sensory modalities.  
During Event1 mice received light-shock pairing, while during Event2 (conducted either 
6 or 24h later) mice received tone-shock pairing.  Consistent with the present data using 
two auditory CSs, mice trained with a short ITI showed enhanced memory for Event2.  A 
control condition showed that, similar to two auditory stimuli experiments, exposure to a 
light alone 6h prior to Event2 did not enhance. 

Pre-exposure to CSs to reduce generalization between CSs (fig. S2B).  Before 
Event1, mice were pre-exposed to CS1 (5 x 1 min, 1 min intervals) in Context A, 
followed by pre-exposure to CS2 (5 x 1 min, 1 min intervals) in Context B.  The 
following day, mice were trained with Event1 followed either 6h or 24h by Event2 
(exactly as in Fig. 1B).  Mice were tested as in Fig. 1B.  During Event2 training, both 
groups of mice showed similarly low levels of freezing to CS2.  However, when tested 
for Memory2, mice with the short ITI (6h) showed significantly greater freezing to CS2 
than mice trained with the longer ITI (24h). 

Weak training conditions (fig. S2C).  This experiment included 3 groups.  
Groups 1 and 2 were trained in Event1 and Event2 (no CS pre-exposure) separated by 
either a 1.5h or 24h ITI (as in Fig. 1B).  However, the intensity of footshock was weak 
(0.25mA shock for Event1, 0.3mA shock for Event2).  A separate group received CS1 
alone presentation during Event1 and were trained (CS2+footshock) for Event2.  During 
Event2 training, previously fear conditioned mice (Groups1 and 2) showed little freezing 
to CS2, although it was significantly higher than CS1 alone groups, F(2,45) = 7.63, P < 
.001. However, during the subsequent test, mice trained with a 6h ITI froze significantly 
greater than mice trained with a 24h ITI and mice that received CS1 alone, F(2,45) = 
11.27, P < .001.  Together, these data indicate it is unlikely that generalization between 
auditory CSs can account for the ITI effects observed in Fig. 1B. 

 
Control for time-of-day effects (fig. S1E)  Several studies (41) showed that if trained with a weak training protocol (but 

importantly, not a stronger training protocol) mice show time-of-day effects on fear 
conditioning.  In the present experiments, Event1 occurred at 9am and Event2 at varying 
times after Event1 (e.g., for 6h ITI, Event2 occurred at 3pm). Testing was conducted the 
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next day starting at 9am.  Importantly, in the current studies we used fairly robust training 
that may overcome time-of-day effects.  

However, in order to investigate the potential influence of time-of-day on our 
results more directly, we performed an additional experiment where we trained mice once 
at 9am or 3pm (CS1+ footshock, 0.45 mA) and tested mice the following day at 9am or 
3pm (see Table 7 below).   
 
Table 7:  Experimental design for fig. S1F 
 

Training Test 
CS1+shock(0.45mA), 9am 9am 
CS1+shock(0.45mA), 3pm 9am 
CS1+shock(0.45mA), 9am 3pm 
CS1+shock(0.45mA), 3pm 3pm 

 
 
pCREB and ICER expression time-course in neuronal cultures (fig. S4)      Primary cortical neuronal cell cultures were prepared from WT mice (E18-19) as 
previous (11).  After 10 d in culture, neurons were given stimulation pulse [30µM 
forskolin (FSK) and 55mM KCl applied to medium] or left non-treated (NT).  Neurons 
were collected at different times after stimulation and homogenized in cell lysis buffer 
(50 mM Tris, 0.25 M sucrose, 25 mM KCl, 5 mM MgCl2 with protease and phosphatase 
inhibitors), sonicated for 5 min and resuspended in buffer (100 mM Tris.Cl, pH 6.8, 200 
mM DTT, 4% SDS, 20% glycerol and 0.2% bromophenol blue).   

Homogenates were separated by SDS-polyacrylamide gel electrophoresis and 
electroblotted onto PVDF transfer membranes.  Membranes were blocked for 1 h in 10% 
skimmed milk in Tris-buffered saline (TBS) and incubated overnight at 4ºC with the 
following primary antibodies in 1% skimmed milk in TBS: mouse anti-CREB (1:1000, 
Millipore), rabbit anti-pCREB S133 (1:1000, Cell Signaling), rabbit anti-ICER/CREM 
(1:1000, Pierce Antibodies) and rabbit anti-glyceraldehyde-3-phosphate (GAPDH) 
(1:5000, Cell Signaling).  After overnight incubation, membranes were washed with 
TBS, 0.1% Tween-20 for 10 min and incubated for 2 h at room temperature with an 
HRP-conjugated species-specific secondary antibody.  Bands were visualized by 
exposure of membranes to film following treatment with Western Blotting Detection 
Reagents.  The optical intensity of bands associated with ICER and CREB was measured 
relative to their respective GAPDH bands.  pCREB was measured relative to respective 
CREB bands on the same blot using Image J.  

 Electrophysiological validation of NpACY construct (fig. S5) Primary cultured hippocampal neurons and recording experiments were 
performed as previously described (18, 42). 

 
Cell specificity of HSV infection (fig. S6) 
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We used HSV to manipulate excitability in excitatory principal neurons in the 
LA.  We previously showed that HSV viral vectors microinjected into the LA 
overwhelmingly infected excitatory neurons (10).  To verify this, we microinjected mice 
with HSV-GFP into the LA, and 4 d later, perfused mice transcardially with 4% 
paraformaldehyde (PFA).  Brains were sliced coronally (50 µm) and incubated with GFP 
(to visualize infected cells; rabbit; 1:1000, Millipore), GFAP (Glial Fibrillary Acidic 
Protein, to label astrocytes; mouse; 1:1000, Cell Signaling), CaMKII (alpha 
Ca2+/calmodulin-dependent protein kinase II;  to label excitatory principal neurons, 
mouse; 1:1000, C265, Millipore), GAD67 (Glutamate decarboxylase 67, to label 
inhibitory neurons, mouse; 1:500, 1G10.2, Millipore) or PV (parvalbumin, to label 
parvalbumin positive inhibitory neurons, mouse; 1:1000, P3088, Sigma-Aldrich) in 
blocking solution for 24 h at 4°C. Slices were then incubated with secondary goat anti-
rabbit ALEXA 568 (1141875; 1:500, Invitrogen, Eugene, Oregon) and goat anti-rabbit 
ALEXA 488 (1141875; 1:500, Invitrogen, Eugene, Oregon) antibodies for 2 h at room 
temperature.  Slices were washed with PBS 0.1M, counterstained with DAPI (4',6-
diamidino-2-phenylindol) and mounted on gelatin-coated slides.  Images were 
acquired with a Zeiss LSM710 confocal microscope and were analyzed using ImageJ 
software.  
 
In vivo validation of constructs (cfos expression) (fig. S7)  To validate the optogenetic tools used in the present experiments, molecular 
markers of neuronal activity (cfos) ex vivo were used (fig. S7A).  Mice were injected with 
NpACY vector as in the behavioral experiments and LA cfos was analyzed 90 min 
following:   

1. blue light before fear conditioning (CS1+0.5mA shock, BL+, FC group). 
2. no blue light before fear conditioning (BL-, FC group). 
3. red light during fear conditioning (RL+, FC group). 
4. blue light only, no fear conditioning (BL+, no FC group). 

Immunostaining for cfos was performed as previously described (10) on 12-16 
sections per mouse, spanning the antero-posterior axis of the LA.  Sections were 
processed and imaged in parallel under identical conditions.  Briefly, sections were 
incubated with rabbit anti-fos polyclonal antibody (sc-52, 1:500, Santa Cruz) overnight at 
4oC, followed by a 2 h incubation at room temperature with an Alexa633-conjugated goat 
anti-rabbit secondary antibody (A21070; 1:1 000, Life Technologies).  Sections were 
counterstained with DAPI to visualize nuclei.  Images were acquired (Zeiss LSM710 
confocal microscope) and analyzed (ImageJ software).  

To ensure heat generated by blue light itself did not contribute to the observed 
effect (43), we shone blue light in the LA of mice infused with HSV-GFP and perfused 
mice 90 min later for cfos analysis.  Our laser was set to produce a 20Hz square wave 
with 10mW peak power. For 10% duty cycle, each pulse was 5 msec in width (with a 45 
msec gap between pulses), giving an average power of 1mW. For 50% duty cycle, each 
pulse was 25 msec in width (with 25 msec in between pulses).  Blue light stimulation was 
for 30 sec, as in the behavioral experiments.  Expression of cfos in each condition (10% 
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duty cycle, 50% duty cycle) was compared to mice that were fear conditioned but did not 
receive light stimulation (fig. S7B).  

To validate the DREADD construct (hM4Di) used in Fig. 4, PV-Cre mice 
expressing AAV-DIO-hM4Di-mCherry were fear conditioned (CS1+footshock, 0.5mA) 
1hr after injection of CNO (1mg/kg, i.p) or vehicle.  Mice were perfused 90 min later and 
assessed for cfos expression in hM4Di-mCherry positive neurons of the amygdala (fig. 
S7C). 
Effects of blue light on behavior during fear testing (fig. S8B)  To directly assess whether the blue light acted as a “cue” or occasion setter for the 
CS-US pairing or somehow non-specifically increased freezing during the memory test, 
we performed an experiment in which mice were microinjected with HSV-GFP (no 
opsin) vector.  Mice were divided into 2 groups.  One group (BL+) received blue light 
(20Hz for 30 sec, the same parameters as in experimental groups) before CS-US (0.5mA 
footshock) pairing and the other group did not receive light before CS-US pairing (BL-).  
All mice were tested 24 h later.  During the test, mice were placed in a novel context and 
given no stimulation for 2 min, then blue light stimulation for one minute (BL+ on 
graph), followed by another habituation period (2 min) and presentation of the CS for 1 
min.  Freezing was assessed during these test periods.   
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Fig. S9. Memory allocation and co-allocation using CREB to excite neurons and DREADDs to inhibit their activity. A. Increasing CREB in a small population of LA principal neurons enhances fear memory formation, F(1,15) = 26.78, P < 

.001, n = 8 per group. 
B. Neuron expressing vCREB are preferentially allocated to the engram supporting a fear memory. Mice microinjected HSV 

that co-expressed vCREB and inhibitory DREADD, hM4Di.  Control groups received HSV vector expressing either 
vCREB alone, hM4Di alone or GFP.  Mice were given auditory fear conditioning and tested 1 d later.  Before testing, mice 
received either CNO, to silence neurons expressing hM4Di, or vehicle (VEH).  Vector (vCREB/hM4Di, GFP, vCREB, 
hM4Di) X Drug (CNO, VEH) ANOVA showed a significant interaction, F(3,69) = 6.28, P < .001.  CNO or VEH 
injections had no effect on mice expressing GFP, vCREB or hM4Di alone, but decreased memory expression in mice 
expressing vCREB and hM4Di in the same neurons, by post-hoc.  n=8-12 for each group.  Therefore, silencing neurons 
allocated to the engram (using vCREB to allocate neurons and hM4Di to subsequently silence these neurons during the 
test) impairs memory expression.  This result served as proof-of-principle for (C) and (D) of this figure. 

C. Linking normally separated memories (24h ITI) by virally overexpressing CREB (vCREB) to excite the same neurons 
during Event1 and Event2.  Neurons expressing vCREB were preferentially allocated to both engrams, as silencing 
infected neurons (CNO) was sufficient to impair expression of both memories. Group (CREB-hM4Di+CNO before test, 
CREB-hM4Di+VEH before test) X CS-freezing (CS1, CS2) ANOVA revealed no significant interaction, but significant 
main effect of Group, F(1,15) = 23.69, P < .001. n=9 for VEH, n=8 for CNO. 

D. Silencing a population of LA neurons does not non-specifically impair expression of all conditioned fear memories.  Mice 
microinjected with HSV-vCREB/hM4Di after Event1 (infected neurons were unlikely to be part of engram supporting 
memory for Event1).  24h after microinjection, mice trained on Event2 (HSV-infected neurons allocated to the engram 
supporting Event2 memory).  Mice were tested after CNO administration to silence infected neurons.  Memory for Event1 
was intact, but memory for Event2 was disrupted, Group (CREB-hM4Di+CNO before test, CREB-hM4Di+VEH before 
test) X CS-freezing (CS1, CS2) ANOVA revealed a significant interaction, F (1,14) = 32.39, P < .001. Post-hoc tests 
revealed that freezing levels to CS1 were not different between CNO and VEH conditions, whereas CS2 freezing was 
decreased by CNO.  n=5 for VEH, n=11 for CNO. 

E. Attempting to separate normally linked memories using vCREB to excite neurons and hM4Di to inhibit infected neurons. 
Mice microinjected with HSV-vCREB/hM4Di before Event1 and Event2 (separated by 48h ITI). Neurons expressing 
vCREB co-allocated to engrams supporting both Event1 and Event2 (vCREB expression continued for several days).  To 
separate these normally linked memories, we silenced infected neurons (CNO) before Event2.  Mice were tested for CS1 
and CS2 drug-free.  Both groups showed intact memory for CS1. However, mice treated with CNO before Event2 showed 
impaired Event2 memory. Group (CREB-hM4Di+CNO before Event2, CREB-hM4Di+VEH before Event2) X CS-freezing 
(CS1, CS2) ANOVA revealed a significant interaction, F(1,10) = 22.06, P < .001. n=7 for VEH, n=5 for CNO. These 
findings are in agreement with the findings of Fig. 3E, 4B showing that inhibiting neurons allocated to Event1 during 
training for Event2 impaired the acquisition of memory for Event2 if these allocated neurons continued to be more 
excitable than their neighbors (as is the case with vCREB). 
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