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Materials and Methods

Subject.
c-Fos-tTA mice (JAX 018306) were maintained on a C57BL/6J background by back-crossing for

at least 5 generations. Eight animals were used for the main recordings and one was excluded
because none of the tetrodes remained stable across all sessions. Two additional animals were
used to estimate the background labeling in the home cage (see estimation of background
labeling section below), two were used for examining the time course of ChR2 expression after
seizure induction (FigS1), four were used to examine effects of OptID (FigS3), and another 20
animals were used for the contextual fear conditioning behavioral experiment (FigS8). All
animals were provided with water and doxycycline containing food (40 mg/kg, Bioserv) ad
libitum, and maintained in a temperature- and humidity-controlled room with a 12 h light/dark
cycle (lights on from 08:00 A.M. to 8:00 P.M.). All experimental protocols were approved by the
RIKEN Institutional Animal Care and Use Committee.

Virus vector and production.

For adeno-associated virus production, we used the AAV Helper Free System (Agilent
Technologies). The adeno-associated virus vector, pAAV.TRE.hChR2(H134R).EYFP, was co-
transfected with pAAV-DJ/8 (Cell Biolabs), which supplies AAV?2 replication proteins and
AAV-DJ/8 capsid proteins, and pHelper (Agilent Technologies) which supplies the necessary
adenovirus gene products required for the AAV production into the 293FT cell line (Invitrogen)
utilizing the 293fectin transfection reagent (Invitrogen). After 72 hours, the supernatant was
collected and centrifuged at 3,000 rpm for 30 minutes and then filtered through a 0.45uM
filtration unit (Millipore). Purification of the AAV was carried out by ultracentrifugation (87,000
g, 4°C, 2 h) with a 20 % sucrose cushion. After ultracentrifugation, the supernatant was removed
and the pellet was resuspended in phosphate-buffered saline (PBS), aliquoted and stored at -80°C
for long term storage. The titers for the AAV vectors used in this study ranged between 1.14 x
10" to 1.06 x 10" viral genome (vg)/mL.

Microdrive construction and surgery.

The microdrives consisted of 9 independently adjustable tetrodes (14 nm diameter, nichrome
wire, gold plated to 200-300 k Q) and 1 optic fiber (200 um diameter, Thorlabs, FT200EMT).
These tetrodes were arranged to surround the optic fiber located in the center.

All animals were single-housed prior to surgery. During surgery, mice were anesthetized with
avertin (2, 2, 2-tribromoethanol; Sigma-Aldrich, 476 mg/kg, 1.p.) and 500 uL. of AAV-TRE-
hChR2(H134R)-EYFP vector was infused through a small craniotomy above the right dorsal
CA1 (2.0 mm posterior, 1.5 mm lateral, and 1.3 mm ventral from the bregma) at a rate of 100 puL
per minute with a micropump syringe (World Precision Instrument). After infusion, the 35G
needle stayed at the infusion site for at least 15 minutes to allow diffusion of the vector. The
microdrive was then implanted. The tip of the optic fiber was placed 2.0 mm posterior/1.5 mm
lateral from the bregma and 1.0-1.2 mm ventral from the skull surface. One of stainless screws
attached to the skull was used as an electrical ground for recording.

After surgery, animals were carefully monitored and 1.p. injected with 0.5 mL of doxycycline
solution (4 mg/mL in saline) when a loss of body weight (> 10%) was observed. In the 2-3
weeks after surgery the depth of the tetrodes were slowly and manually adjusted until stable
recording of CA1 units was observed across days (see spike sorting section below). All




adjustments were conducted in a highly familiar small plastic red bucket (20 cm diameter)
located in the recording room.

For the freezing experiment (Fig S8), animals were single housed and bilaterally infused with
AAV-TRE- hChR2(H134R)-EYFP or AAV-TRE-EYFP (500 pL) to dorsal CA1 (2.0 mm
posterior, +1.5 mm lateral, and 1.3 mm ventral from the bregma). Optic fibers (200 um diameter,
1.4 mm length) were implanted at the same location. Black opaque dental cement was used to
hold the fibers and to prevent light leakage from the skull.

Recording procedures.

Once stable recordings were achieved the mouse’s doxycycline containing food was switched to
normal food. During this OFF DOX period, mice remained in the familiar home cage without
distraction or further adjustment of tetrodes to minimize background expression of the cFos-tTA
transgene. Forty eight hours later the recording sessions were conducted. First, mice were
exposed to a novel square chamber (30.5L x 24.1W x 21H cm, grid metal floor, ethanol odor,
distinct visual cues on the walls, white noise) and allowed to explore for 30 minutes (context A;
encoding). After this session, mice were brought back to the home cage and given doxycycline
containing food (1 g/kg, Bioserve) to suppress further expression of ChR2. Twelve to fourteen
hours later, they were exposed to the same chamber and again allowed to explore (context A;
recall). Twenty four hours after the encoding session in A, an optogenetic identification session
was recorded in the adjustment bucket. Finally, animals were exposed to a distinct square box
(30.5L x 24.1W x 21H cm, flat plastic floor with beddings, banana odor, another set of distinct
visual cues on the fluffy walls, baroque music) and allowed to explore for 30 minutes (context B;
novel). Immediately before and after every exposure session, 30 minutes of rest sessions were
recorded in the bucket to assess stability of spikes.

All data were acquired using 32-channel Digital Lynx 4SX acquisition system (Neuralynx). The
local field potential (LFP) was filtered at 2-9000 Hz. Spike waveforms were filtered between
0.6-6 kHz and those above a peak threshold of 50 mV were time-stamped and digitized at 32,556
Hz. Light-emitting diodes (red and green) on the recording headstage were video tracked to
obtain the animal’s position and head direction.

All animals were transcardially perfused after recording sessions. Following post-fixation with
4% PFA (paraformaldehyde) solution, brains were sectioned (50 um thickness) and their ChR2
expression and tetrode locations marked by electrolytic lesions were confirmed.

Estimation of background labeling.

To estimate the percentage of cells labeled in the home cage prior to A (encoding) during the
OFF DOX period, we recorded from two additional mice. These animals were taken OFF DOX
for 48 hours, transported to the recording room, and stayed in the bucket for a mock rest
recording sessions. After this procedure, they were brought back to the home cage with
doxycycline containing food (1 g/kg). Twenty-four hours later, optogenetic identification session
was recorded in the bucket. We observed light-induced spiking in 2 of 46 recorded neurons
(4.35%) under these conditions.

Time course of ChR2 expression.

To determine the timing of ChR2 expression sufficient to produce spikes upon our OptID
stimulation protocol we conducted a second control experiment. After 48 hours of OFF DOX,
mice were i.p. injected with kainate acid (Sigma K0250; 20mg/kg in saline) to induce mild




seizure. This protocol is sufficient to induce c-Fos expression in virtually all CA1 pyramidal
cells (26). After seizure onset, 15 minutes recording sessions with light stimulation through the
optic fiber (473 nm, 10 mW, 0.5 Hz, 15 ms pulses) were conducted every two hours to determine
when light induced population spikes were detected in CAI.

Effects of OptID

To examine effects of OptID on hippocampal physiology, we conducted two additional
recording experiments using 4 mice (2 mice each). In the first experiment, animals were first
OFF DOX labeled in a novel context A (30 min exploration). Three to five days later, they were
allowed to explore a familiar context C (26L x 26W x 26H cm, black plastic floor, acetic acid
odor, black plastic walls). Immediately after this session, the recording area was laser stimulated
with the same parameters used for OptID in the main experiment (0.5 Hz, 15 ms pulses, 10 mW,
30 min), followed by another exploration in the context C. In the second experiment, animals
were laser stimulated (OptID1: 0.5 Hz, 15 ms pulses, 10 mW, 30 min) and then allowed to
explore a novel context D for 30 min (30.5L x 24.1W x 21H cm, floor covered with a Kim towel,
almond odor, metal walls, fan noise). Then they were taken OFF DOX for 5 days and stayed in
their home cage to randomly label CA1 pyramidal cells. After returning the mice to ON DOX
conditions, the same animals were again laser stimulated (OptID2: 0.5 Hz, 15 ms pulses, 10 mW,
30 min) and then allowed to explore another novel context E (42L x 40W x 33H cm, rubber
floor, ethanol odor, black walls).

Spike sorting.
Spikes were manually sorted using SpikeSort3D software (Neuralynx) as previously described

(27). In short, waveform amplitudes of all spikes recorded from three channels were projected to
three dimensional space and putative units were clustered. This procedure was repeated for all
combinations of channels and also for energy of spikes.

For each exposure session, spikes from pre-exposure rest sessions were also examined and
clusters with > 0.5% spikes having inter-spike-interval of < 2 ms, a total # of spikes < 50, or an
isolation distance < 10 in the rest session were excluded.

Clustered units were matched across sessions as previously described (28). Briefly, units that
passed our criteria across sessions were considered to be the same only when a small adjustment
of boundaries was sufficient to match the clusters (Fig. S4A). Furthermore, two experimenters
(KZT and TJM) independently conducted spike sorting and cluster matching, and obtained
concurrent results. Through cluster matching and optogenetic identification (see below), we
excluded 268 units and accepted 148 CA1 cells for further analysis (416 cells in total).

All analyses described below (except for statistical tests) were performed using scripts written in
MATLAB (MathWorks).

Optogenetic identification.

Prior to the optogenetic identification session, the optic fiber in the microdrive was coupled to
473 nm DPSS laser (Shanghai Laser & Optics Century, BL473T8-300FC). During the 30
minutes session blue light (10 mW, 0.5 Hz, 15 ms pulses) was delivered to the CA1 while
recording spikes and LFP. Cells with average firing rate increases during the 15 ms light epochs
greater than 5 standard deviations (SD) above baseline were considered to be light-responsive
and thus c-Fos positive. If all clustered units and the unclustered spikes from a tetrode were not
light-responsive, data from this tetrode were discarded as we were unable to determine whether




1) all units were c-Fos negative or 2) light did not reach this tetrode. Across all mice 29 of 148
stably recorded CA1 pyramidal cells met these criteria and were labeled as c-Fos positive.

To determine if we can attribute differences between c-Fos positive and negative cells to
differences in cluster quality, we compared isolation distance and L-ratio between these two
populations of cells across sessions and found no significant differences (Fig. S4B).

Place fields.

Animal’s trajectories were corrected by removing artifacts caused by transient tracking errors
and were smoothed with a Gaussian kernel of 0.05 SD width. Firing rate maps were obtained as
follows. First, spikes from each cell were assigned to 1 cm x 1 cm spatial bins. Then the number
of spikes for each bin was divided by the occupancy time of that bin. Finally, they were
smoothed with a 1 SD Gaussian kernel. For visualization purpose, images in the main figures
were further smoothed with 7 spatial bins.

In order to avoid bias we applied a loose criteria for place cells. Cells having a Complex Spike
Index (CSI) greater than 5 and a mean firing rate higher than 1 Hz were considered to be
pyramidal cells. CSI was defined as previously described (6). Mean firing rates were calculated
by averaging the firing rate of each unit when the velocity of the mouse exceeded 2 cm/sec. Peak
firing rates were defined as rate in the spatial bin having the maximal value. Place field size was
calculating by summing the number of spatial bins where a neuron’s firing rate exceed 20% of its
peak rate. Spatial information was calculated as previously described (29). Cells having mean
firing rates higher than 10 Hz and place field sizes bigger than 1/3 of the entire area were
considered to be interneurons and excluded from analysis.

Spatial correlations were calculated as the Pearson’s correlation coefficient between 2 firing rate
maps of place cells that were active in both sessions (30). In Figure 4C, firing rate correlations
refer to absolute values of differences of mean firing rates divided by their sum. In Figure 4H
and J, we calculated population correlations of mean firing rates from subsets of recorded cells.
First, based on our results from OptID recordings in home cage animals we estimated 4.35% of
all cells recorded were labeled in the home cage during OFF DOX. Thus, from the c-Fos positive
population, these background cells were randomly selected and discarded from further analysis.
A Pearson’s correlation coefficient of population vectors consisted of mean firing rates of the
remaining positive cells from the two sessions was defined as a population correlation measure.
The same number of c-Fos negative cells was also randomly subsampled and the population
correlations were calculated. We repeated this process 1,000 times to estimate distributions of
this measure depending on cell identities discarded. The discrimination index was defined as
difference of the population correlations from c-Fos positive and negative cells divided by their
sum.

Burst analysis.
A burst was defined as 2 or more spikes occurring with an inter-spike-interval between 3

(refractory period) and 15 msec. Theta modulation index of burst activity was calculated as a
burst auto-correlation within theta range (6-12 Hz). An auto-correlogram of burst spike rates (10
msec bin) were generated to obtain burst rates within theta range (inter-burst-interval of 83.3 —
166.7 msec) and baseline burst rates (those outside of the range). Absolute differences of burst
rates for each bin (theta bursts — baseline bursts) were summed to estimate degree of theta
modulation of burst activity. As an additional measure for this theta modulation, we also



calculated power spectrums of burst trains (31). The burst auto-correlations were Fourier
transformed and power of frequency content was examined.

LFP analysis.
The raw local field potential (LFP) data were down-sampled using custom software written in C

to 1627.8 Hz (a factor of 20), followed by quality control measures which excluded any signals
that were either saturated or had a signal (4-12 Hz) to noise (45-55 Hz) ratio > 6dB. A low-pass
filter with a cut-off frequency equal to half the target sampling frequency was applied to the

LFP prior to down-sampling to prevent signal distortion.

To examine the relation of spikes to the theta oscillation, we selected the LFP channel having the
highest power of theta among tetrodes in each animal. Theta band signals were obtained by
band-pass filtering these LFP traces. Hilbert transformation with interpolation was applied to
estimate instantaneous theta phase (0 degree is peak and 180 is trough). Each spike was assigned
to a theta phase (10 degree bins) to calculate firing probability for each theta phase. In Fig. 3, A
and B, only cells significantly phase locked to theta (p < 0.05, Rayleigh test) were plotted.

To examine the spike-gamma relations, we used the LFP recorded on the same channel used for
unit spike detection. We detected gamma events as previously described (32). 30-50 Hz and 55-
85 Hz frequency bands were used as slow and fast gamma (33).Instantaneous gamma phase was
calculated in the same way as theta. Cells phase locked to either gamma event had phase
distribution significantly different from uniform distribution (p < 0.05, Rayleigh test).

Freezing experiment.

We conducted the freezing experiment with optogenetic engram activation (FigS8) as previously
described (24). Briefly, two weeks after the surgery, animals were handled by an experimenter
for 3 successive days (1-2 min per day). After handling, they were first habituated in context A
(30.5L x 24.1W x 21H cm, white plastic floor, almond odor, red room light) with laser
stimulation (473 nm, 4 Hz, 15 ms pulses, 10 mW). This habituation session was 12 min in
duration (alternating 3 min light off and 3 min light on epochs). After this habituation, mice were
taken OFF DOX for 24-30 hours, followed by a contextual fear conditioning session in context B
(30.5L x 24.1W x 21H cm, metal grid floor, acetic acid odor, triangle ceiling). This training
session was 330 sec in duration. At 150, 210, 270 sec, mice received a 2 second foot shock (0.75
mA) through the grid floor. After the training, mice were switched back to ON DOX food (40
mg/kg). Twenty four hours after training, mice were tested in context B without foot shocks (180
sec in duration). Finally, mice were tested in context A for 5 days. These testing sessions were
identical to the habituation session. An experimenter (KZT), who was blind to the groups, scored
freezing behavior. In Fig. S8D, freezing rates averaged over 5 testing sessions were plotted.

All animals were transcardially perfused after the freezing experiment. Following post-fixation
with 4% PFA (paraformaldehyde) solution, brains were sectioned (50 um thickness) and
ChR2/EYFP expression and fiber locations were confirmed.

Statistical tests.

All statistical tests were performed using R. Wilcoxon rank sum or signed rank test was used for
group/pair-wise comparisons. Where appropriate, two-way ANOVA was conducted, and if
needed, followed by pair-wise post-hoc non-parametric rank sum comparisons with p-value
correction in a Bonferroni manner (divided by the number of comparisons). For statistical tests
of circular data, Watson-Wheeler test was performed to test homogeneity of means. P-values for




comparing subsampled data correlations were calculated as probabilities of observing values
expected when the null hypothesis is true. For example, in Fig. 4G, this refers to a probability to
observe a higher ensemble correlation in context A/B than context A/A. All values reported in
the text are written as mean + SEM.
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Fig. S1.

Time course of ChR2 expression under c-Fos-tTA system. Raw LFP traces (top) and three-
dimensional projections of spikes (bottom; peak amplitudes of spike wave forms simultaneously
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detected from three channels are used) during light stimulation sessions are plotted. From left,
baseline stimulation session (OFF DOX, before seizure induction), 6, 12, 18, 24 hours after
seizure onset. Epileptic seizure was no longer observed in these time points.
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Fig. S2.

Spike wave-forms of spontaneous (black) or light-induced spikes (orange) during the OptID
session. Wave forms of simultaneously detected from all four channels are plotted.
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FigureS3.

Effects of OptID on hippocampal physiology. A. Experimental design to examine effects of
OptID on spatial representation of a familiar context C. Animals were first OFF DOX labeled in
a novel context A. Three to five days later, they were allowed to explore a familiar context C.
Immediately after this session, the recording area was laser stimulated with the same parameters
used for OptID in the main experiment (0.5 Hz, 15 ms pulses, 10 mW, 30 min), followed by
another exploration in the context C. This OptID session identified 31.71% of recorded cells (n =
13) as being labeled in Ctx A. B. Comparisons of mean, peak firing rates, or spatial information
of labeled CA1 cells between pre- and post-OptID session. Wilcoxon matched pairs signed rank
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test revealed no significant effect in any measures (mean firing rate, pre 1.097 + 0.2878 vs post
1.409 £ 0.4891 Hz, W =29, p = 0.3396; peak firing rate, pre 4.577 + 1.288 vs post 5.617 +
1.523 Hz, W =15, p = 0.6355; spatial information, pre 0.6541 £ 0.178 vs post 0.5101 £ 0.1661
Hz, W =-15, p=0.6355). C. Experimental design to examine effects of OptID on spatial map
formation in novel contexts D/E. First, animals were laser stimulated (OptID1: 0.5 Hz, 15 ms
pulses, 10 mW, 30 min) and then allowed to explore a novel context D. Then they were taken off
DOX for a prolonged duration to randomly label CA1 cells. After putting back to ON DOX, the
same animals were again laser stimulated (OptID2: 0.5 Hz, 15 ms pulses, 10 mW, 30 min) and
then allowed to explore another novel context E. No cell showed light-induced spikes during
OptID1, and 43.3% of cells showed light-induced spikes during OptID2. D. Comparisons of
mean, peak firing rates, or spatial information (bit/sec) of CA1 cells between pre- and post-
OptID session (cells are not matched). Wilcoxon rank sum tests revealed no significant effect in
any measures (n = 77 for ctx D, n = 68 for ctx E; mean firing rate, ctx D 1.309 £ 0.126 vs ctx E
1.14 £ 0.1721 Hz, W =3108, p = 0.05245; peak firing rate, ctx D 6.68 = 0.5517 vs ctx E 7.193 +
0.6574 Hz, W = 2552, p =0.7952; spatial information, ctx D 0.8235 £ 0.0819 vs ctx E 0.9042 +
0.09476 Hz, W =2518, p=0.6934).
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Fig. S4.

Units stably tracked across sessions. A. Three-dimensional projections of spikes (peak
amplitudes of spike wave forms simultaneously detected from three channels are used; matched
units are color-coded) from a stable tetrode across four recording sessions. B. Unit qualities
(isolation distance and L ratio) across sessions (mean = SEM). Two-way repeated ANOVA
revealed no significant difference between cell types across sessions (isolation distance, , no
significant effect by interaction (F 3363) = 0.24, p = 0.87), cell type (F ¢, 121n=1.21, p=10.27), or
session (F (3,363) = 0.62, p = 0.60); L ratio, no significant effect by interaction (F 3.363y= 0.36, p =
0.78), cell type (F (1,121 = 0.19, p = 0.67), or session (F (3,363) = 1.098, p = 0.35).
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Theta burst events in c-Fos positive cells and negative cells when animals explore a distinct

context B. Cumulative density plots and boxplots comparing A. TBE rates (A, pos 6.11 £1.99 vs
neg 3.48 £+ 1.10 theta bursts/min, W = 462, p = 0.36), B. mean burst number per TBE (pos 2.66 +
0.081 vs neg 2.58 &= 0.089 bursts per TBE, W = 520.5, p = 0.86), and C. maximum burst number
within a single TBE (pos 7.81 + 0.80 vs neg 5.34 + 0.47 bursts in the longest TBE, W =442 p =

0.25) of the two cell types.
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FigureS6.

Examples of stable recording of c-Fos positive/negative place cells across three sessions. Top,
schematics of the recording procedure. As described in the main text, OptID session was
conducted between the second context A exploration and context B. Middle, three-dimensional
projections of spikes (peak amplitudes of spike wave forms simultaneously detected from three
channels are used; matched units are color-coded) from a stable tetrode across all recording
sessions. Bottom, firing rate maps of each unit for each session. Color scale bars represent firing
rate (Hz).
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Instantaneous ensemble firing rate correlation, comparing subsampled original data and shuffled
data recorded during the initial 6 minutes of recall in Context A in 1 min bins. A cell ensemble
was subsampled from pos or neg population as in Fig. 4. For the shuffled data, cell IDs from
each subsample were shuffled to create mismatch between sessions and calculated Pearson
correlations of the firing rate vectors during A (encoding) and 1 min bin of A (recall). This value
was compared to the firing rate correlation obtained from the original data, and a p-value was
reported as a probability to find a higher correlation in the shuffled data. (A) Probability to find a
higher correlation in shuffled positive data than original positive data, p = 0.004, 0, 0, 0, 0.01 for
1-6 min bins, p = 0.002 for the first 10 sec bin. (B) Probability to find a higher correlation in
shuffled negative data than original negative data, p =0.13, 0.102, 0.144, 0.103, 0.068, 0.058 for
1-6 min bins, p = 0.251 for the first 10 sec bin
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FigureS8.

Optogenetic activation of CA1 engram formed during contextual fear conditioning. A.
Experimental design. After habituation to context A and laser stimulation (4 Hz, 15 ms, 10 mW),
mice were taken OFF DOX for 24 to 30 hrs before contextual fear conditioning in context B and
then immediately returned to the ON DOX condition. Mice were first tested once in context B
with no stimulation to assess fear acquisition, then tested in context A with laser stimulation
daily for 5 days. N = 10 for ChR2, N = 10 for EYFP. B. Percent freezing during habituation in
context A. Laser stimulation did not induce freezing behavior in the unlabeled mice (Two-way
repeated ANOVA, no significant effect of epoch, F.54) = 1.633, p = 0.1925). C. Percent freezing
in context B during a pre-shock epoch on the training day and during testing next day.
Significant increase in percent freezing indicates a robust association between context B and foot
shocks (Two-way repeated ANOVA, a significant main effect of session, F(1,18y=70.91, p <
0.0001). D. Percent freezing in context A during laser ON/OFF epochs (top: ChR2, bottom:
EYFP). Two-way repeated ANOVA revealed a significant interaction effect (epoch x genotype,
Fi.54)=3.694, p = 0.0172). Post-hoc comparisons between laser ON vs OFF epochs found
significant differences in ChR2 animals but not in EYFP animals (p-values are Bonferroni
corrected). Right panels, percent freezing in context A, scores from two laser epochs are
averaged. Pair-wise t-tests found significant difference in ChR2 animals, but again not in EYFP
animals.
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