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The hippocampal engram maps
experience but not place
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Episodic memories are encoded by a sparse population of hippocampal neurons. In mice,
optogenetic manipulation of this memory engram established that these neurons are
indispensable and inducing for memory recall. However, little is known about their in vivo
activity or precise role in memory. We found that during memory encoding, only a fraction
of CAl place cells function as engram neurons, distinguished by firing repetitive bursts
paced at the theta frequency. During memory recall, these neurons remained highly
context specific, yet demonstrated preferential remapping of their place fields. These data
demonstrate a dissociation of precise spatial coding and contextual indexing by distinct
hippocampal ensembles and suggest that the hippocampal engram serves as an index

of memory content.

umerous theories have attempted to link

the physiology of the hippocampus with

its role in episodic memory (1, 2); however,

experimental tests of these ideas remain

scarce. One prevailing model suggests that
the hippocampal memory trace contains rich
information about the animal’s current location
within the cognitive domain, providing a spatial
framework on which events and items can be
anchored and related [cognitive map theory
(3, 4)]. This model is supported by data demon-
strating that synaptic plasticity stabilizes these
hippocampal maps and that animals can reliably
recall these representations, even at remote time
points (5, 6). An alternative, although not mu-
tually exclusive, hypothesis, the memory index
theory, asserts that the hippocampal memory
trace is primarily an index that provides rapid
and efficient access to the content of an episodic
memory stored in the neocortex (7, 8). This the-
ory is agnostic to the information content in
the hippocampus, emphasizing its role in re-
activating downstream cortical modules, with
plasticity serving to establish a link between the
hippocampal index and the neocortical activity
pattern.

Although place cell physiology supports the
cognitive map theory (9), behavioral studies
using contextual fear conditioning [CFC (10)]
may be better interpreted via the memory index
theory. In CFC, the contextual representation
is index-like because its formation requires
conjunctive exposure to cues and its rapid re-
call does not require physical exploration of the
environment (11). Moreover, the expression of
activity-induced genes, such as c-Fos, is rapidly
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and robustly induced in a specific neuronal en-
semble after presentation of novel configura-
tions of stimuli and is thought to define the
neuronal substrates of the contextual repre-
sentation (12, 13). Recent studies (14) further
strengthen this view, demonstrating that inhi-
bition of hippocampal engrams can block mem-
ory recall in contextual tasks, whereas activation
can drive context-triggered behavior (15, 16). The
link between this contextual memory represen-
tation and precise locations or routes represented
by place cells during exploration remains unknown.

We therefore conducted tetrode recordings
from CA1 pyramidal cells in freely moving c-Fos—
tTA (tetracycline-transactivator) transgenic mice
infused with virus expressing channelrhodopsin2
and enhanced yellow fluorescent protein under
the control of the Tet-responsive element (AAV-
TRE-ChR2-EFYP). Doxycycline was removed from
the diet of the mice, triggering labeling of c-Fos-
expressing (positive) cells with ChR2, and place
cell activity was recorded as mice explored a novel
context (A; encoding context; Fig. 1A). The next
day (12 to 14 hours later; fig. S1), the animals were
reexposed to context A (recall) to examine the
stability of the spatial map. CAl was stimulated
with pulses of blue light (10 mW, 0.5 Hz, 15 ms)
to identify the subset of cells that expressed
ChR2 as a result of c-Fos expression during the
first session (Fig. 1B and fig. S2). In a separate
cohort of mice, we verified that this OptID pro-
tocol did not affect excitability or spatial coding
properties of the labeled neurons (fig. S3). Across
the seven animals used in this study, 19.59 +
2.65% of putative pyramidal cells exhibited light-
induced spikes and thus were identified as c-Fos
positive (Fig. 1C). This fraction is consistent with
previous reports (77). Finally, the same mice
explored a distinct environment (B) to examine
context-specific activity (18).

We first examined the spatial firing of c-Fos-
positive neurons as the animals explored the nov-
el context A. The majority (79.31%) of these cells
had place fields in the labeled context (Fig. 1D;

see methods for place field criteria). However,
alarge fraction (75.53%) of the active place cells
were not labeled with ChR2 (Fig. 1E). Although
physiologically similar, with indistinguishable
peak firing rates (Fig. 1F; pos: 6.99 + 1.06 Hz;
neg: 6.06 = 0.53 Hz, W = 640, p = 0.20), c-Fos-
positive place cells exhibited significantly higher
mean firing rates (Fig. 1G; pos: 1.43 + 0.22 Hz;
neg: 0.77 + 0.11 Hz, W = 357, p = 5.4 x 107°).
Accordingly, positive cells had larger place fields
(Fig. 1H; pos: 28.00 + 3.50 cm?; neg: 17.97 +
1.79 ecm?, W = 517, p = 0.0085) and on average,
their spikes carried lower spatial information
(Fig. 1I; pos: 0.69 + 0.81 bits/spike; neg: 1.21 +
0.83 bits/spike, W = 1191, p = 0.001).

We next analyzed the temporal structures of
spike activity during exploration (A, encoding).
Interspike interval (ISI) analysis revealed that
spikes from engram cells were more likely to
occur in bursts (3- to 15-ms ISI) (Fig. 2A). These
neurons had significantly higher burst rates
(Fig. 2B; pos: 16.80 + 3.04 bursts/min; neg: 8.87 +
144 bursts/min, W = 1243, p = 0.00018) and
shorter average interburst intervals (IBIs) (Fig. 2C;
IBI: pos: 6.55 + 1.30 s; neg: 16.27 + 2.15 s, W = 415,
p = 0.00042). Burst events in c-Fos-positive neu-
rons were preferentially spaced at ~125 ms, an
interval corresponding to the 8-Hz theta rhythm
in the hippocampus; thus, bursts from these neu-
rons were significantly more theta modulated
than bursts from c-Fos-negative cells (Fig. 2, D to
F; theta modulation index, W = 418, p = 0.0009;
theta power in burst spectrum, W = 1151, p =
4.8 x 107°). We defined theta-burst events (TBEs)
as bursts repeated at IBIs of 83 to 167 ms (6 to
12 Hz) and compared this property across the
groups. During exploration of the novel context
A, c-Fos-positive cells showed higher rates of
TBEs than c-Fos-negative place cells (Fig. 2, G
and H; pos: 5.44 + 1.41 bursts/min; neg: 2.58 +
0.53 bursts/min; W = 417.5, p = 0.00046) and
longer repetitions of bursts (Fig. 2, I and J; pos:
2.68 + 0.095 bursts/event; neg: 2.56 + 0.052 bursts/
event; W = 652.5, p = 0.20; Fig. 21, max TBE
length: pos: 7.13 + 0.78 bursts; neg: 5.28 +
0.34 bursts, W = 542, p = 0.022). These burst
features were no longer prominent in ChR2-
labeled neurons when the animals explored
context B (fig. S5), suggesting their involvement
in contextual encoding.

We then examined the temporal modulation
of place cell spiking by the oscillatory population
activity in the local field potential (LFP) (A, en-
coding). CA1 neurons can be entrained by the
theta (6 to 12 Hz) rhythm, as well as by slow (30
to 50 Hz) and fast (55 to 85 Hz) gamma os-
cillations, which correlate with CA3 and ento-
rhinal cortical inputs to CAl, respectively (19).
Spikes from c-Fos-positive and -negative cells
were similarly theta entrained and preferred
the ascending phase of the oscillation (Fig. 3, A
and B; mean preferred phase, pos: 229.9 + 1.73°;
neg: 199.2 + 1.85°% W = 0.42, p = 0.81). However,
TBE spikes in positive neurons preferentially
occurred during the descending phase, whereas
those in negative neurons remained locked to
the ascending phase (Fig. 3, C to E; mean
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preferred phase: pos: 170.7 + 1.86°; neg: 325.7 +
1.54% W = 62.66, p = 2.5 x 10~**). Next, to address
any differences in coupling of positive and neg-
ative neurons to CA1linputs, we examined spikes
during gamma events. Significantly more spikes
from positive neurons occurred during fast gam-
ma events, and a larger fraction of these neurons
were phase locked to fast gamma oscillations com-
pared to the c-Fos-negative population (Fig. 3F;
percentage of spikes: pos: 2.62 + 0.17%; neg:
2.19 + 0.11%, W =1067, p = 0.0072; percentage of
phase-locked cells: pos: 26.09%; neg: 14.08%, chi-
squared test, p = 0.0014). There was no signif-
icant difference in spiking or phase locking
between the groups during slow gamma (Fig. 3G;
percentage of spikes: pos: 5.81 + 0.31%; neg:
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5.53 + 0.23%; W = 888, p = 0.53; percentage of
phase-locked cells: pos: 26.09%; neg: 29.58%,
chi-squared test, p = 0.62). These data suggest
that although both populations of neurons are
similarly tuned to CA3-driven excitation, c-Fos—
positive neurons may be more responsive to in-
put from the entorhinal cortex, resulting in the
temporal shift in their distinctive theta-paced
bursting.

Finally, we examined hippocampal activity
during memory recall and assessed the stability
of the spatial representation of engram cells when
animals revisited the labeling context (A). Con-
trary to expectations of a spatial memory trace,
many of these cells shifted their firing locations
during the second visit (Fig. 4A and fig. S6). In
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positive neurons, the average correlation of the
firing-rate maps from the encoding and recall
sessions was close to zero, significantly lower
than that from negative place cells (Fig. 4B; pos:
0.079 + 0.070; neg: 0.31 + 0.052, W = 560, p =
0.010). However, correlations of the mean firing
rate, independent of position, were similar across
both populations of cells (Fig. 4C; pos: 0.36 +
0.053; neg: 0.36 + 0.029, W = 412, p = 0.81),
suggesting that c-Fos-positive neurons repre-
sent contextual information in a different man-
ner. Therefore, we examined their activity in a
distinct context. When animals explored context
B, many c-Fos-positive cells remained silent
(Fig. 4A and fig. S6; 43.5% of positive place cells
had a peak rate of <1 Hz in context B; peak

Fig. 1. c-Fos induction in a fraction of
place cells during exploration of a novel
context. (A) A schematic of the experimen-
tal protocol. Mice were exposed to a novel
context (A, encoding) when doxycycline

was removed from the diet (OFF DOX),
followed by reexposure to the same context
(A, recall). Twenty-four hours after A (encod-
ing), labeled cells were identified through
light-induced spikes. Finally, mice explored a
distinct context B (novel). (B) A representa-
tive image of ChR2-EYFP (green) expression
in the dorsal CAl of the hippocampus.

The white arrowhead indicates a tetrode
location. DAPI, 4’ 6-diamidino-2-phenylindole.
(C) Peristimulus time histogram of representa-
tive single units classified as c-Fos—labeled
(pos) or not labeled (neg). Blue area repre-
sent light on epoch (15 ms). (D) Firing-rate
maps of representative place cells showing
location-specific firing during exploration in
context A (encoding). (E) Pie plots describing
percentages of each cell type in recorded
animals (N = 7), and their average (dashed
square). (F to I) Cumulative density plots
with inset box plots comparing peak firing
rates (F), mean firing rates (G), place field
size (H), or spatial information (I)

between c-Fos—positive (orange)

and —negative (black) place cells. Box
plots show median, first, and third
quantiles, and minimum and maximum
values within 1.5x the interquantile range
(IQR) from each quantile.
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firing rate in context A: 6.99 + 1.06 Hz; context
B: 342 + 0.76 Hz, W = 392, p = 0.005). Con-
sequently, there were fewer c-Fos-positive place
cells, and the spatial information of these neurons
was smaller than in context A (Fig. 4D, Friedman
rank sum test, Friedman chi-squared = 6, p =
0.014; two-way analysis of variance, significant
interaction, Fjyg9y = 4.9, p = 0.029; Fig. 4E,

Fig. 2. Theta-paced burst A
activity in c-Fos—positive place
cells. (A) Histograms showing
densities of interspike intervals
from all c-Fos—positive (orange)
or —negative (black) place

cells. (B and C) Cumulative
density plots and box plots
comparing burst rates (B) and
mean interburst intervals (C) of
the two cell types. (D) Autocor-

spatial information: context A: 0.89 + 0.21 bit/s;
context B: 0.32 + 0.071 bit/s, W = 396, p = 0.0033).
By contrast, the average spatial information car-
ried by c-Fos-negative place cells was unchanged
(Fig. 4F; context A: 0.51 + 0.064 bit/s; context B:
0.37 + 0.044: bit/s, W = 2643, p = 0.30), although
these cells typically shifted the location of their
spatial firing (“remapped”) in the new context
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polynomial regression lines are
plotted over the histograms.
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(F) Power spectrograms of burst
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Fig. 3. LFP modulation of spikes from c-Fos—positive and —negative
place cells. (A) Spike probability of the two types of cells over phases of
theta oscillation (6 to 12 Hz) [positive (orange) or negative (black);

only significantly phase-locked cells were used]. Envelopes represent
confidence intervals; the dashed line represents theta. (B) Mean resultant
length of c-Fos—positive (orange) or —negative (black) cells plotted as a
function of preferred theta phase. Dot size represents mean firing rate of
that cell. Only significantly phase-locked cells are plotted (positive:

22 cells; negative: 68 cells). (C) Example spike raster plots with LFP traces
[raw, theta filtered (6 to 12 Hz), gamma filtered (30 to 85 Hz)]. Red arcs

Tanaka et al., Science 361, 392-397 (2018) 27 July 2018

100 ms
E 0
0.04-
Z 003 -
B 0.02- A5 , 'y
S \ / N
T 001 \ //‘
§ 0.00- go % Z’-‘ 270
s —— w
2 y
E ) W
2 i
Q. |
K |
180
G
1
c
Ke]
©
o
[
(]
=
kS
>
€
>
(&)
0
0 5 10
Spikes During Slow Gamma (%)
100
°
[0}
X
8 75
—
O
8 £ 50
£E p=0.62
w O
B 3 0,
XL
0
neg pos

represent a TBE occurring at the descending phase of theta. (D) A rose
plot showing TBE spike probability across theta phases [positive
(orange) or negative (black), 10° bins]. (E) A rose plot showing spike
probability of c-Fos—positive place cells over theta phases (TBE spikes are
in blue, all spikes in red). (F) Percentage of spikes occurring during fast
gamma events (top), and percentage of cells phase locked to fast
gamma oscillations [bottom; positive (orange) or negative (black)].
(G) Percentage of spikes occurring during slow gamma events (top),
and percentage of cells phase locked to slow gamma oscillations [bottom;
positive (orange) or negative (black)].
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Fig. 4. Different responses of c-Fos—positive and —negative place cells
to the encoding context and a distinct novel context. (A) Firing-rate maps
of c-Fos—positive (top) or —negative (bottom) place cell activity during
encoding (left), reexposure to the encoding context (middle), or exploration
of a distinct novel context (right). (B) Spatial correlation between place
maps in A (encoding) and A (recall) [positive (orange) or negative (black)].
(C) Mean firing-rate correlation between place maps in A (encoding) and

A (recall) [positive (orange) or negative (black)]. (D) An animal-by-animal box
plot showing observed overlap between c-Fos—positive cells and place cells
normalized by those expected by chance, comparing context A (encoding,

A (encoding; green) or B (novel; blue). (G) Spatial correlations of
c-Fos—negative place cells in A (encoding; green) and B (novel; blue).

(H) Distribution of ensemble firing-rate correlations of c-Fos—positive

or —negative place cells between context A (encoding) — A (recall) (green)
versus A (encoding) — B (novel) (blue). (I) Distribution of discrimination
indexes obtained by c-Fos—positive (orange) or —negative (black) ensemble
firing-rate correlations. (J) Instantaneous ensemble firing-rate correlations of
the initial 6 min of the context A (recall) session binned by 1 min (left), or that
of the first 10 s (right). c-Fos—positive place cells are in orange, c-Fos—
negative cells in black. For (H) to (J), values are plotted as probability

green) versus B (novel, blue) sessions. Spatial information of (E) c-Fos—
positive or (F) c-Fos—negative place cells when animals explore context

contexts only from firing-rate correlations of a
subpopulation of neurons. We randomly sub-
sampled c-Fos-positive neurons and an equivalent
number of c-Fos-negative place cells and cal-
culated the correlation of the mean firing rates
of each population between context A (encoding)
and A (recall) or between context A (encoding)
and B (novel), repeating the procedure 1000 times
(see methods). As a population, the firing rate
of c-Fos-positive place cells reliably discriminated
the two contexts, whereas the firing rate of the
ensemble of negative cells did not (Fig. 4H; prob-

Tanaka et al., Science 361, 392-397 (2018)

27 July 2018

ability of finding a higher correlation in A/B
than A/A, p = 0.002 for positive ensemble, p =
0.57 for negative ensemble). This was also evident
in the discrimination index (Fig. 41; probability of
finding a greater index in the negative than the
positive ensemble, p = 0.049). In contrast to the
negative ensemble, context discrimination from
firing-rate correlations of c-Fos-positive cells was
prominent early in the recall session, demonstrat-
ing high correlation to the average rate of the
encoding session during the first few minutes,
or even the first 10 s (Fig. 4J and fig. S7; prob-

densities (scaled). Box plots show median, first, and third quantiles, and
minimum and maximum values within 1.5x the IQR from each quantile.

ability of finding a higher correlation in the
negative than the positive ensemble, p = 0.055,
0.038, 0.011, 0.230, 0.906, and 0.754: for 1- to 6-min
bins, p = 0.046 for the first 10-s bin), suggesting
the rapid reactivation of contextual representa-
tion by the subset of engram neurons. These data
demonstrate that engram cells are place cells
with lower spatial stability and accuracy, but
with activity that can reliably and quickly reflect
contextual identity.

When animals explore a novel context, an en-
gram is formed by a fraction of the place cells,
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suggesting that the plasticity involved in engram
formation is distinct from that for formation of
place fields. During encoding in the labeled con-
text, engram neurons demonstrate repetitive
theta-frequency bursts. In vitro, this pattern of
action potentials is known to produce a form
of long-term potentiation mediated by brain-
derived neurotrophic factor (BDNF) secretion
and dependent on c-Fos expression (20, 21). c-Fos
expression and theta bursts have been observed
in CA1 when animals perform a non-spatial
memory task (22, 23), suggesting that this ac-
tivity may be a signature of hippocampal engrams
indexing broader types of memories.

Our study does not support the idea that the
hippocampal engram simply encodes spatial
memory because these neurons do not maintain
their firing locations in the same environment
across time. Instead, we propose that these cells
may serve as an index for contextual memory
through a shift of firing rates. Compared to other
place cells, during recall these c-Fos-positive
neurons rapidly spike at rates that are highly
correlated to their activity during the encoding
period and are preferentially silent in a distinct
context. This feature may explain why optogenetic
stimulation of the hippocampal engram can
influence contextual memory recall (fig. S8) (24),
despite lacking temporally meaningful pattern
of spikes. Inhibition of the CA1 engram reduces
downstream cortical reactivation (25), consistent
with a role in indexing. Our data suggest that spe-
cific ensembles of hippocampal neurons simul-
taneously support distinct domains of episodic
memories—spatially reliable c-Fos-negative neu-
rons for configurational coding and spatially un-
stable engrams for contextual indexing,.
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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.



Light induced spikes
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Spontaneous spikes

channel 1 channel 2

channel 3 channel 4

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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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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Fig. S5.

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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Fig S7.

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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