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SUMMARY

Forming distinct representations and memories of
multiple contexts and episodes is thought to be
a crucial function of the hippocampal-entorhinal
cortical network. The hippocampal dentate gyrus
(DG) and CA3 are known to contribute to these func-
tions, but the role of the entorhinal cortex (EC) is
poorly understood. Here, we show that Ocean cells,
excitatory stellate neurons in the medial EC layer Il
projecting into DG and CAS3, rapidly form a distinct
representation of a novel context and drive
context-specific activation of downstream CA3 cells
as well as context-specific fear memory. In contrast,
Island cells, excitatory pyramidal neurons in the
medial EC layer Il projecting into CA1, are indifferent
to context-specific encoding or memory. On the
other hand, Ocean cells are dispensable for temporal
association learning, for which Island cells are
crucial. Together, the two excitatory medial EC layer
Il inputs to the hippocampus have complementary
roles in episodic memory.

INTRODUCTION

The hippocampal (HPC)-entorhinal cortex (EC) network plays a
crucial role in episodic memory (Eichenbaum, 2000; Scoville
and Milner, 1957; Tulving, 2002). It contributes to the formation
of distinct memories of similar episodes by generating separate
representations of the spatial and temporal relationships
comprising events in an episode. Earlier theoretical work on
this topic had suggested that the EC layer Il (ECIl)— dentate
gyrus (DG)— CA3 pathway is crucial for forming discriminatory
representations of similar spaces or contexts (pattern separa-
tion) based on the greater number of granule cells in DG (DG-
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GCs), their relatively sparse activity, and the limited redundancy
of DG— CAS3 connections (Bakker et al., 2008; Leutgeb et al.,
2007; Marr, 1971; O’Reilly and McClelland, 1994; Treves and
Rolls, 1994). These theories were supported by subsequent
experimental data on the physiological response of CA3 pyrami-
dal cells (PCs) to switching between a pair of similar contexts
(Leutgeb et al., 2004, 2007;McHugh et al., 2007; Wintzer
et al., 2014) and on the behavioral performance of mice lacking
functional N-methyl-D-aspartate (NMDA) receptors in the DG-
GCs (McHugh et al., 2007). However, more recent studies con-
ducted on mice in which adult neurogenesis (Altman and Das,
1965; Eriksson et al., 1998; Schlessinger et al., 1975; Seki and
Arai, 1993) and/or the DG — CA3 inputs were blocked indicated
that mossy fiber (MF) input from the overwhelming majority of
DG-GCs onto CA3-PCs is dispensable for the discrimination
of a similar pair of contexts (Nakashiba et al., 2012). Rather,
the minority population of DG-GCs, the young GCs generated
during adult neurogenesis, play the crucial role in the discrimi-
nation of similar contexts (Clelland et al., 2009; Creer et al.,
2010; Nakashiba et al., 2012; Sahay et al., 2011; Scobie et al.,
2009).

These previous studies have all focused on the role of HPC
cells (both DG-GCs and CA3 PCs) and their circuits as the sub-
strates for pattern separation but have not investigated the po-
tential role of ECII cells in the discrimination of more different
contexts. However, it is possible that EC cells are sensitive to
contextual differences and may respond to various contexts in
different ways. Such context-specific activity of EC cells could
drive discriminatory encoding of contexts in the downstream
HPC sub-regions and thereby contribute to context-specific
memory. Recent studies have revealed novel ways to dissect
ECII excitatory neurons and function. The two major popula-
tions—Ocean and lIsland cells—differ in molecular markers,
anatomical features, and projection targets (Kitamura et al,,
2014; Ray et al., 2014; Varga et al., 2010). Whereas Ocean cells
project to the DG-GCs and CA3-PCs, Island cells project to CA1
and predominantly to interneurons (Kitamura et al., 2014; Ray
et al., 2014; Varga et al., 2010).
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Here, we investigated the potential role of medial ECII (MECII)
cells in context discrimination using in vivo Ca%* imaging to study
the activation of Ocean and Island cells as mice freely explored
two alternating different contexts. We also examined the effects
of optogenetic manipulations of Ocean or Island cell activity on
contextual representations in the HPC sub-regions and on the
formation of context-specific fear memory.

RESULTS

Specific Labeling of Ocean Cells and Island Cells by
GCaMP6f

We first sought a means to specifically label the DG-projecting
stellate Ocean cells in MECII. As a test, we injected AAV2/5-
CaMKIla-eYFP into the dorsal DG of C57BL/6 mice (Figures 1A
and 1B). The AAV was retrogradely transported to the somata
of Ocean cells through their axons in DG (Figures 1A and 1C).
eYFP expression in MEC was restricted to Reelin® Ocean cells
and absent in Island cells, which are marked by Wolfram syn-
drome 1 (Wfs1) expression. This test confirmed that AAV2/5
injected into the dorsal DG can enable gene expression specif-
ically in MEC Ocean cells (Figures 1D and 1E).

For Ca2* imaging studies, we injected AAV2/5-Syn-GCaMP6f
into dorsal DG of C57BL/6 mice to specifically express the
GCaMP6f Ca?* indicator in MECIl Ocean cells (Figure 1F)
(Chen et al., 2013). As expected, expression of GCaMP6f in
MEC of C57BL/6 mice (henceforth termed Ocean GCaMP6f
mice) was restricted to Reelin* Ocean cells, with no expression
in Wfs1* Island cells (Figures 1F and S1A) (Sun et al., 2015).
85.3% of Reelin® cells in dorsal MECII were also GCaMP6f*,
demonstrating efficient transport of the AAV2/5 virus from DG
to Ocean cells (256 GCaMP6f* cells out of 300 Reelin® cells
from six mice).

For Ca2* imaging studies of MECII Island cells, we injected
AAV2/5-Syn-DIO-GCaMP6f into the superficial layers of MEC
of Wfs1-Cre transgenic mice (Island GCaMP6f mice; Figure 1J;
Kitamura et al., 2014). Expression of GCaMP6f in MEC was
restricted to Wfs1* Island cells, with no expression in Reelin*
Ocean cells (Figures 1J and S1B). Consistent with our previous
study (Kitamura et al., 2014; Sun et al., 2015), a high proportion
of Wfs1* cells in dorsal MECII expressed GCaMP6f (91%, 222
GCaMP6f* cells out of 244 Wfs1™ cells from five mice). For
both cohorts of mice, we implanted a microendoscope (Ziv
et al., 2013) into dorsal MEC and imaged Ca?* signals using a
miniaturized, head-mounted fluorescence microscope as the
mice freely explored an open field. In both Ocean GCaMP6f
and Island GCaMP6f mice, somatic Ca®* transients were
apparent in many individual neurons (Figures 1G and 1K) across
the population (about 40 cells per mouse; Figures 1H, 11, 1L,
and 1M).

Ocean Cells, but Not Island Cells, Exhibit Context-
Specific Ca?* Activity

To understand the potential role of Ocean cells and Island cells
in context discrimination, we monitored Ca®* activity as Ocean
and Island mice were exposed to two different novel con-
texts—A and B (see Experimental Procedures; Figure S2)—in
succession in the following order: A—B—A—B (Figure 2A).

We monitored Ca?* activity in ~40 cells per session per mouse
(Figures 2B and 2C), yielding >210 cells from six Ocean mice.
One sub-population of Ocean cells exhibited robust Ca®* activity
preferentially in Context A, but far less so in Context B (Figures
2D and 2E). Conversely, another sub-population of Ocean cells
had higher Ca®* activity in Context B, but not in Context A
(Figure 2F). These abrupt changes in activity occurred when
the context was shifted. The altered state of activity was stable
for the entirety of the 5 min context exposure. A third and larger
sub-population of Ocean cells showed equally robust Ca®*
activity in both Context A and Context B (Figure 2G). In a fourth
sub-population, Ca®** activity was low in both contexts (Fig-
ure 2H). Ocean cells that were only active during the first
Context A exposure but not in the second Context A exposure
(and vice versa for Context B) were rare (Table S1).There was
no evidence of context-specific cells in Island cells of Island
mice; the majority of Island cells were active in both contexts,
and the remaining cells were relatively inactive in both contexts
(Figures 2l and 2J).

We calculated the rate difference index of Ca®* activity be-
tween the two contexts for Ocean and Island cells by comparing
the average activity rates of each cell during exploration of the
two contexts (Figure 3A), using the normalized changes in
mean activity rates in the two contexts (see Experimental Proce-
dures for the definition of rate difference index). Figure 3B shows
the cumulative probability histograms for the rate difference
indices of Ocean cells. The rate difference index of Ocean cells
showed a significant shift of the cumulative histogram to the right
when exposures between different contexts were compared
with multiple exposures to the same context (Kolmogorov-
Smirnov [KS] test, p < 0.001), indicating that a greater proportion
of Ocean cells undergoes a change in Ca®* event rates when
the contexts are different (Figure 3B). Using the 99" percentile
of the rate difference distribution as a threshold for defining
context specificity (see Experimental Procedures), we found
that 20.5% of Ocean cells were Context A specific and that
14.3% of Ocean cells were Context B specific (threshold = 0.6)
(Figure 3C). We examined another pair of distinct contexts
(Context C and Context D) (Figures 3D and S2) and obtained
similar results showing context-specific cells in Contexts C
versus D (KS test, p < 0.001) (Figures 3D-3F).

To determine whether Ocean cells can discriminate between
more similar context pairs, we monitored the Ca2* activity of
Ocean cells in another group of Ocean mice that we exposed
to a pair of similar contexts (Context E and Context F; Figures
3G-3l and S2). The rate difference index showed a sig-
nificant shift of the cumulative histogram to the right when ex-
posures between Context E and Context F were compared with
multiple exposures to the same context (KS test, p < 0.02)
(Figure 3H). However, we found that a much smaller percent-
age of cells were specific for Context E and for Context F
than in groups of mice that were exposed to more distinct
context pairs (Context A versus B and Context C versus D)
(p < 0.001 and p < 0.001, respectively, by Fisher’s exact test)
(Figure 3l), indicating that Ocean cells may be less sensitive
in the discrimination of the similar context pair. In contrast,
none of the Island cells showed a context-specific response
when the animals were exposed to distinct Contexts A and B
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Figure 1. Specific Labeling of Ocean Cells and Island Cells by GCaMP6f

(
(B) Injection site of AAV2/5 in DG.
(
(
(
(

A) Injection of AAV2/5-CaMKlla-eYFP in DG to retrogradely label Ocean cells from their axons.

C) Parasagittal sections of MEC visualized with eYFP-labeled cell bodies (green) and stained with DAPI (blue).

D) Parasagittal sections of MEC visualized with eYFP-labeled cell bodies (green) and immunostained with anti-Reelin (red) and anti-Wfs1 (blue).

E) Magnification image from (D). Reelin* cells never overlap with Wfs1* cells in MECII.

F) Labeling method of Ocean cells by GCaMPéf. Injection of AAV2/5-Syn-GCaMP#6f in DG and implantation of microendoscope into MEC. Parasagittal sections

of MEC visualized with GCaMP6f-labeled cell bodies (green) and immunostained with anti-Reelin (blue) and anti-Wfs1 (blue).
G and K) Stacked image acquired through the microendoscope over 20 min of imaging in MEC of an Ocean-GCaMP6f mouse (G) and an Island-GCaMP6f mouse

K) as they explored multiple open fields.

(

(

(H and L) Time-lapse image sequence of GCaMP6f fluorescence in an individual Ocean cell (H) and Island cell (L).

(I and M) Relative fluorescence changes (AF/F) for eight Ocean cells (l) and eight Island cells (M). D, dorsal; V, ventral; R, rostral; C, caudal.

(J) Labeling method of Island cells by GCaMP#6f. Injection of AAV2/5-Syn-DIO-GCaMP6f in MEC and implantation of microendoscope into MEC. Parasagittal
sections of MEC visualized with GCaMP6f-labeled cell bodies (green) and immunostained with anti-Reelin (blue) and anti-Wfs1 (red).

(Context-specific cells; 0%, 0 out of 204 neurons, Figures 3J-
3L), even though a large proportion of them (57%) were active
in both contexts.

The rapid context-specific firing of some Ocean cells could be
driven at least in part by the loops of activity going from EC to
HPC and back to EC (Amaral and Witter, 1989; Witter et al.,
2000). We tested this hypothesis by injecting muscimol, a y-ami-

Neuron 87, 1317-1331, September 23, 2015 ©2015 Elsevier Inc.

nobutyric acid subtype A receptor agonist, into dorsal CA1 (Fig-
ure S3). This treatment induced a significant reduction of
multiunit CA1 activity. Nevertheless, we observed a similar per-
centage of context-specific Ocean cells in these mice (26% in
Figure S3) as in non-muscimol-injected Ocean mice (35% n Fig-
ure 3C). Latencies of the first rise of Ca®* activity of these cells
were also unaltered (Figures S3 and 4). These results suggest
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Figure 2. Ocean Cells, but Not Island Cells, Exhibit Context-Specific Ca®* Activity

(A) Experimental schedule showing sequential exposure to two contexts (each exposure is 5 min): A-B—A—B.

(B and C) Distribution of different types of cell responses in MEC of an Ocean mouse (B) and an Island mouse (C) observed through microendoscopy during
exposures to both contexts. Response to Context A (red cells), Context B (green cells), both contexts (yellow cells), or neither context (blue cells). Cell responses
were found by picking small ROls (~1/3 of cell body size) at the center of the cell bodies.

(D) Example of Context-A-specific Ca2* activity in a cell from an Ocean mouse that explored both Context A and B.

(E-H) Ca?* activity in an Ocean mouse that explored both contexts. Four examples are shown for each different type of Ocean cell response: Context-A-specific
Ca?* activity (E), Context-B-specific Ca®* activity (F), Ca* activity in both contexts (G), and Ca®* activity in neither context (H).

(I-J) Ca®* activity in an Island mouse that explored both contexts: four example Island cells that were active in both contexts (), and four example Island cells that
were active in neither context (J).

1320 Neuron 87, 1317-1331, September 23, 2015 ©2015 Elsevier Inc.



A B
210
Distinct context pair Z
P Q0.8
Q
<)
oo -
Smin Smin Smin Smin Y04
e KS < 0.001
Ocean mice Eo»z Different context
S Same context
O 0 T T T T 1
0 02 04 06 08 1.0
Rate difference index
D E
210
Distinct context pair 308
<)
5_0.6

[cHE-[c-E

20, KS < 0.001
5min 5min 5min 5min ®
i §°~2 Different context
Ocean mice E Same context
O 0 T T T T 1
0 02 04 06 08 10
Rate difference index
G H |
.;\1‘0
Similar context pair Sos
p 3
o6
| — i 204 KS <0.02
5min 5min 5min 5min E
o . 50,2 Different context
ceanimice S Same context
o 0
0 02 04 06 08 1.0
Rate difference index
J K L
Distinct context pair
Smin 5min 5min 5min
Different context
Island mice Same context

0 02 04 06 08 10
Rate difference index

that the contribution of the EC —HPC — EC loops in the context-
specific firing of Ocean cells is minimal, if any.

Response Latency of Context-Specific Ocean Cells and
the Effects of Context Specificity on Their Ca%* Events
To further characterize context-specific Ocean cells, we
measured the latency to the first Ca%* event in each cell after
exposure to their preferred context (Figures 4A-4D). The latency
varied between 10-150 s with a mean of 40-60 s (Figure 4D). No
significant effect of the similarity or dissimilarity of the context
pairs was observed. However, interestingly, the average fre-
quencies of Ca®* activity of context-specific Ocean cells were
significantly greater than in those cells that responded to both
contexts (Context A versus both; p < 0.05, Context B versus
both; p <0.05, Context C versus both; p < 0.05, Context D versus
both; p < 0.05, Context E versus both; p < 0.05, one-way ANOVA
followed by Scheffe’s test) (Figures 4E-4G). These results indi-
cate that context-specific cells use rate coding to discriminate
between distinct context pairs.
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Figure 3. Proportions of Various Types of
Ocean Cells and Island Cells in Different
Context Pairs

(A) Experimental schedule showing sequential
exposure to two distinct contexts (each exposure
is 5 min): A-B—A—B.

(B) Cumulative probability of the rate difference
indices in Ocean cells from exposure to two
distinct contexts versus same contexts.

(C) Proportion of Ocean cells showing response to
Context A (red), Context B (green), both contexts
(yellow), or neither context (blue).

(D) Experimental schedule showing sequential
exposure to two distinct contexts (each exposure
is 5min): C-»D—C—D.

(E) Cumulative probability of the rate difference
indices in Ocean cells from exposure to two
distinct contexts versus same contexts.

(F) Proportion of Ocean cells showing response to
Context C (red), Context D (green), both contexts
(yellow), or neither context (blue).

(G) Experimental schedule showing sequential
exposure to two similar contexts (each exposure is
5 min): E-F—-E—F.

(H) Cumulative probability of the rate difference
indices in Ocean cells from exposure to two
distinct contexts versus same contexts.

(l) Proportion of Ocean cells showing response to
Context E (red), Context F (green), both contexts
(yellow), or neither context (blue).

(J) Experimental schedule showing sequential
exposure to two distinct contexts (each exposure
is 5 min): A-B—A—B.

(K) Cumulative probability of the rate difference
indices in Island cells from exposure to two distinct
contexts versus same contexts.

(L) Proportion of Island cells showing response to
Context A (red), Context B (green), both contexts
(yellow), or neither contexts (blue). N indicates
number of animals. n indicates number of cells.

N=6 mice
n=210 cells

=3 mice
n=100 cells

N=3 mice
n= 119 cells

N=6 mice
n= 204 cells
I Both

Ocean Cells, but Not Island Cells, Drive Context
Exposure-Dependent Activation of DG Cells and CA3
Cells

Next, to investigate the role of Ocean cells in driving the activities
of HPC DG and CAS cells induced by exposure to a novel context
(Context A), we optogenetically inhibiting Ocean cell activity us-
ing eArchT (Ocean-eArchT mouse, Figures 5A-5C and 5G). For
comparison, we performed an analogous set of experiments
by specifically inhibiting Island cell activity (Figures 5D-5G).
Although we have previously shown that Island cells project to
CA1 and not DG or CA3, we cannot rule out that Island cells indi-
rectly influence Ocean cell activity (and downstream DG and
CAB3 activity) via the CA1—EC Layer V pathway, which projects
to superficial EC (Amaral and Witter, 1989; Witter et al., 2000).
Consistent with our previous findings (Liu et al., 2012; Sarifana
et al., 2014), context exposure increased expression of c-Fos,
an immediate early gene, in DG and CA3 in C57BL/6 mice,
compared to homecage exposure (DG; t1o = —9.93, p < 0.001,
CA3; t19 = —11.3, p < 0.001) (Figure 5H).
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Figure 4. Ca?* Event Latencies and Frequencies in Context-Specific Ocean Cells
(A-C) Cumulative population of all the latencies to the first Ca®* event in each context-specific Ocean cell in their respective preferred context: Context A and B

cells (A), Context C and D cells (B), and Context E and F cells (C).

(D) Average of all the latencies to the first Ca®* event in each context-specific cell active in their respective preferred contexts.

(E) Average Ca>* event frequency in each specific context (top row of horizontal axis label) for each type of Ocean cell (Context A cells, Context B cells, and Both).
(F) Average Ca®* event frequency in each specific context (top row of horizontal axis label) for each type of Ocean cell (Context C cells, Context D cells, and Both).
(G) Average Ca?* event frequency in each specific context (top row of horizontal axis label) for each type of Ocean cell (Context E cells, Context F cells, and Both).
Data are represented as mean + SEM. *p < 0.05. N indicates number of animals. n indicates number of cells.

When AAV2/5-CaMKIla-eArchT3.0-eYFP (Mattis et al., 2012)
was bilaterally injected into DG of C57BL/6 mice (Ocean-eArchT
mice) (Figures 5A and 5B), eArchT3.0-eYFP expression was
restricted to Reelin® Ocean cells (Figure 5C). We exposed these
mice to Context A while delivering green light bilaterally to MEC
during the entire exploration period (Figure 5G). The number of
c-Fos™ cells in DG and CA3 areas of the light-ON group was
significantly lower than that of the light-OFF group (DG;
tg = 3.38, p < 0.01, CASB; ty = 4.15, p < 0.01) (Figure 5I). Next,
we bilaterally injected AAV2/5-EF1a-DIO-eArch3.0-eYFP into
dorsal MEC of Wfs1-Cre mice (Island-eArch mice) (Figures 5D
and 5E). eArch3.0-eYFP expression in MECII was restricted to
Wfs1* Island cells (Figure 5F). We exposed these mice to
Context A while delivering green light bilaterally to MEC during
the entire exploration period (Figure 5G) and found that there
was no difference in the number of c-Fos* cells in either DG
or CA3 between the light-ON and light-OFF groups (DG;
tg=0.41,p>0.6, CA3;tg=0.21, p > 0.8) (Figure 5J). These results
indicate that MEC Ocean cells, but not MEC Island cells, drive
activation of downstream DG and CAS3 cells upon exposure to
a novel context (i.e., Context A).

We also expressed eArch specifically in DG cells to block their
activity (DG-eArch mice, see Experimental Procedures; Fig-
ure S4) and exposed these mice to a novel context while deliv-
ering green light bilaterally to DG during the entire exploration
period (Figure 5K). Accordingly, we found that the number of

c-Fos™ DG cells in the light-ON group was significantly lower
compared to the light-OFF group (DG; tg = 4.95, p < 0.001). Inter-
estingly, only a small, though significant, reduction in the number
of c-Fos* cells was seen in the CA3 area in the light-ON group
compared with the light-OFF group (ts = 2.59, p < 0.05) (Fig-
ure 5K). This contrasts with the highly significant reduction in
c-Fos™ seen with Ocean cell inhibition (Figure 5I; 52% reduction
in Ocean-eArchT mice, Figure 5K; 28% reduction in DG-eArch
mice, tg = 2.26, p < 0.05) and suggests that Ocean cell input con-
tributes to CA3 activity in a novel context. Inputs to CA3 from DG
include both developmentally derived old DG-GCs and adult-
generated young DG-GCs, which have been shown to play a
role in contextual fear memory (Kheirbek et al., 2013). Our
eArch-mediated inhibition of DG activity occurs mostly in devel-
opmentally derived old DG-GCs, rather than adult-generated
young DG-GCs (Figure S4), suggesting that CA3 activity (Fig-
ure 5l) in a distinct novel environment may be driven substantially
by Ocean cell input via young DG-GCs or via the direct inputs
from MEC to CA3 (Steward, 1976; Yeckel and Berger, 1990).

Ocean Cells, but Not Island Cells, Contribute to a
Discriminatory Activation of CA3 Cells upon Serial
Exposure to Distinct Contexts

We next investigated potential roles of Ocean and Island cell
inputs in a discriminatory activation of CA3 cells upon serial ex-
posures to a pair of contexts. For this purpose, we injected

1322 Neuron 87, 1317-1331, September 23, 2015 ©2015 Elsevier Inc.
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Figure 5. Ocean Cells, but Not Island Cells, Drive Context Exposure-
Dependent Activation of DG Cells and CA3 Cells

(A) Bilateral injection of AAV2/5-CaMKlla-eArchT3.0eYFP into DG with bilat-
eral implantation of optic fibers into MEC.

(B) Parasagittal sections of MEC visualized with eArchT3.0-eYFP-labeled cells
(green).

(C) Amagnified image of a part of (B) afterimmunostaining with anti-Reelin (red).
(D) Bilateral injection of AAV2/5-EF1a-DIO-eArch3.0-eYFP into MEC of Wfs1-
Cre mice with bilateral implantation of optic fibers.

(E) Parasagittal sections of MEC visualized with eArch3.0-eYFP-labeled Island
cells (green).

(F) A magnified image of a part of (E) afterimmunostaining with anti-Wfs1 (red).
(G) Experimental schedule.

(H) Percentages of c-Fos* cells in DG and CA3 in the novel context exposure
group (CTX) and home cage group (HC) of WT mice.
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AAV2/9-TRE-mCherry into CA3 of c-fos-tTA mice (Reijmers
et al., 2007) and exposed them to Context A while off Dox so
as to label activated CA3 cells with mCherry (Ramirez et al.,
2013). These mice were then immediately placed back on Dox
to prevent further labeling of activated cells. The next day, the
mice were exposed to Context B and then euthanized for immu-
nohistochemical detection of endogenous c-Fos in CA3 (Fig-
ure 6D). The CAS cells activated by exposure to Context A are
thus identified by mCherry expression and those activated by
exposure to Context B are identified by the expression of endog-
enous c-Fos (Figure 6C) (Denny et al., 2014; Ramirez et al., 2013).
We compared the proportion of c-Fos* CA3 cells (i.e., CA3 cells
that were activated by exposure to Context B) in mCherry* and
mCherry~ cell populations (i.e., CA3 cells that were activated
and unactivated, respectively, by exposure to Context A).
Notably, c-Fos expression induced by context exposure in
CA3 cells of c-fos-tTA transgenic mice (Figure 6) was higher
than that of WT mice (Figure 5), which is consistent with a previ-
ous study (Reijmers et al., 2007).

Also consistent with previous reports (Niibori et al., 2012; Wint-
zer et al., 2014), the proportion of c-Fos™ cells in the mCherry*
CA3 cell population in control mice expressing only eYFP (no
eArchT) was significantly lower than that of c-Fos* cells in CA3
mCherry~ cell population (paired t test, t, = —7.37, p < 0.01) (Fig-
ure 6E), indicating that Contexts A and B activated largely inde-
pendent populations of CA3 cells. Inhibiting Ocean cells with
eArchT during exposure to Context A resulted in an increase of
the proportion of c-Fos™ cells in the mCherry* cell population
that was similar to that in the mCherry™ cell population (Figures
6A and 6F), indicating that Ocean cells play a significant role in
the discriminatory encoding of the two contexts in CA3. In
contrast, inhibition of Island cells with eArchT (Figure 6B)
had no effect on the distribution of c-Fos™ cells (paired t test,
t3 = —12.7, p < 0.001; Figure 6G). Next, we moved the timing
of Ocean inhibition to during Context B exposure (Figures 6H-
6K). In this case, both eYFP- and ArchT-expressing groups
started with comparable mCherry* expression levels upon expo-
sure to Context A. Inhibiting Ocean cells during Context B expo-
sure led to a reduction of the proportion of c-Fos™ cells in the
mCherry~ cell population to a level similar to that in the mCherry*
cell population, reinforcing the conclusion that MEC Ocean cell
input contributes to discriminatory encoding of distinct contexts
in CA3. Again, inhibition of Island cells did not show any effect on
the distribution of c-Fos™ cells (paired t test, t, = —7.88, p < 0.05;
Figure 6K).

Additionally, we examined the role of MEC Ocean cells in the
activation of the CA3 cells upon successive exposure to a pair
of similar contexts, Context E and Context F (Figures 6L-6Q
and S2). In control Ocean-eYFP-only mice, the proportion of
c-Fos* cells in the CA3 mCherry* cell population was not
different from that of c-Fos* cells in CA3 mCherry™~ cell popula-
tion (paired t test, t3 = 0.88, p > 0.4) (Figure 6M), indicating that
CAS3 cells do not discriminate well between the similar context

(I-K) Percentages of c-Fos* cells in DG and CA3 of Light-OFF and -ON groups
of Ocean CTX mice (l), Island CTX mice (J), or DG CTX mice (K). **p < 0.001,
**p < 0.01, and *p < 0.05. Data are represented as mean + SEM. N indicates
number of animals.
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Figure 6. Ocean Cell Input, but Not Island Cell Input, Is Crucial for Discriminatory Encoding in CA3 for Distinct Context Pairs but Not for
Similar Context Pairs

(A) Labeling of c-Fos-expressing cells in CA3 combined with optogenetic inhibition of Ocean cells. Bilateral injection of AAV2/5-CaMKlla-eArchT3.0-eYFP or
AAV2/5-CaMKlla-eYFP (control group; not shown) in DG and AAV2/9-TRE-mCherry in CA3 with bilateral implantation of optic fibers into MEC of c-fos-tTA mice.
(B) Labeling of c-Fos-expressed cells in CA3 combined with optogenetic inhibition of Island cells. Bilateral injections of AAV2/5-EF1a-DIO-eArch3.0-eYFP in MEC
and AAV2/9-TRE-mCherry in CA3, with bilateral implantation of optic fibers into MEC of double transgenic mice (c-fos-tTA mice crossed with Wfs1-Cre mice).

(legend continued on next page)
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pairs after a one time exposure to each. We also did not observe
any changes in the distribution of c-Fos™ cells when Ocean cells
were inactivated (paired t test, t3 = 0.35, p > 0.5) (Figures 6M and
6N). Similar results were obtained when the timing of green light
illumination was shifted from the period of Context A to the
period of Context B (Figures 60-6Q). Overall, these data indicate
that the Ocean cell input is crucial for the discriminatory
response of CA3 cells only when the context pair is sufficiently
distinct.

Ocean Cells, but Not Island Cells, Facilitate Context-
Specific Fear Conditioning

We then investigated whether the context discriminatory func-
tion of Ocean cell input to CA3-PCs activation could be extended
to a behavioral level using context-specific fear conditioning
(CFC). For this purpose, we subjected Ocean-eArchT mice to
CFC while delivering green light bilaterally to MEC during the
entire training period (3 min) and monitored the levels of freezing
in the conditioned Context A, followed by exposure to a distinct
unconditioned Context B (Figure 7A). Control mice expressing
only eYFP (no eArchT) exhibited high freezing behavior in the
conditioned Context A and much lower freezing levels in the un-
conditioned Context B. The freezing behavior of light-inhibited
Ocean-eArchT mice was greatly reduced in the conditioned
context compared to the control mice (t>, = 2.39, p < 0.05), while
there was no significant alteration of freezing level in the distinct
unconditioned context (too = 0.82, p > 0.4) (Figure 7B). Light had
no effect on freezing levels in Island-eArch mice in either
the conditioned (t;o = 0.24, p > 0.8) or unconditioned context
(too = —0.53, p > 0.6) (Figure 7C). We next subjected DG-eArch
mice (Figure S4) to CFC while delivering green light bilaterally
to DG during the entire training period (Figure 7D). Light-inhibited
DG-eArch mice displayed no freezing deficits in the conditioned
context (too = 0.33, p > 0.7) but, interestingly, showed signifi-
cantly more freezing in the unconditioned context compared to
the eYFP control mice (t.» = —2.1, p < 0.05) (Figure 7D) (see
Discussion).

In the experiment with Ocean-eArchT mice (Figure 7B), there
might have been a floor effect in the freezing levels in Context
B, because the freezing levels in Context B without manipulation
were already relatively low. To address this potential caveat, we
performed an additional experiment by investigating manipula-

tion effects during the recall phase rather than learning phase
(Figures 7E and 7F). For this purpose, we subjected Ocean-
eArchT mice to CFC in Context A (Figure 7E). One day after
training, we exposed Ocean-eArchT mice to Context A while
delivering green light bilaterally to MEC during the entire testing
period (Figure 7F). Light-inhibited Ocean-eArchT mice displayed
a freezing deficit in the conditioned context compared to the
eYFP control mice (tig = 2.84, p < 0.02) (Figure 7F). In contrast,
light had no effect on freezing levels in Ocean-eArchT mice in
the unconditioned context (t1g = —1.33, p > 0.19) (Figure 7F).
Our results show that MEC Ocean cell input contributes substan-
tially for the recall of the memory of the context (Context A) in
which shock was delivered, but it has no detectable role in the
recall of generalized fear memory (Context B).

Trace fear conditioning (TFC) involves temporal association
memory because it requires an association of two events—
tone and footshock—separated by 20 s. Our earlier studies
showed that the direct input from MEC layer lll to the CA1 area
of the hippocampus drives the formation of TFC memory (Suh
et al.,, 2011). MEC layer |l Island cells whose primary targets
are the inhibitory neurons in the stratum lacunosum (SL) of the
CAT1 region inhibit layer Il drive through feedforward inhibition
(Kitamura et al., 2014). Consequently, inhibition of Island cell
input by ArchT results in a boost of TFC memory (Kitamura
et al., 2014). To investigate whether Ocean cells are crucial for
TFC, we subjected Ocean-eArchT, Island-eArch, and their
respective eYFP-only control mice to TFC while delivering green
light bilaterally to MEC during the entire training period (see
Experimental Procedures) (Figure S5A). eArchT-mediated inhibi-
tion of Ocean cells had no detectable effect on TFC (Figures
S5B-S5D), whereas, as reported previously (Kitamura et al.,
2014), light-inhibited Island-eArch mice showed enhanced
freezing amplitudes and post-tone freezing duration compared
with the control eYFP mice (Figures S5E-S5G).

DISCUSSION

In this study, we showed that Ocean cells, excitatory stellate
neurons in MEC layer Il projecting to DG and CA3, rapidly form
a distinct representation of a novel context and drive context-
specific activation of downstream CA3 cells as well as CFC. In
contrast, Island cells, excitatory pyramidal neurons in MEC layer

(C) Example of c-Fos™ cells, mCherry* cells, double* cells, and non-labeled cells.

(D and H) To label the c-Fos expressed cells in Ocean-eYFP, Ocean-eArchT, and Island-eArch mice ([A] and [B]), animals were taken off Dox and exposed to
Context Ain order to label the cells activated by Context A with mCherry (red). Animals were then put back on Dox and exposed to distinct Context B 24 hr later as
activated cells expressed c-Fos (green). Green light was illuminated in MEC during the animal’s exposure to Context A (D) or Context B (H).

(E-G) Percentages of c-Fos* cells in mCherry* or mCherry~ CA3 cells in the three groups of mice related to (D). Total number of mCherry* cells studied were 254
(E), 122 (F), and 177 (G), and absolute number of mCherry~ cells studied were 1,304 (E), 1,432 (F), and 1,164 (G) cells respectively.

(I-K) Percentages of c-Fos* cells in mCherry* or mCherry~ CA3 cells in the three groups of mice related to (H). Total number of mCherry+ cells studied were 194 (1),
181 (J), and 141 (K), and absolute number of mCherry- cells studied were 1,000 (I), 1,002 (J), and 710 (K) cells, respectively.

(L and O) To label the c-Fos-expressed cells in Ocean-eArchT and Ocean-eYFP mice, animals (A) were taken off Dox and exposed to Context E in order to label
the cells activated by Context E with mCherry (red). Animals were then put back on Dox and exposed to similar Context F 24 hr later so as to let activated cells
express c-Fos (green). Green light was illuminated in MEC during the animal’s exposure to Context E (L) or Context F (O).

(M and N) Percentages of c-Fos™* cells in mCherry* or mCherry~ CA3 cells in the two groups of mice related to (L). Total number of mCherry+ cells studied were
273 (M) and 155 (N), and absolute number of mCherry ™~ cells studied were 1,349 (M) and 1,453 (N) cells, respectively.

(O-Q) Percentages of c-Fos™ cells in mCherry™ or mCherry~ CA3 cells in the two groups of mice related to (O). Total number of mCherry* cells studied were 319 (P)
and 217 (Q), and absolute number of mCherry™~ cells studied were 1,261 (P) and 1,204 (Q) cells, respectively. **p < 0.001, **p < 0.01, and *p < 0.05. Data are
represented as mean + SEM. N indicates number of animals.
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Il projecting into CA1, do not show context-specific encoding
and are dispensable for context-specific memory. Thus, Ocean
cells provide contextual information to DG and CAS3, but Island
cells do not.

It has been thought that the DG-CA3 circuit generates
context-specific information and contributes to the discrimina-
tion of contexts, spaces, and events (Bakker et al., 2008; Leut-
geb et al., 2007; Marr, 1971; O’Reilly and McClelland, 1994;
Treves and Rolls, 1994). Some lesion and spatially restricted
NMDA receptor knockout mouse studies have supported this
concept (Gilbert et al., 2001; Kesner et al., 2000; McHugh
et al., 2007). Here we found that integrated sensory information
about a specific context is already present in some MECII Ocean
cells, such that these cells can rapidly respond to distinct novel
contexts through changes in activity rate and that the cells hold-
ing such information can respond stably over multiple exposures
(Figure 2 and Figure 3).

While further studies are necessary to fully characterize the
context-specific Ocean cells, several of their features have
already emerged. First, these cells respond to a specific context
with varying latencies ranging between 10-150 s with a mean of
40-60 s. These values are not significantly different from the
latencies of CA1 place cells of about 50 s (Frank et al., 2004)
and entorhinal grid cells of 60 s (Hafting et al., 2005), although
these comparisons should be taken cautiously because of the
different methods of activity monitoring (Ca®* imaging and
tetrode recordings). Another interesting question is what inputs
may contribute to the context-specific activity of Ocean cells.
Previous studies have identified a diverse set of inputs into
MEC, including those from postrhinal cortex, visual cortex,
medial septum, para-subiculum, and pre-subiculum (for a
review, see Canto et al,, 2008). Any of these inputs could
contribute to the context-specific activity of Ocean cells.
Furthermore, the HPC can contribute to this activity via loops
of activity going from EC to HPC and back to EC, but our prelim-
inary experiment conducted with pharmacological inhibition
of CA1 activity suggests that this contribution is minimal if
any (Figure S3). Another interesting question is whether MEC
Ocean cells are heterogeneous with respect to their capability
of context-specific responsiveness. Our results showed that
50%-60% of Ocean cells responded to a given context (Fig-
ure 3), and the proportion of non-responding cell population is
greater when a pair of more similar contexts was compared
(38%-40%) than when a pair of more distinct contexts was
compared (18%-32%) (Figure 3). Thus, we hypothesize that
the non-responding cell population is a source of additional
context-specific cells and will be recruited as such if the animal
is exposed to additional contexts.

Combining the present findings with those previously reported
(Denny et al., 2014; Kheirbek et al., 2013; Nakashiba et al., 2012),

the following mutually non-exclusive dual mechanisms may
underlie the discrimination of contexts. When animals face a
relatively novel context, this context rapidly is represented by a
distinct population of MEC Ocean cells. The activity of these
cells drives context-specific activity in downstream areas like
CAS3 (Figures 5 and 6) to facilitate the formation of a context-spe-
cific memory (Figures 7A and 7B). This drive seems to be deliv-
ered to CA3 through adult-generated young DG-GCs and/or
the direct input from Ocean cells to CA3 (Steward, 1976; Yeckel
and Berger, 1990), because inhibition of developmentally born
old DG-GCs (Figure S3) does not reduce greatly the level of
context-exposure-dependent activation of CA3 cells (Figure 5K)
nor the level of freezing in the conditioned context (Context A)
(Figure 7D), whereas inhibition of both developmentally born
old DG-GCs and adult-generated young DG-GCs does reduce
the level of freezing in the distinct conditioned context (Kheirbek
et al., 2013). Interestingly, we saw increased freezing in the un-
conditioned context (Context B) in response to inhibition of old
DG-GCs (Figure 7D), suggesting that the function of old DG-
GCs may be to suppress generalized freezing (i.e., freezing in
an unconditioned context). Indeed, one study has reported that
memory precision requires feedforward inhibition of old DG-
GC input to CA3 (Ruediger et al., 2011).

In contrast, neither Ocean cells (Figures 3L-3Q) nor old DG-
GCs (Kheirbek et al., 2012; Nakashiba et al., 2012) appear to
contribute significantly to the formation of distinct contextual
memories from among similar contexts; this process relies,
rather, on the unique properties (Ge et al., 2007; Schmidt-Hieber
et al., 2004) and dynamics of adult-born young granule cells that
compose just a few percent of the total DG-GCs (Clelland et al.,
2009; Creer etal., 2010; Deng et al., 2010; Nakashiba et al., 2012;
Sahay et al., 2011; Scobie et al., 2009). The mechanism for
discriminating between similar contexts does not seem to occur
in CAS as rapidly as that for discriminating between more distinct
contexts (Figure 6). Indeed, repeated exposures and/or associa-
tion with high-valence stimulation (such as footshocks) is neces-
sary for the gradual formation of memory that discriminates
between a pair of more similar contexts (Kheirbek et al., 2012;
McHugh et al., 2007; Nakashiba et al., 2012). In natural environ-
ments, the similarity or dissimilarity of a given context to other
contexts varies broadly, and the two mechanisms discussed
above likely work together, with differing degrees of contribution
to the animal’s overall context discrimination capability.

Our study also reveals the dichotomy of Ocean cells and Island
cells of MEC in contextual versus temporal aspects of episodic
memory. Ocean cells respond to exposure to a novel context
and play a crucial role in encoding contextual information
derived from an episode through their projections into DG and
CAB3. In contrast, Island cells do not respond to contextual expo-
sure in a context-specific manner (Figure 2 and Figure 3), nor are

(C) Island-eArch mice in CFC. Time course of freezing observed during Conditioning, Test 1, and Test 2 are shown. The far right panel of (C) shows averaged

freezing levels during testing on day 2 and day 3.

(D) DG-eArch mice in CFC. Time course of freezing observed during Conditioning, Test 1, and Test 2 are shown. The far right panel of (D) shows averaged freezing

levels during testing on day 2 and day 3.
(E) Experimental schedule.

(F) Averaged freezing levels during test 1(exposed to Context A) and test 2 (exposed to Context B). “p < 0.05. Data are represented as mean + SEM. N indicates

number of animals.
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they required for discriminatory encoding of a pair of distinct
contexts (Figure 6), nor for CFC of these distinctive contexts (Fig-
ure 7). On the other hand, Island cells drive feedforward inhibition
of CA1 PCs via their predominating projections to GABAergic in-
terneurons in SL to inhibit MECIII input into CA1. Whereas MECIII
cells drive the formation of trace fear memory (Suh et al., 2011),
Island cells suppress the strength and duration of temporal as-
pects in trace fear memory (Figure S5) (Kitamura et al., 2014).
Ocean cells are indifferent in this temporal aspect of episodic
memory (Figure S5). Thus, Ocean and Island cells in MECII differ-
entially provide the contextual information and time-related in-
formation, respectively to the HPC in order to help form episodic
memory.

EXPERIMENTAL PROCEDURES

Animals

All procedures relating to mouse care and treatment conformed to institutional
and NIH guidelines. Animals were individually housed in a 12 hr (7am-7pm)
light/dark cycle, with food and water ad libitum. For studies of Ocean-
GCaMP6f mice, we used 30- to 40-week-old wild-type male C57BL/6 mice
(WT). For studies of Island-GCaMP6f mice and Island-eArch mice, we used
previously developed Wfs1-Cre transgenic male mice (Kitamura et al., 2014)
maintained on a C57BL/6 background (Jackson Lab), adults aged about 30—
50 weeks. For studies of Ocean-eArchT mice, we used 15- to 25-week-old
wild-type male C57BL/6 mice. For studies of Island-eArch mice, we used
15- to 25-week-old Wfs1-Cre transgenic male mice. For studies of DG
granule-eArch3.0-eYFP mice, we used previously developed DOCK10-Cre
transgenic 15- to 25-week-old male mice (Kohara et al., 2014). For c-Fos
experiments in Figure 3, we used 15- to 25-week-old c-fos-tTA transgenic
male mice (Reijmers et al., 2007). In Figure 6, we crossed c-fos-tTA transgenic
mice with Wfs1-Cre mice.

Histology and Immunohistochemistry

Mice were transcardially perfused with 4% paraformaldehyde (PFA) in PBS.
Brains were post-fixed with the same solution for 24 hr and then sectioned
using a vibratome. For immunohistochemistry (IHC) sliced tissue sections
were incubated in 0.3% Triton-X PBS with 5% normal goat serum (NGS) for
1 hr. Primary antibodies were then added to a 5% NGS 0.3% triton-X in
PBS solution and incubated overnight at 4°C. Primary antibodies: WFS-1 (Pro-
teintech Group, Inc, 11558-1-AP, 1:500), CalbindinD-28K (Abcam, ab11426,
1:1,000) (SWANT, 300, 1:1,000), Reelin (MBL International, D223-3, 1:250),
NeuN (Millipore, MAB377, 1:1,000) (Millipore, ABN78, 1:1,000), c-Fos (Santa
Cruz Biotechnology, SC-52, 1/1,000), Prox1 (Invitrogen, P21936, 1/1,000),
and DCX (Millipore, AB2253, 1/1,000). After rinsing with PBS three times for
15 min each, sliced tissue sections were subsequently incubated with
AlexaFluor405, AlexaFluor488, AlexaFluor546, or AlexaFluor633 conjugated
secondary antibodies (Invitrogen, 1:500). Sliced tissue sections were then
washed in PBS three times for 15 min and mounted in VECTASHIELD medium
on glass slides. Some sections were stained by DAPI or Nissl (1:500). Fluores-
cence images were taken by confocal microscopy using 10x, 20x, 40x, and
63X objectives and by fluorescent microscopy using 10x and 20x objectives.
Z-projected confocal images were generated by Zenblack.

Preparation of Adeno-Associated Viruses

The AAV2/5-CaMK2a-eYFP was acquired from the University of North Car-
olina at Chapel Hill (UNC) Vector Core, with a titer of 5.2 x 10'2 genome
copy/ml. The AAV2/5-Syn-DIO-GCaMP6f was generated by and acquired
from the University of Pennsylvania Vector Core, with a titer of 1.3 x 103
genome copy/ml. The AAV2/5-Syn-GCaMP6f was generated by and acquired
from the University of Pennsylvania Vector Core, with a titer of 1.5 x 103
genome copy/ml. The AAV2/5-CaMK2a-eArchT3.0-eYFP was acquired from
the UNC Vector Core, with a titer of 2.5 x 10" genome copy/ml. The AAV2/
9-EF1a-DIO-ChR2-eYFP was generated by and acquired from the University

of Pennsylvania Vector Core, with a titer of 2.5 x 10'® genome copy/ml.
The AAV2/5-EF1a-DIO-eYFP (or mCherry) was generated by and acquired
from the UNC Vector Core, with a titer of 1.2 x 10'® genome copy/ml. The
AAV2/5-EF10-DIO-eArch3.0-eYFP was generated by and acquired from the
UNC Vector Core, with a titer of 1.6 x 10" genome copy/ml. The AAV2/9-
EF12-DIO-eYFP and AAV2/9-EF1a-DIO-eArch3.0-eYFP were generated by
and acquired from the UNC Vector Core. We previously generated the
AAV2/9-TRE-ChR2mCherry with a titer of 8.0 x 10'? genome copy/ml (Ram-
irez et al., 2013).

Stereotaxic Surgeries

Stereotactic viral injections, microendoscope implantations, and optic fiber
implantations were all performed in accordance with MIT’s CAC guidelines.
Mice were anaesthetized using 500 mg/kg avertin. Viruses were injected using
a glass micropipette attached to a 10 pl Hamilton microsyringe through a
microelectrode holder filled with mineral oil. A microsyringe pump and its
controller were used to control the speed of the injection. The needle was
slowly lowered to the target site and remained for 10 min after the injection.

For Ocean-cell-specific GCaMP6f monitoring, unilateral viral delivery into
the right dorsal DG of the WT male mice was aimed at these coordinates rela-
tive to Bregma: AP: —2.0 mm, ML, +1.3 mm, DV, —2.05 mm. WT mice were in-
jected with 150 nl of AAV2/5-Syn-GCaMP6f. 1 month after AAV injection, we
implanted a microendoscope into the dorsal part of MEC (AP: —5.1 mm,
ML, + 3.36 mm, DV, —2.20 mm) of the WT mice. For Island-cell-specific
GCaMP6f monitoring, unilateral viral delivery into the right MEC of Wfs1-
Cre male mice was aimed at these coordinates relative to Bregma: AP:
—4.85 mm, ML, +3.45 mm, DV, —3.30 mm. Wfs1-Cre mice were injected
with 200 nl of AAV2/5-Syn-DIO-GCaMP6f. 1 month after AAV injection, a
microendoscope was implanted into the dorsal part of MEC (AP: —5.1 mm,
ML, +3.36 mm, DV, —2.20 mm) of Wfs1-Cre male mice. 1 month after implan-
tation of the microendoscope, the baseplate for a miniaturized microscope
camera (Ziv et al., 2013) was attached above the implanted microendoscope
in the mice. After the baseplate surgery, animals were habituated to the attach-
ment of the microscope camera for 2 weeks.

For behavior experiments in Ocean-eArchT mice, bilateral viral delivery into
dorsal DG of the WT male mice was aimed at these coordinates relative to
Bregma: AP: —2.0 mm, ML, + 1.3 mm, DV, —2.05 mm. WT male mice were
bilaterally injected with 150 nl of AAV2/5-CaMK2a-eArchT3.0-eYFP or
AAV2/5-CaMK2a-eYFP as control group and then bilaterally implanted with
a Doric patchcord optical fiber (200 um core diameter) into the dorsal part of
MEC (AP: —5.1 mm, ML, + 3.36 mm, DV, —2.20 mm).

For behavior experiments in Island-eArch mice, bilateral viral delivery into
MEC of Wfs1-Cre male mice was aimed at these coordinates relative to
Bregma: AP: —4.85 mm, ML, + 3.45 mm, DV, —3.30 mm. Wfs1-Cre male
mice were bilaterally injected with 200 nl of AAV2/5-EF-10-DIO-eArch3.0-
eYFP or AAV2/5-EF-1a-DIO-eYFP as control group and were bilaterally im-
planted with optical fibers into the dorsal part of MEC (AP: —5.1 mm, ML, +
3.36 mm, DV, —2.20 mm). The top part of an Eppendorf tube was inserted
to protect the implant, and the incision was closed with sutures as per our pre-
vious study (Liu et al., 2012).

For behavior experiments in DG-eArch mice, bilateral viral delivery into dor-
sal DG of Dock10-Cre male mice was aimed at these coordinates relative to
Bregma: AP: —2.0 mm, ML, £ 1.3 mm, DV, —2.05 mm. The Dock10-Cre
male mice were bilaterally injected with 150 nl of AAV2/9-EF1a-DIO-
eArch3.0-eYFP or AAV2/9-EF1a-DIO-eYFP as a control group and were bilat-
erally implanted with a Doric patchcord optical fiber (200 um core diameter)
into the dorsal DG (AP: —2.0 mm, ML, + 1.3 mm, DV, —1.50 mm). The
Dock10-Cre mice were allowed to recover for 5 days before all subsequent
experiments.

For CA3 c-Fos labeling experiments in Ocean-eArchT mice (Figure 6),
bilateral viral delivery into the dorsal DG of c-fos-tTA transgenic male
mice was aimed at these coordinates relative to Bregma: AP: —2.0 mm,
ML, + 1.3 mm, DV, —2.05 mm. The c-fos-tTA transgenic male mice were bilat-
erally injected with 150 nl of AAV2/5-CaMK2a-eArchT3.0eYFP or AAV2/5-
CaMK2a-eYFP into the dorsal DG and then bilaterally injected with 200 nl
of AAV2/9-TRE-mCherry into dorsal CA3 (AP: —2.10 mm, ML, + 2.30 mm,
DV, —2.30 mm), followed by bilateral implantation of a Doric patchcord optical
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fiber (200 pm core diameter) into the dorsal part of MEC (AP: —5.1 mm, ML, +
3.36 mm, DV, —2.20 mm). For CA3 c-Fos labeling experiments in Island-eArch
mice (Figure 6), bilateral viral delivery into MEC of the c-fos-tTA and Wfs1-Cre
double transgenic male mice was aimed at these coordinates relative to
Bregma: AP: —4.85 mm, ML, + 3.45 mm, DV, —3.30 mm. The c-fos-tTA
transgenic male mice were bilaterally injected with 200 nl of AAV2/5-EF1a-
DIO-eArch3.0-eYFP or AAV2/5-EF10-DIO-eYFP into MEC and then bilaterally
injected with 200 nl of AAV2/9-TRE-mCherry into dorsal CA3 (AP: —2.10 mm,
ML, + 2.30 mm, DV, —2.30 mm), followed by bilateral implantation of a Doric
patchcord optical fiber (200 um core diameter) into the dorsal part of MEC
(AP: —5.1 mm, ML, + 3.36 mm, DV, —2.20 mm). Mice were given 1.5 mg/kg
metacam as analgesic and remained on a heating pad until fully recovered
from anesthesia. Mice were allowed to recover for 1 month before all subse-
quent experiments.

Context Exposure

For Ca®* imaging experiments during context exposure, we used three
different pairs of contexts: distinct pair Context A and B, distinct pair
Context C and D, and similar pair Context E and F. Context A was a chamber
(29 cm [W] x 23 cm [D] x 20 cm [H]) with distinct visual cues and a grid floor
that consisted of 36 stainless steel rods (Context A) (Figure S2). Context B was
a chamber (29 cm [W] x 23 cm [D] x 20 cm [H]) with different visual cues
compared to Context A and a white plastic floor (Context B) (Figure S2).
Context C was a cylindrical chamber (diameter 28 cm [D] x 20 cm [H]) with
no visual cues on the walls and a white plastic floor (Context C) (Figure S2).
Context D was a square chamber (26 cm [W] X 26 cm [D] x 17 cm [H]) with
black walls and floors (Context D) (Figure S2). Context E was a chamber
with rounded walls (29 cm [W] x 23 cm [D] x 20 cm [H]), with no visual
cues on the walls and a grid floor that consisted of 36 stainless steel rods
(Context E) (Figure S2). Context F was a rectangular chamber (29 cm [W] x
23 cm [D] x 20 cm [H]) with no-visual cues on the walls and a grid floor that
consisted of 36 stainless steel rods (Context F).

Calcium Imaging during Context Exposures

Calcium imaging was performed on male mice in the animal facility during the
light cycle. Island and Ocean mice were habituated to human experimenters as
well as the experimental room 3 weeks following AAV injection, microendo-
scope implant, and baseplate surgeries. Experiments were run in several
different pairs of contexts (Figure S2). Ca®* signals were imaged twice in
each context for 5 min each time. The chambers were cleaned with 70%
ethanol between sessions. Immediately before and after imaging sessions,
the mouse rested on a pedestal next to the open field. Calcium events were
captured at 20 Hz on an Inscopix miniature microscope. The calcium movie
was then motion corrected using Inscopix Mosaic software (correction type:
translation and rotation; reference region with spatial mean [r = 20 pixels]
subtracted, inverted, and spatial mean applied [r = 5 pixels]). Finally, it was
processed by Imaged (dividing each image, pixel by pixel, by a low-passed
[r = 20 pixels] filtered version), and the AF/F signal was calculated. Cell loca-
tions were carefully selected manually, as small regions of interest (ROIs)
(~1/3 of cell body size) at the center of the cell bodies. This was done in ImageJ
for each processed movie. Approximately 40 cells were selected per behav-
ioral session per animal, and their AF/F signals were isolated. Ca®* events
were detected by thresholding (>3% from the AF/F signal at the local maxima
of the AF/F signal). Cells were said to have responded in a specific context if
they had >10 Ca®* events during exposure to that context. A rate difference in-
dex (defined below) was calculated for all cells that had >10 Ca®* events during
exposure to a context.

Rate Difference Index of Ca2* Activity and Definition of Context-
Specific Cells

We used the following score to determine whether single cells were “context
specific”:

Nevents. X — Mevents,Y

Rate Difference Index = ,
nevents,x + Nevents,Y

where Nevents x is the number of Ca®* events in context X. Similar definition for

Nevents.Y -
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The rate difference score was first calculated for every cell in each animal for
Context A (first time) versus Context A (second time), and for Context B (first
time) versus Context B (second time) to determine the natural variability of
Ca?* activity within the same environment. The 99" percentile of these scores
was set as the threshold (0.6). Cells were “context specific” if their difference
score for Context A versus Context B exceeded the threshold. In Figure 3, we
displayed the cumulative probability of the rate difference indices for same
context (e.g., A versus A) and for different contexts (e.g., A versus B). If the dis-
tribution shifts to right, this indicates a larger change in the number of Ca%*
events and higher median rate difference index.

Context Exposure and c-Fos* Cells Counting

Context exposure experiments were performed on male mice aged between
12 and 20 weeks in the animal facility during the light cycle. In Figure 5, all
mice were handled for 3 days prior to the behavioral experiments. The bilateral
optical fiber implants were connected to a 561 nm laser controlled by a func-
tion generator. The mice were placed in Context A and allowed to explore for
5 min. Mice received green light stimulation (15 mW, each hemispheres) during
the entire period (5 min; Figure 5). 60 min after being exposed to Context A,
animals were perfused and their brains were fixed with 4% PFA to detect
the c-Fos immunoreactivities in DG and CA3.

For CA3 c-Fos labeling experiments in Ocean-eArchT mice and Island-
eArch mice (Figure 6), all mice were handled for 3 days prior to the behavioral
experiments. They were then taken off Dox for 24 hr to open a window of ac-
tivity-dependent labeling for Context A. Animals were exposed to Context A for
5 min, and DOX diets were resumed immediately after exposure to Context A.
24 hr later, animals were exposed to Context B for 5 min. 60 min after exposure
to Context B, animals were perfused and their brains were fixed with 4% PFA.
Mice received bilateral green light stimulation (15 mW, each hemispheres) dur-
ing the entire period of exposure to Context A or B (5 min).

In Figure 5, a sampling of c-Fos™ cells was conducted throughout dorsal DG
in sagittal sections for the quantification analysis of the number of c-Fos™ cells
in DG and CA3 in each group of mice. Ten sagittal HPC sections were used to
count the number of c-Fos™ cells and DAPI* cells in DG and CA3 regions. In
Figure 6, for quantification analysis of the number of mCherry* cells and
c-Fos™ cells in DG and CA3 region in each group of mice, we randomly chose
ten broad ROlIs from which hundreds of cells were to be examined and took
images by confocal microscopy. The total number of examined mice is shown
in Figure 6. All counting was performed blind as to the group and condition.

The numbers of mCherry* cells, c-Fos™ cells, and DAPI* cells in the ROl were
counted, and the percentages ratios #(c — Fos* mCherry*)/#(mCherry*)
and #(c — Fos™ mCherry™)/#(mCherry~) were calculated.

The nice property about these two measures is that this quantity
#(mCherry*) (or #(mCherry™)) is present in both the denominator and the
numerator, and thus, these two ratios are invariant to the number of mCherry*
(or mCherry™) cells, and any differences in measurements is due to different
experimental groups having c-Fos* populations differently distributed be-
tween mCherry* and mCherry~ populations. Detailed information is shown
in Table S2.

Calcium Imaging with Pharmacological Manipulation in
Hippocampus

Pharmacological manipulation was conducted as previously reported (Kita-
mura et al., 2009). Fluorescently labeled y-aminobutyric acid subtype A recep-
tor agonist (FCM, a fluorophore conjugated muscimol, 0.8 mM, Molecular
Probe) was bilaterally injected into the dorsal hippocampus (AP: —2.0 mm,
ML, + 1.5 mm, DV, —1.50 mm) 30 min before Ca®* imaging from MEC. Anes-
thetized recordings in vivo were conducted as previously described (Kitamura
et al., 2014).

Fear Conditioning

Fear conditioning was performed on male mice aged between 15 and 25 weeks
in the animal facility during the light cycle with minor modifications to the
method described previously (Kitamura et al., 2014). Before fear conditioning,
all animals were habituated to human experimenters for 3 days. For CFC, we
used two different contexts (Context A and Context B). Context A was a cham-
ber (29 cm [W] x 23 cm [D] x 20 cm [H]) with distinct visual cues and a grid
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floor that consisted of 36 stainless steel rods (Context A) (Figure S2). Context B
was a chamber (29 cm [W] x 23 cm [D] x 20 cm [H]) with different visual cues
compared to Context A and a white plastic floor (Context B) (Figure S2). The
chambers were cleaned with 70% alcohol prior to the introduction of each in-
dividual mouse. In Figure 7, we conducted CFC on Ocean-eArchT mice,
Island-eArch mice, and DG-eArch mice. On day 1, the optical fiber implant
was connected to a 561 nm laser controlled by a function generator. The
mice were placed in novel Context A and allowed to explore for 120 s, at which
point a 2-s 0.75-mA foot-shock was delivered. Mice remained in the condition-
ing chamber for a total of 180 s. Mice received green light stimulation (15 mW,
each hemisphere) during the entire training period (180 s; Figure 4). On day 2
(24 hr later), mice were placed into Context A and allowed to explore for 180 s
to test contextual memory. On day 3, mice were placed in distinct Context B
and allowed to explore for 180 s to test context specificity.

In Figure S5, we subjected Ocean-eArchT mice, Island-eArch mice, and their
respective eYFP control mice toTFC. On day 1, the optical fiber implant was
connected to a 561 nm laser controlled by a function generator. The mice
were placed in novel Context A and allowed to explore for 240 s, at which point
a 20-s tone (75 dB, 2,000 Hz) was played, followed by a 20-s trace, and then a
2-s 0.75-mA foot-shock. This was repeated two more times, starting at 402 s
and 564 s. Mice received bilateral green light stimulation (15 mW, each hemi-
spheres) during the entire training period (tone, trace, and shock: total 42 s;
Figure S5). Mice remained in the conditioning chamber for a total of 706 s.
On day 2 (24 hr later), mice were placed in distinct Context B and allowed to
explore for 240 s, at which point the same tone as from day 1 was played for
60 s, followed by 180 s of no-tone (post-tone period). This was repeated two
more times, and the mice were removed after 960 s in the chamber.

Statistical Analysis

All data are presented as mean + SEM. N indicates number of animals. n indi-
cates number of cells. Comparisons between two-group data were analyzed
by paired t test or unpaired Student’s t test. Comparisons between two-group
distribution data were analyzed by KS test. Multiple group comparisons were
assessed using a one-way, two-way, or repeated-measures ANOVA, followed
by the post hoc Scheffe’s test when significant main effects or interactions
were detected. The null hypothesis was rejected at the p < 0.05 level.

SUPPLEMENTAL INFORMATION

Supplemental Information includes five figures and two tables and can
be found with this article online at http://dx.doi.org/10.1016/j.neuron.2015.
08.036.
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