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SUMMARY

Adult-born granule cells (abGCs) have been impli-
cated in cognition and mood; however, it remains
unknown how these cells behave in vivo. Here, we
have used two-photon calcium imaging to monitor
the activity of young abGCs in awake behaving
mice. We find that young adult-born neurons fire at
a higher rate in vivo but paradoxically exhibit less
spatial tuning than their mature counterparts. When
presented with different contexts, mature granule
cells underwent robust remapping of their spatial
representations, and the few spatially tuned adult-
born cells remapped to a similar degree. We next
used optogenetic silencing to confirm the direct
involvement of abGCs in context encoding and
discrimination, consistent with their proposed role
in pattern separation. These results provide the first
in vivo characterization of abGCs and reveal their
participation in the encoding of novel information.

INTRODUCTION

Hippocampal neurogenesis in the adult mammalian brain is a
process by which new dentate gyrus (DG) granule cells
(GCs) are generated and functionally integrated into hippo-
campal circuitry (Drew et al., 2013; Toni et al., 2007, 2008;
van Praag et al., 2002). In both rodents and humans, a signif-
icant fraction of DG neurons are replaced by neurons gener-
ated in adulthood (Imayoshi et al., 2008; Spalding et al.,
2018). Why this is the case and precisely how young adult-
born GCs (abGCs) alter hippocampal circuit function remain
open questions.
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Behavioral studies have implicated abGCs in memory forma-
tion (Zhao et al., 2008); stress and anxiety (Snyder et al., 2011);
responses to antidepressant treatments (David et al., 2009; San-
tarelli et al., 2003); and, most recently, in behaviors requiring
contextual discrimination, consistent with a role in pattern sepa-
ration (Clelland et al., 2009; Kheirbek et al., 2012a; Nakashiba
etal.,2012; Sahay et al., 2011a). However, such studies have pri-
marily inferred functions of abGCs from experiments in which
adult neurogenesis was chronically ablated or enhanced, i.e.,
long-term manipulations that may induce compensatory
changes (Singer et al., 2011) and/or result in the recruitment of
alternative behavioral or cognitive strategies. Furthermore, in
these designs abGCs are either absent or more abundant during
all phases of testing.

Hypotheses attempting to explain the role of abGCs range
from modulating the activity of mature GCs (mGCs) through in-
teractions with local interneurons, to themselves providing the
DG’s principal output signals (Piatti et al., 2013; Sahay et al.,
2011b). Brain slice preparations have provided additional insight
into the possible mechanisms by which they may uniquely influ-
ence circuit function (Dieni et al., 2013; Marin-Burgin et al., 2012;
Temprana et al., 2015; van Praag et al., 2002). For example,
adult-born neurons undergo a period of heightened synaptic
plasticity 4-6 weeks postmitosis, a critical period during which
they have been proposed to have a distinct contribution to
behavior (Denny et al., 2012; Ge et al., 2007; Kheirbek et al.,
2012b; Schmidt-Hieber et al., 2004). Further observed differ-
ences in excitability and plasticity could allow abGCs to encode
and transfer information differently than mGCs (Ge et al., 2007;
Gu et al., 2012; Schmidt-Hieber et al., 2004; van Praag et al.,
2002). However, at present there are no data from the intact brain
directly comparing the firing patterns of these subpopulations
during behavior. This is because in vivo identification of mGCs
and abGCs with electrophysiological approaches remains tech-
nically challenging (Jung and McNaughton, 1993; Leutgeb et al.,
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2007; Neunuebel and Knierim, 2012; Pernia-Andrade and Jonas,
2014). Studies using immediate early gene expression as a proxy
for neuronal activation have not identified significant differences
in the recruitment of mMGCs and abGCs (Stone et al., 2011) during
contextual encoding, but this methodology fails to capture the
dynamic nature of neuronal encoding.

Here, we have recorded the activity of abGCs in vivo,
providing the first functional characterization of identified
abGCs. Although these cells are more active than mGCs in vivo,
they are less spatially tuned. Furthermore, we found that mGCs
robustly discriminated contexts on the basis of their spatial tun-
ing, while the small population of spatially tuned abGCs seemed
to discriminate contexts to a similar or lesser degree, depending
on the inclusion criteria and remapping metric applied. We
confirmed this online participation of abGCs to the encoding of
novel information by transiently suppressing abGCs’s activity
in distinct epochs of conditioning paradigms, where we showed
their essential role in behavioral pattern separation. These exper-
iments extend our understanding of the unique contribution of
abGCs to behavior and provide the first characterization of their
activity in vivo.

RESULTS

Two-Photon Calcium Imaging of DG GCs In Vivo
To gain insight into how abGCs behave in vivo, we sought to
directly observe their activity in the intact brain in response to
the manipulation of spatial and contextual cues. This was
achieved by performing calcium imaging of the DG in head-
restrained mice as they explored a linear virtual environment
(Kaifosh et al., 2013; Lovett-Barron et al., 2014) (Figure 1A).
Use of this method allowed us to image the activity of abGCs
and mGCs simultaneously, which is not yet technically feasible
in freely moving mice. To label abGCs, NestinCreER™ mice (Dra-
novsky et al., 2011) were crossed with a conditional tdTomato re-
porter line (Nestin®™®™) and pulsed with tamoxifen (TMX)
6 weeks prior to imaging. This led to labeling of 89.5% + 3.8%
of the DCX population of immature cells 6 weeks after induction,
indicating ~10% of abGCs were not labeled and thus were not
characterized as abGCs. Mice were stereotactically injected in
the dorsal DG with a virus expressing GCaMP6f in all GCs.
Implantation of a chronic imaging window over the dorsal DG
provided the optical access necessary for cell-type-specific im-
aging of the DG GC layer (Figures 1A and S1, available online).
This preparation did not impair hippocampal-dependent contex-
tual conditioning, nor did it impact the overall level of activity in
the DG. In addition, window implantation did not impact total
number of tdTomato+ abGCs, their dendritic morphology, or
the number of proliferating cells in the implanted hemisphere.
In total, we imaged 7,950 mGCs (tdTomato negative) and 446
abGCs (tdTomato positive) from 11 fields of view (FOVs) across
6 mice (Figure S1). The same FOV (Figure S2) was imaged over
three trials in which the mouse explored two linear virtual con-
texts. On the first trial, the mouse explored one of the two con-
texts (A; chosen at random), then for both the second and third
trials it explored the second context (B). This paradigm allowed
us to compare activity levels, spatial firing patterns, and remap-
ping dynamics in abGCs and mGCs simultaneously.
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abGCs Are More Active Than mGCs In Vivo

Consistent with electrophysiological studies reporting sparse
GC activity (Alme et al., 2010; Leutgeb et al., 2007; Pernia-An-
drade and Jonas, 2014; Schmidt-Hieber et al., 2014), detected
calcium transients (Figure S2A) were observed at very low rates
in both abGCs and mGCs (Figures 1B-1D; Movie S1). The level
of activity was dependent on the animal’s behavioral state (Leut-
geb et al., 2007; Neunuebel and Knierim, 2012), as calcium tran-
sients during running were observed at nearly 2-fold higher rate
than during nonrunning epochs (Figure S2C). Running-related
calcium transients occurred at significantly greater rates in
abGCs than in mGCs across all transients (Figures 1B and 1C)
as well as across FOVs (Figure 1D). This difference was most
pronounced in the FOVs that displayed the highest levels of ac-
tivity. The increased activity observed in vivo is consistent with
reports of greater responsiveness to perforant path activation
of abGCs in vitro (Marin-Burgin et al., 2012). In addition to having
a lower overall fraction of silent cells, the abGC population also
contained a higher fraction of highly active cells (Figure 1C,
inset). Additionally, across FOVs, we did not detect differences
between mGCs and abGCs in the amplitude or duration of
detected transients suggesting similar activity-induced calcium
dynamics in the two populations (Figure S2B).

abGCs Are Less Spatially Tuned Than mGCs

We next assessed the degree to which abGCs and mGCs were
spatially tuned (Figure 2). To limit noise in estimates of the spatial
tuning metrics, we included only GC recordings with four or more
running-related transients during the trial. For each such GC
recording, we calculated a tuning vector as the mean of the vec-
tors pointing in the direction of the mouse’s position at the time of
each transient onset, inversely weighted by the mouse’s occu-
pancy of that position (Figures 2A, 2B, and S3). This vector’s
orientation and length defined the cell’s tuning direction and tun-
ing specificity, respectively. The mean spatial tuning specificity
was significantly lower for abGCs than for mGCs (Figure 2C).
We did not observe significant reward-related or velocity-related
activity in our recordings (Figure S4).

To assess the statistical significance of the tuning specificity
difference, for each GC we generated a null distribution by
randomly shuffling calcium transient onset times and repeat-
edly recomputing the tuning specificity. This allowed us to
calculate the p value as the fraction of this null distribution
that exceeded the GC'’s tuning specificity. The p value distribu-
tions for both mGCs and abGCs differed significantly from
chance levels, indicating that spatially tuned cells existed within
both populations (Figure 2D). However, the p value distribution
for mGC populations was lower than that for abGCs (Figure 2D),
suggesting that as a population the mGCs demonstrate a
higher degree of spatial tuning than abGCs. Across all signifi-
cance thresholds, a higher fraction of mature neurons would
be categorized as spatially tuned than of young neurons. These
findings indicate that abGCs differ from mGCs not just in their
level of activity but also in the spatial information carried by
their activity.

To investigate whether the observed difference in spatial tun-
ing was dependent on the value of our inclusion threshold, we
compared the spatial tuning p values of mGCs and abGCs for
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Figure 1. Functional Imaging of abGCs and mGCs

(A) Left: experimental schematic. Two-photon line-scanning microscopy allows for the recording of large populations of GCs in surgically exposed dorsal DG.
Experimental timeline as indicated. Middle: confocal image of recovered tissue illustrating the geometry of the preparation. GCs (stained with DRAQ5) express
GCaMPéf, with abGCs also expressing tdTomato. Right: time-averaged in vivo two-photon image of a representative FOV (300 x 300 um), containing
~1,000 GCs.

(B) abGCs exhibit a higher rate of running-related calcium transients than mGCs (p < 0.001; n = 7,950 mGCs, 446 abGCs across 11 FOV in 6 mice; Welch’s t test,
8,306y = —4.14; each measure is the average of 1-3 recordings for that cell).

(C) Distribution of firing rates across abGCs and mGCs demonstrates significantly different population-level activity (p < 0.001; Kolmogorov-Smirnov (KS) test,
KS Stat = 0.10).

(D) Scatter of mean abGC and mGC running-related firing rates within each recording session (closed circles) and averaged across sessions for each FOV (open
circles). Color reflects FOV as specified in Figure S6. Across imaging fields abGCs were significantly more active than mGCs (p < 0.05; n = 11 FOV; paired t test,

to0) = 2.88). The same results were obtained when including all transients (data not shown).

Error bars are mean + SEM.

different minimum numbers of running-related transients (Fig-
ure 2E). At all inclusion thresholds, mean p values were lower
for mGCs than for abGCs. As expected for a population in which
there was no relationship between spatial tuning and activity
level, the p values for mGCs decreased monotonically with
increasing inclusion threshold (statistical power increases, and
hence p values decrease with greater numbers of transients).
The lack of a similar decrease in abGCs suggests a dependence
of tuning on activity, whereby the most active abGCs tend to be
least tuned (see Figure S3).

It is important to note that a lower tuning specificity could be
consistent with an interpretation of multiple place fields, and a
difference in this metric could either be attributable to inconsis-

tent tuning or to tuning that is consistent but multipeaked or
broader. Estimating the precise number of fields was not
possible due to the sparsity of events observed. However, in or-
der to account for the possibility of multipeaked tuning profiles,
we also calculated the mutual information between the occu-
pancy-normalized Ca®* transient rate maps and the mouse’s
position. The traditional definition of spatial information (Skaggs
et al., 1993), based on the method of sieves, is a highly biased
estimator in the setting of sparse firing rates, as were observed
in our data (Paninski, 2003), therefore it was not possible to
quantify absolute spatial information rates in these cells. How-
ever, a p value analysis derived similarly to that of tuning speci-
ficity above is immune to this bias, since both the calculated and
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Figure 2. Spatial Tuning of abGCs and mGCs

(A) Time series of calcium signals from an example abGC (red) and mGC (green), with position of the mouse along the circular treadmill belt plotted below.
Running-related calcium transients are indicated in blue (all others in gray).

(B) Left: trajectory plot of position (angular coordinate) and time (radial coordinate) with running-related calcium transients as dots along the trajectory. Right:
spatial tuning plots for example mGC (green) and abGC (red). Vectors indicate the animal’s position at the time of each running-related transient onset, with
magnitude determined by the inverse of the fraction of time spent at that position. Blue lines indicate the calculated tuning vectors, whose orientation and
magnitude correspond to the tuning direction and specificity, respectively. Tuning specificity is given next to each plot. Tuning specificity p value is indicated by
blue shading.

(C) Cumulative distributions of tuning specificity values for active mGCs and abGCs (> four running-related transients). The abGC distribution was significantly
left shifted as compared to the mGC distribution with few sharply tuned cells (p < 0.01; n =639 mGCs, 77 abGCs from 11 FOVs in 6 mice; two-sample KS Test, KS
Stat = 0.217, p < 0.01).

(D) Cumulative distributions of tuning specificity p values. The p value distributions for mGCs and abGCs differed significantly from each other (p < 0.05; KS test,
KS Stat = 0.18) and from the uniform distribution (diagonal dashed line) expected in the case of a nonspatially tuned population (p < 0.001 for both mGCs and
abGCs; KS test, abGCs, KS Stat = 0.25, mGCs KS Stat = 0.35). Gray dashed line indicates p = 0.1.

(E) Mean logarithm of the p value for mGCs and abGCs with differing inclusion thresholds for the number of running-related calcium transients. For mGCs, the
p values monotonically decrease with increasing inclusion threshold, consistent with the increased statistical power provided by a greater numbers of transients.
The lack of such a decrease in the adult-born population suggests that the more active abGCs tend to be less tuned or consist of a mixed population of tuned and
untuned cells. The dashed black line shows the expected value for an untuned population.

Error bars are mean + SEM.

shuffled distributions are calculated in the same manner (see p value as was described in the tuning specificity analysis (Fig-

Experimental Procedures). This analysis, which is independent
of the tuning specificity metric and does not inherently select
for singly peaked tuning profiles, confirmed our primary results.
Spatial information p values and tuning specificity p values were
linearly related on a logarithmic scale, yielding largely over-
lapping populations of cells (Figures 4A and 4B). The spatial in-
formation p value distributions for both populations differed
significantly from chance levels, but the mGC p value distribution
was significantly lower than that of abGCs, again suggesting that
as a population abGCs are relatively less spatially tuned (Fig-
ure 4C). We also observed a similar relationship between the
minimum number of transients and the mean spatial information
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ure 4D). We saw no consistent evidence of multipeaked firing
in the tuning profiles of recordings that satisfied the spatial infor-
mation, but not the tuning specificity criterion. In summary, this
spatial information-based analysis further supports our finding
that as a population, abGCs are less sharply tuned than the
mGC population.

Contextual Discrimination by abGCs and mGCs

We next assessed the context specificity of spatial representa-
tions within the population of spatially tuned mGCs and abGCs
(Figure 3). We compared the similarity of GCs’ spatial tuning
between two sequential exposures to either similar (“A-B”) or
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(A) Experimental schematic. Mice ran for three
12 min sessions in contexts A, B, and B (1 hr be-
tween runs). A and B refer to either context 1 or 2
(chosen randomly for each experiment).

(B) Remapping of spatial rate maps across
sequential context exposures. Smoothed calcium
transient rates, normalized to peak for each cell,
are plotted as a function of position during three
contextual exposures (A, B, B). Cells (mGCs,
green; abGCs, red) are ordered according to the
position of peak activity during the first exposure to
context B. Data is shown for GCs with sufficient
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identical (“B-B”) contexts. The similar contexts A and B shared
the same treadmill belt but had different olfactory, auditory, vi-
sual, and tactile cues (Figure 3A). We focused our analysis on
cells with significant and well-estimated spatial tuning (at least
four running-related transients in both sessions and tuning spec-
ificity p value below 0.1 in at least one session; Figure 3B).
Spatially tuned mGCs displayed a higher correlation of their tun-
ing curves (Figures 3C, S5A, and S5B) and a smaller centroid
shift (angle between tuning directions; Figures 3D, S5A, and
S5B) in the B-B condition than in the A-B condition. The small
number of spatially tuned abGCs satisfying the inclusion criteria
displayed a significantly higher correlation of tuning curves in the
B-B condition than in A-B, but this result did not hold for the
centroid shift metric. When basing the inclusion criteria on
the spatial information p value, rather than on the tuning speci-
ficity, we similarly observed that mGCs remapped to a greater
degree in the A-B than the B-B conditions as assessed by
both metrics (Figures 4E and 4F). abGCs did not demonstrate
a significant difference in remapping in the A-B versus B-B com-
parison, though it is important to note that this was difficult to
assess given the low number of abGCs meeting the inclusion
threshold. While the A-B-B paradigm allowed us to measure
reorganization in response to the manipulation of a novel
context, B-B-A and other related paradigms will allow for
assessment of reorganization in a more familiar environment.
We next investigated whether DG GCs can discriminate be-
tween similar contexts solely on the basis of their activity level

both conditions, the similarity of spatial represen-
tations exceeded chance levels as estimated by
shuffling cell identity (gray).
Error bars are mean + SEM.

throughout the exposure to these contexts, which would be
indicative of rate remapping (Figures 5, S5C, and S5D). To
determine this, we computed population vectors (Figure 5A)
whose components were the time-averaged calcium transient
rate (Figure 5B) or the transient AUC rate (Figure 5C) for each
cell during the trial. By measuring the angle between popula-
tion vectors (®p.g, ®ag) we found that for both mGCs and
abGCs the population vectors were as closely aligned
between sequential exposures to the same (B-B) versus
different (A-B) contexts. To control for the disparities in
sample size between adult-born and mature populations, we
studied the pseudopopulation vectors (Figure 5D) obtained
by pooling GCs across all FOVs. The contextual specificity
(®g.g — Oa.p) for the abGC pseudopopulation fell well within
the distribution obtained from random subsamplings of the
mGC pseudopopulations for both the transient rate (Figure 5E)
and transient AUC rate (Figure 5F) vectors. This indicates that
in our experimental paradigm, both abGCs and mGCs
discriminate between contexts at the level of their spatial
tuning rather than through spatially independent changes in
firing rate.

abGCs Actively Participate in the Encoding of Novel
Information

Finally, we asked whether abGCs are required for encoding a
novel environment. In order to address this question, we ex-
pressed archaerhodopsin (Arch) in abGCs by crossing the

Neuron 90, 101-112, April 6, 2016 ©2016 Elsevier Inc. 105

Cell’ress




CellPress

A C D
=~ Spatial information p-value Mean p-value by activity threshold
) y y
% 0 transient 1.0
> & o rate (sec’) S
g— Q1 = = — fes o » 0.8 4
ke] 2 4 | ©
T 4 t 2
E AT 5 007 g
g 3 % 5 o
£ % | S = 0.4 )
5 4 | &
T - b o w 0.2 4 7/ = mGCs
(% 51 ! - / — abacsI*
\;% _6 I OO 1 1 1 1 1 _35 1 1 1 1 1 1 1 1 1
s 6 -5-4-3-2-10 00 02 04 06 08 1.0 23456780910
log,((Tuning specificity p-value) P-value relative to transient shuffle Minimum # running transients
B E [ mGCs F
[l abGCs *xk
- 0.6 - [shufile /2
kT
[ =
8 s
215 33 g 8 /4 o
3 5
= O
5
Tuning specificity = 0

B-B

Figure 4. Spatial Information in abGCs

(A) For each cell firing at least four running-related transients, we calculated the spatial information p value and tuning specificity p value by shuffling the events in
time and repeatedly recalculating either corresponding metric. Values are highly correlated on a log scale (r = 0.91, Pearson’s R). Cells are colored according to
whether they met the tuning specificity p value inclusion criterion only (blue), the spatial information p value criterion only (gold), both (purple), and neither (black).
Right panel: the tuning profile of a cell meeting the spatial information, but not the tuning specificity, criteria is shown.

(B) Venn diagram demonstrates overlap in populations meeting the two inclusion criteria (p < 0.10).

(C) Cumulative distributions of spatial information p values. The p value distributions for mGCs and abGCs differed significantly from each other (KS test, KS Stat =
0.17, p < 0.05) and from the uniform distribution (diagonal dashed line) expected in the case of a nonspatially tuned population (KS test; mGCs: KS Stat = 0.26, p <
0.001; abGCs: KS Stat = 0.146, p < 0.05;). Gray dashed line indicates p = 0.1.

(D) Mean logarithm of the p value for mGCs and abGCs with differing inclusion thresholds for the number of running-related calcium transients. A similar rela-
tionship is seen as described in Figure 2E.

(E and F) Contextual discrimination analysis with inclusion criteria based on spatial information p value. For mGCs (A-B, n = 100; B-B, n = 106) the tuning curve
correlation (E; Mann-Whitney U, Ux04) = 3,597, p < 0.001) and centroid shift (F; Mann-Whitney U, U(o04) = 3,798, p < 0.001) were both significantly more similar in
the B-B condition than in A-B. This relationship was not observed (Mann-Whitney U; E; U(14) = 26.0, p =0.45; F; U(14) = 23.0, p = 0.32) in the few abGCs (A-B, n= 11

B-B, n = 5) meeting the spatial information inclusion criterion.
Error bars are mean + SEM.

NestinCreER™ mouse line with conditional Arch-eGFP mice
(Madisen et al., 2012) (Nestin®"; Figure 6A). Nestin*™" mice
given TMX in adulthood expressed the transgene in ~80%-—
90% of abGCs in the DG (Figure S6). Targeted fiber optic
implantation allowed local light delivery and thus control of
6-week-old and younger DG abGCs expressing Arch during
behavior (Figure 6A). To examine effects on context encoding,
mice received local illumination of the dorsal DG as they
explored a conditioning context before receiving a single
foot shock; they were then exposed to this same context
24 hr later in the absence of light. Nestin®®" mice froze
significantly less than control mice, indicating that activity in
abGCs was required for effective contextual encoding
(Figure 6B). Optical stimulation of abGCs impaired con-
ditioning, presumably by disrupting the circuit (Figure S6).
Optical modulation of abGCs did not impact shock reactivity,
anxiety-related behavior, or general locomotor activity
(Table S1).
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We next tested whether transient inhibition of abGCs impacts
behavioral pattern separation, the ability to discriminate between
similar contexts, which has been proposed to require abGCs
(Clelland et al., 2009; Kheirbek et al., 2012a; Nakashiba et al.,
2012; Sahay et al., 2011a). We suppressed abGC activity either
during exposure to the conditioning context A or to the similar,
nonconditioned context B (Figures 6C and 6D). While silencing
abGCs during exposure to the conditioning context did not impair
the development of a discriminatory response (Figure 6C),
silencing these cells during exposure to the similar context
resulted in impaired discrimination (Figure 6D), indicating that
activity of the abGCs is required for behavioral pattern separation
specifically during exposure to the ambiguous context. Nestin©"
mice could discriminate between very distinct contexts and be-
tween similar contexts when silencing was performed after the
mice had already learned to discriminate (Figure S6). Together,
these data extend our understanding of the role played by abGCs
during pattern separation on a behavioral level.
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Experimental Procedures).
DISCUSSION

The results presented herein expand our understanding of the
contribution of abGCs to the function of the DG. We found that
activity was sparse in both the mGC and abGC populations,
consistent with in vivo extracellular electrophysiological studies
and intracellular recordings (Alme et al., 2010; Leutgeb et al.,
2007; Pernia-Andrade and Jonas, 2014; Schmidt-Hieber et al.,
2014). By monitoring for the first time in vivo the activity of this
population of cells while mice explored multisensory contexts,
we reveal that GCs 6 weeks and younger fire at a higher rate
in vivo than the mature population, complementing recent find-
ings showing that young GCs are more excitable in in vitro prep-
arations (Marin-Burgin et al., 2012). In the absence of combined
electrophysiological recordings, we cannot eliminate the possi-
bility that transient differences in Ca®* buffering might affect
our activity estimates (Brandt et al., 2003), though we detected
no consistent differences in the amplitude or duration of de-
tected somatic Ca?* transients (see also Marin-Burgin et al.,
2012) at the FOV or individual mouse level.

We further found that abGCs were less spatially tuned than
mGCs. The lower tuning specificity we observed could either
be attributable to less stable spatial firing patterns or to the pres-
ence of stable but multipeaked tuning profiles, as might be ex-
pected from recent electrophysiological recordings describing
broader, multipeaked tuning profiles at the hilar-GCL border,
where most abGCs reside (Alme et al., 2010; Neunuebel and
Knierim, 2012). In addition to a lower tuning specificity, however,
we found that abGCs fire with relatively less spatial information.
Although our behavioral paradigm did not allow for the system-
atic study of time coding (Kraus et al., 2013; MacDonald et al.,

2011) in the GC population, we did not find that GC activity
was related to other dimensions of the task, such as reward or
velocity (Kropff et al., 2015).

Our results also suggested the existence of a relationship be-
tween activity and tuning in abGCs, in which the highly active
abGCs are less spatially tuned. These results may be related
to the maturational heterogeneity of the labeled cells and are
consistent with a model in which young abGCs are initially
more active and less spatially tuned but within 6 weeks become
more similar to the less active and more spatially tuned mature
cells. It is important to note that the Nestin@"°™3 |abeling sys-
tem does not provide an exact birthdate of the recorded neurons
but rather results in the cumulative labeling of abGCs 6 weeks
and younger. Consequently, we are unable to unequivocally
distinguish abGCs between 0 and 6 weeks in our recordings.
The recorded abGCs exhibited strong state-dependent modula-
tion (Figure S2C), presumably driven by their glutamatergic
innervation and local integration into the DG circuit. As both of
these developmental events have been demonstrated to occur
after approximately 3 weeks of development (Esposito et al.,
2005; Ge et al., 2006, 2007; Toni et al., 2007), this suggests
that our functional characterization was based predominantly
on cells in the 3-6 week age range. Future studies incorporating
the imaging techniques described here with retroviral ap-
proaches for labeling age-matched cohorts of abGCs will allow
for a more detailed determination of the developmental timeline
of abGC properties in vivo. Such future studies will allow us to
track (in the 3-6 week range) the transition from an immature
to a mature functional phenotype.

Our in vivo imaging data suggest that the small population of
spatially tuned abGCs differentiated novel contexts on the basis
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Figure 6. abGCs Participate in Memory Encoding and Discrimination

(A) Experimental design. Right: expression of Arch in abGCs (Scale bar, 100 um; inset,10 um).

(B) Yellow-light inhibition of dorsal abGCs during training impaired encoding of contextual fear (n = 8 control, 9 Nestin®"; group effect F,15) = 6.3, p = 0.02;
groupXtraining interaction Fy 15 = 5.4, p = 0.03; on test day ts = —2.5, p = 0.02).

(C and D) Acute inhibition of abGCs impairs behavioral pattern separation. (C) Mice discriminated when abGCs were inhibited in the conditioning context (n =7
control, 8 Nestin®""; groupXdayXcontext interaction Fg,208 = 0.581, p = 0.79. Control: context effect F; 15 = 7.243, p = 0.02; dayXcontext interaction Fg g¢) =
2.094, p = 0.0436. Nestin"": context effect F1,14=10.631, p = 0.006; dayXcontext effect F(g 112 = 3.706, p = 0.007.). (D) Mice did not discriminate when abGCs
were inhibited in the unconditioned context (n = 8 control, 7 Nestin”™"; groupXdayXcontext interaction Fg 29g) = 1.9, p = 0.04. Control: context effect F; 13 = 4.8,
p = 0.04; dayXcontext interaction Fg 104)= 3.1, p = 0.004. Nestin®": context effect Fi,12 = 4.1, p = 0.06; dayXcontext effect F(g g5) = 0.6, p = 0.74). Error bars are
mean + SEM.

of their spatial tuning to a similar and possibly weaker degree  well-tuned abGCs in spite of our large number of recordings,
than mGCs, depending on the metric and inclusion criteria  suggests that the unique role of abGCs in contextual discrimina-
applied. This, combined with the fact that we observed so few tion behaviors may not be attributable to the spatial distribution
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of their firing or the remapping of their fields. The broader tuning
profile of abGCs (compared to mGCs) is consistent with compu-
tational models of GC dynamics and might support the encoding
of novel features in the environment (Aimone et al., 2011; Tem-
prana et al., 2015). This would also be consistent with our finding
that silencing these neurons during exposure to the novel
context (but not the familiar one) prevents contextual discrimina-
tion learning. Alternatively, the abGC population may modulate
local excitatory/inhibitory tone in the DG and CA3 (Gu et al.,
2012; Restivo et al., 2015; Toni et al., 2008) and could conse-
quently shape spatial and contextual representations. There is
indeed evidence from ablation studies that abGCs may modu-
late the activity of mGCs, possibly via their influence on the DG
microcircuit (Burghardt et al., 2012; Drew et al., 2015; lkrar
et al., 2013; Lacefield et al., 2012; Park et al., 2015). Future
studies should test this hypothesis directly by using the methods
described here to assess changes in mGC spatial and contextual
representations following inhibition of abGCs.

In addition, we find that transient inhibition of abGCs impairs
behavior, specifically contextual encoding and discrimination,
consistent with a proposed role in behavioral pattern separation
(Clelland et al., 2009; Kheirbek et al., 2012a, 2012b; Nakashiba
et al.,, 2012; Sahay et al., 2011a). These studies complement
recent optogenetic studies describing a role for DG GCs in mem-
ory processes (Denny et al., 2014; Gu et al., 2012; Kheirbek et al.,
2018). Furthermore, we demonstrate that in a pattern separation
task, activity of the abGCs is required during exposure to the
novel ambiguous context, but not during exposure to the condi-
tioning context. This is likely due to a deficit in contextual encod-
ing, due to an inability in Nestin*™°" mice to encode context B as
the safe context. This is in agreement with our results in one-trial
contextual fear conditioning, where silencing abGCs during the
first exposure to context A impaired the ability to encode this
context. In the pattern separation experiment, when abGC
silencing takes place in context A, freezing keeps increasing
because learning is reinforced each day by a foot shock. In
contrast, when silencing takes place in context B, freezing de-
creases in both contexts. This suggests that in these conditions,
mice were confused when exposed to both contexts Aand B and
could no longer encode them as safe or fearful nor discriminate
between them.

It is important to note that in this study, the behavior measured
during optical inhibition of abGCs in contextual fear discrimina-
tion tasks differed from that in the head-fixed preparation during
imaging. It was not possible for us to perform our behavioral and
imaging experiments in identical conditions, as animals are
known to freeze in response to an unconditioned stimulus in
our head-fixed paradigm, and thus we cannot measure spatial
tuning and remapping in a fear-conditioned animal. Future ex-
periments combining freely moving in vivo imaging designs (Ziv
et al., 2013) with behavioral pattern separation tasks will allow
for analysis of changes in abGC response profiles to novel or
conditioned contexts.

Our experimental preparation required a partial lesion of ipsi-
lateral area CA1 in order to obtain high-resolution optical access
to the DG. While DG-mediated behavior was normal in the exper-
imental animals (Figures S1D and S1E), we cannot rule out the
possibility that chronic circuit reorganization or the implementa-

tion of an alternate circuit strategy might occur in this pre-
paration. Although the implant did not impact overall levels of
neurogenesis, or the morphological features of recorded abGCs,
we cannot exclude the possibility that the properties of abGCs
and mGCs may be differentially affected by the surgical prepara-
tion, due, for example, to the potential disruption of grid cell ac-
tivity in the medial entorhinal cortex (Bonnevie et al., 2013). In the
future, less-invasive techniques should complement the results
of this study.

Our data not only demonstrate the importance of abGCs for
encoding and disambiguating contextual information but also
provide insights into the circuit dynamics underlying these pro-
cesses. Impairments in pattern separation have been proposed
to contribute to the excessive generalization of memory often
seen in anxiety and depression as well as in age-related disor-
ders such as mild cognitive impairment (Kheirbek et al., 2012a;
Leal et al., 2014; Yassa et al., 2011). A mechanistic understand-
ing of how abGCs contribute to hippocampus-dependent
memory processing will provide insights not only into the normal
function of adult hippocampal neurogenesis but also into the
therapeutic potential of this unique form of plasticity.

EXPERIMENTAL PROCEDURES

Full details of the experimental procedures are provided in the Supplemental
Information.

Mice, Viruses, and Stereotactic Surgery

All experiments were conducted in accordance with the U.S. NIH guidelines
and with the approval of the Columbia University and New York State Psychi-
atric Institute Institutional Animal Care and Use Committees. Male Ai9, Ai35,
Nestin-CreER', and controls were generated as previously described (Dra-
novsky et al., 2011; Madisen et al., 2010, 2012). For imaging experiments,
recombinant adeno-associated viruses carrying the GCaMP6f gene were ob-
tained from the Penn Vector Core (AAV1.Syn.GCaMP6f.WPRE.SV40) with titer
of 2-4 x 10", The dorsal DG of male mice (8 weeks of age) was stereotacti-
cally injected at —1.5 mm AP; —2.3 mm ML; and —1.8, —1.65, —1.5 mm DV
relative to the cortical surface. Mice were then surgically implanted with an im-
aging window over the left dorsal DG and implanted with a stainless-steel
headpost for head fixation during imaging experiments (see Supplemental
Information). For optogenetic experiments, male mice (8 weeks of age) were
surgically implanted with fiber optics targeted to the dorsal DG (+1 mm ML,
—1.5 mm AP, —1.7 mm DV) using published protocols (Kheirbek et al., 2013).

In Vivo Two-Photon Imaging

We used the same imaging system as described previously (Kaifosh et al.,
2013; Lovett-Barron et al., 2014), with the addition of an 8 kHz resonant galva-
nometer (Bruker). All images were acquired with a Nikon 40x NIR water-im-
mersion objective (0.8 NA, 3.5 mm WD) in distilled water. We continuously
acquired red (tdTomato) and green (GCaMP6f) channels separated by an
emission cube set (green, HQ525/70 m-2p; red, HQ607/45 m-2p; 575dcxr,
Chroma Technology) at 1024 x 1024 pixels covering 300 um X 300 pm at
15 Hz with photomultiplier tubes (green GCaMP fluorescence, GaAsP PMT,
Hamamatsu Model 7422P-40; red tdTomato fluorescence, multialkali PMT,
Hamamatsu R3896). A custom dual stage preamp (1.4 x 10° dB, Bruker)
was used to amplify signals prior to digitization.

For training, mice were water restricted (>90% predeprivation weight) and
trained to run on a cue-deplete burlap treadmill belt for water reward over
the course of 1-2 weeks. We applied a progressively restrictive water reward
schedule, with mice initially receiving 40 randomly placed rewards per lap and
ultimately receiving 3 randomly placed rewards per lap. Mice were habituated
to the optical instrumentation, then trained for 20 min daily until they regularly
ran at least one lap per minute. For contexts, similar to our previous work, each
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context (1 and 2) consisted of the same treadmill belt (the same sequence of
three joined fabric ribbons) but was distinct in its visual, auditory, tactile, and
olfactory stimuli (Figure 4A) (Lovett-Barron et al., 2014). During imaging ses-
sions, mice received three randomly placed water rewards per lap, with reward
positions changing randomly each lap. To allow for comparison of GC activity
between similar contexts, the same three fabrics were used in the same order,
but the locations of all of the tactile cues were shuffled between the two belts.

Imaging Analysis

Processing of Ca®* Fluorescence Data

All imaging data were analyzed using the SIMA software package (Kaifosh
et al., 2014). Motion correction was performed using a 2D Hidden Markov
Model (Dombeck et al., 2007; Kaifosh et al., 2013), with modifications to
accommodate the specific features of data acquired with resonant galvanom-
eters. Only the green GCaMP channel was used for estimating motion arti-
facts. In cases where motion artifacts were not adequately corrected, the
affected data were discarded from further analysis. The especially sparse ac-
tivity of dentate GCs prevented the successful application of activity-based
segmentation methods. Therefore, we used the SIMA project’s ROl Buddy
graphical user interface (Kaifosh et al., 2014) to draw regions of interest
(ROls) over GC somata visible in the time-averaged image of the motion-cor-
rected green/GCaMP6f channel. We also used this software to determine the
correspondence of ROIls across datasets from different trials in which the
same FOV was imaged. To prevent the introduction of any bias, the red
tdTomato channel was not viewed when drawing ROIs but only referenced
after all ROIs had been drawn in order to tag ROls over tdTomato-expressing
cells as newborn GCs.

Dynamic GCaMP6f fluorescence signals were extracted from ROls using
SIMA according to the previously described formulation (Kaifosh et al,
2014). We then computed the relative fluorescence changes (AF/F) (as
described in Jia et al., 2011), with uniform smoothing window t; = 3 s and base-
line size t, = 60 s. We detected statistically significant calcium transients as
described previously (Dombeck et al., 2007; Lovett-Barron et al., 2014). In or-
der to improve our sensitivity, we then recalculated the baseline of the raw
signal after masking frames identified previously as occurring during a
significant transient. AF/F was then recalculated and transients re-estimated.
Transients less than 1 s were removed to reduce false positives. This iterative
procedure was repeated three times and effectively removed the transient
contamination from the calculated baseline.

Spatial Tuning Vector and Tuning Specificity p Value Analysis

When evaluating the spatial tuning of GCs, we restricted our analysis to
running-related epochs, defined as consecutive frames of forward locomotion
(defined as an imaging frame in which at least one forward pair of beam breaks
occurred) at least 1 s in duration and with a minimum peak speed of 5 cm/sec.
Consecutive epochs separated by <0.5 s were merged. Running-related tran-
sients were defined as those that were initiated during a running-related
epoch. Transient start was defined as the first imaging frame with mean fluo-
rescence >2 o , with ¢ equal to the SD of the baseline frames. Offset was
defined as the first frame with mean fluorescence <0.5 ¢ (Dombeck et al.,

2007). The spatial tuning vector was calculated as Zi%), where 6; is the posi-
tion of the mouse at the onset time of the j" running-related transient, and ojis
the fraction of running frames acquired at position 6;. Only the animal’s position
at the time of transient onset was used for constructing the tuning vector and
rate maps (see Remapping Analysis section below), as the calcium decay
kinetics are intrinsic to the GCaMP6f indicator and are not sensitive to the
animal’s running speed (a similar onset-based approach was implemented
previously by Ziv et al., 2013). In order to assess the significance of the spatial
selectivity, for each cell we generated a null tuning distribution by shuffling the
transient onset times (restricted to running frames) and repeatedly recomput-
ing the tuning specificity. This process was repeated 100,000 times, and the
p value was defined as the fraction of this distribution that exceeded the
GC'’s tuning specificity.

Spatial Information p Value Analysis

For each cell we first computed the spatial information content (Skaggs et al.,

1993)as/y = Z,’»": 1A In %p,v, where A; and p; are the transient rate and fraction of
time spent in the / th bin, 1 is the overall firing rate, and N is the number of bins.
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We computed /y for multiple values of N=2, 4, 5, 8, 10, 20, 25, and 100.
We then created 100,000 random reassignments of the transient onset times
within the running-related epochs and recomputed the values of 5, where s is
the index of the shuffle. To roughly correct for biases in the calculation of

mutual information, we then subtracted the mean of this null distribution

100,000

from all estimates to obtain values Iy = Iv — Tgog05 0 s—1

;- Finally, we
computed a single estimate of the information content for the true transient
onset times, I= maxNTN, and for the shuffles, I: = mafoN. The spatial tuning

p value was taken as the fraction of values of s for which T exceeded TS
Remapping Analysis

Rate maps were formed by dividing the number of transients starting in each
bin by the occupancy of that bin. We calculated rate maps with 100 position
bins and smoothed with a Gaussian kernel (¢ = 3 bins). The tuning curve cor-
relation for each cell was defined as the Pearson correlation coefficient be-
tween tuning curves for a cell in the two sequential context exposures. The
centroid shift for each cell was defined as the angle (in radians) between the
tuning directions calculated for the two context exposures. For both metrics,
the shuffle distributions were calculated by estimating the tuning curve corre-
lations or tuning shifts when cells were paired by a subsampled Cartesian
product of cell identities (1,000 pairs per shuffle).

Behavioral Testing

In Arch experiments, the patch cables were interfaced to an FC/PC rotary joint
(Doric lenses), which was attached on the other end to a 593.5 nm laser diode
that was controlled by a Master-8 stimulator (AMPI). Fear conditioning took
place in Coulbourn Instruments fear conditioning boxes. See Supplemental In-
formation for full details of behavioral procedures.

Statistics

For all optogenetic behavioral data, data were analyzed using ANOVA with
repeated measurements where appropriate. All tests are described in the
appropriate figure legends. Group numbers were based on previous optoge-
netic and two-photon imaging experiments (Kheirbek et al., 2013; Lovett-Bar-
ron et al., 2014). For imaging data, for all normally distributed data, a Welch’s
two-sample t test was used for comparison of means with n — 1 degrees of
freedom. The Mann-Whitney U test was used for comparison of means in non-
normally distributed data with n — 1 degrees of freedom. A paired student’s
t test was used for comparison of means in paired data with n — 1 degrees
of freedom. The one-sided Kolmogorov-Smirnov (KS) test was used for testing
the hypothesis that a distribution was drawn from an underlying theoretical
distribution with n — 1 degrees of freedom (uniformity in the case of Figure 2E).
The two-sided two-sample KS test with n — 1 degrees of freedom was used for
testing the null hypothesis that two empirical distributions were drawn from the
same continuous underlying distribution.

SUPPLEMENTAL INFORMATION

Supplemental Information includes Supplemental Experimental Procedures,
six figures, one table, and one movie and can be found with this article online
at http://dx.doi.org/10.1016/j.neuron.2016.02.019.
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Figure S1, related to Figure 1: In vivo Ca’" imaging of DG GCs

(a) Images of all fields of view during 2P DG imaging. The FOV from which the example cells in Fig. 2A,B were
drawn. Arrows mark the location of the example newborn (tdTomato-positive) and mature (tdTomato-negative) cell.
The corresponding area is shown in FOV #1. The numbers in each FOV indicate the number of mGCs (719 + 204,
mean £ s.d., n =11 FOVs) and abGCs (39 + 28, mean + s.d., n = 11 FOVs) identified. The border color around each
FOV matches the color scheme used through the figures. In some fields the two-photon imaging plane passes
through the hilar (H) or molecular layers (M) as a consequence of the curved 3D geometry of the dentate gyrus
dorsal blade (b-¢) Window implantation does not impact overall DG activity or hippocampus-dependent contextual
fear conditioning. (b) Implanted mice explored a novel context for 20 min and were sacrificed for cFos
immunohistochemistry 60 minutes later. The number of cFos+ cells in the GCL did not differ between the
implanted and unimplanted hemisphere (n=4, unpaired t-test, ts=-0.5, p=0.64). In addition, cFos+ cells did not differ
between implanted and sham mice n=3-4/condition, unpaired t-test, ts=-0.6, p=0.57) (scale bar=100um). (c)
Window implantation did not impact one-trial contextual fear conditioning (n=8 sham, 7 DG window, group effect
F1,13=0.9, p=0.36, training effect F(; 13=113.9, p<0.001 group X training interaction F(; ;3= 0.93, p=0.35 (on test
same context t;3=-.9, p=0.34). In addition, mice with window implantation could discriminate between different
contexts (group effect Fj,5=0.9, p=0.36, context effect F(; ,6=1635, p<0.001 group X context interaction F(j 26~
17.3, p=0.32). (d) Window implantation did not impact total number of six week old and younger tdTomato+ abGCs
in the implanted hemisphere (n=6 unpaired t-test, t=-0.6, p=0.59). (e¢) We conducted analysis on the dendrites of
abGCs in the implanted and unimplated hemispheres, and did not detect significant differences in the dendritic
architecture of neurons on the implanted side (n=10/side, repeated measures ANOVA, intersection X hemisphere
interaction F4432= 1.2, p=0.23). We also determined the number of proliferating neurons, as measured by Ki67
immunohistochemistry, and did not detect differences (data not shown; n=4/group, te=-2.1, p=0.1).
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Supplemental figure 2
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Figure S2, related to Figure 2. Population activity in DG GCs during behavior

(a) Example traces and transient detection. For a single 12-minute recording session we plotted the processed df/f
Ca’" trace for all newborn neurons in the FOV and for an equal number of randomly sampled mGCs. Statistically
significant Ca®"transients (p < 0.05) are indicated in blue, and the mouse's position in this experiment is plotted in
black at bottom. (b) Activity comparison plots. As plotted in Fig 1D, for all cells imaged we computed the mean
amplitude, duration, and transient AUC (total area under DF/F curve during significant transients) across recordings.
Data is plotted by averaging mature and newborn subpopulations across experiments (closed circles) and FOVs
(open circles). Across FOVs and cells, we did not detect differences between mGCs and abGCs in the amplitude or
duration of calcium transients (2-sample paired T-Test; n=11 FOV; p=0.21, 0.45, and 0.42 for amplitude, duration,
and transient AUC, respectively). (¢) Non-running vs. running analysis. (i) Mean Ca2+ transient frequency with
onset during non-running and running-related imaging frames. Across fields of view, running-related transients are
observed at a significantly higher rate during running than during non-running epochs (non-running: 0.06 +/- 0.01
transients/min.; running: 0.10 +/- 0.01 transients/min.; t=-5.66; p<0.001; n=10 FOV; paired T-Test). (ii) Scatter of
mean running-related and non-running-related Ca®" transient frequency by recording (closed circles) and by FOV
(open circles). Color as in Fig S1. (iii)) Data aggregated by FOV separately for mGCs and for abGCs. Both
populations showed higher activity during running than non-running periods (mGCs: non-running: 0.06 +/- 0.01
transients/min.; running: 0.10 +/- 0.01 transients/min.; t=-5.60; p<0.001; n=11 FOV; paired T-Test; abGCs: non-
running: 0.08 +/- 0.01 transients/min.; running: 0.15 +/- 0.03 transients/min.; t=-5.16; p<0.001; n=11 FOV; paired
T-Test).
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Supplemental figure 3
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Figure S3, related to Figure 2. Tuning direction plots of abGCs and mGCs

For every abGC firing at least four significant transients, we plotted the direction of every running-related transient
as well as the overall tuning direction (dark blue line). Vectors are inversely weighted by occupancy and normalized
to peak. Tuning strength (7S) and associated p-value is indicated for each cell. P-values are calculated relative to
the expected distribution for an equal number of running-related transients randomly distributed in time (see
Methods). The blue background shading is a reflection of the tuning specificity p-value. Color intensity is
logarithmically related to the p-value. B) For random sampled mature granule cells firing with least four significant
transients, we plotted the direction of every running-related transient as well as the overall tuning direction (dark
blue line). Vectors are inversely weighted by occupancy and normalized to peak. Tuning strength (7S) and
associated p-value is indicated for each cell. P-values are calculated relative to the expected distribution for an equal
number of running-related transients randomly distributed in time (see Methods). The blue background shading is a
reflection of the tuning specificity p-value. Color intensity is logarithmically related to the p-value.
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Supplemental figure 4
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Figure S4, related to Figure 2. Reward and velocity-related responses

(a-b) For each cell we calculated a peri-stimulus time histogram (PSTH) for GCaMP6f fluorescence triggered on the
delivery of the water rewards. Because so many of the granule cells are silent, we included only active cells in this
analysis (at least 4 Ca®" transients). (a) Data from active cells in a single experiment. mGCs and abGCs are on top
and bottom respectively. Light gray traces reflect the PSTH’s of individual cells in the recording (n=92 mGCs,
n=13 abGCs). Shaded region is the mean +/- the standard deviation of the Ca2+ responses. Three randomly placed
rewards were administered per lap. PSTHs are based on all reward presentations in the experiment. (b) Mean +/-
the standard deviation of the means for each recording session (n=32 recordings). In none of our recordings did we
find a significant reward response. (c-d) In order to determine if activity is related to velocity, it is necessary to
estimate a continuous firing rate, which can then be correlated with the animal's velocity (Kropff et al., 2015).
Estimating a continuous firing rate from calcium imaging data is difficult, however, and is not possible in context of
very low transient rates, as were observed in this study. The best proxy we have for spike rate is the amplitude of
the detected transients (large transients reflect large bursts of spikes, while small transients reflect fewer numbers of
spikes). If there were a relationship between activity and velocity, then large amplitude events should be associated
with faster velocities and vice a versa. For this analysis we included only transients associated with a non-zero
velocity to maximize our likelihood of detecting a relationship. (¢) Top: df/f Ca*" trace from an example cell.
Significant transients (p<0.05) in red. Bottom: The mouse’s velocity over the course of the same 10min trial. (d)
Scatter plot of transient amplitude vs. the mouse’s velocity at the time of transient onset. There was no relationship
between amplitude and velocity (Pearson r=-0.009, p=0.81). (e) Data was combined across all recording sessions
and a 2D-histogram was calculated. Color indicates the density of transients in each bin. Upper and lower colormap
values represent the 1% and 99™ percentiles of the density distribution.
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Supplemental figure 5
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Figure S5, related to Figures 3-5. Remapping dynamics

Tuning curve correlations (a) and centroid shift (b) assessed by averaging across mGCs within each FOV. mGCs in
8/10 FOVs maintained significantly more similar spatial representations in the A-A condition than in the A-B
condition (paired two-sided T-Test; n=10, b, T(13)=2.27, p < 0.05; ¢, T(18y=-1.97p = 0.07). (c-d) In order to assess
encoding of context through overall activity throughout the trial, we plotted the total number of transients (¢) and
mean transient AUC (total area under all significant transients; (d) in one trial as a function of the activity in the next
trial. This two-dimensional data was binned, and a normalized 2D-histogram was calculated. Upper and lower
colormap values represent the 1% and 99" percentiles of the density distribution. The relationship between trial-to-
trial activity in the ‘B-B’ condition appears similar as that of the ‘A-B’ condition, supporting our analysis in Fig 6.
Data is plotted separately for newborn (bottom) and mature (top) cells and for the ‘A-B’ (left) and ‘B-B’ (right)
conditions.
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Supplemental figure 6
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Figure S6, related to Figure 6. Optogenetic modulation of abGCs.

(a) Expression of opsins in abGCs. TMX induction was performed as described in the Methods. In the DG of
Nestin™" and Nestin™*? mice, the majority of DCX+ cells expressed opsins (n=3-4/geno Nestin™™": 88.9 +/- 2.9%,
n=3-4/geno, Nestin™*?: 85.4+/- 2.9% of the DCX population of immature cells). (Scale bars 100um (low mag) and
10um (high mag) (b) Stimulation of abGCs in the dorsal DG impairs encoding and retrieval of fear memories (n=9
control, 8 Nestin®™?, group effect F(; 15=11.12, p=0.005, group X training interaction F; 14= 24.4, p=0.0064 (on test
off day t14=5, p<0.01, on test on day t;4=2.9, p=0.01). (c) Inhibition of abGCs during exposure to a highly dissimilar
context does not impair discrimination. (n=5 control, 4 NestinArCh, group effect F(;14=1.5, p=0.23, context effect
F1,14=78.9, p<0.001, day effect F(;,5=17.4, p<0.001, groupXdayXcontext effect F,5=1.5, p=0.24.) This ability to
discriminate may also be due to the fact that young neurons were not required to associate the tactile cues of the bars
with the delivery of the footshock. (d) Inhibition of abGCs does not impair the expression of contextual fear
discrimination. Mice were trained to discriminate between two similar contexts then tested for light effects in the
similar context after the discrimination had already been learned.  Nestin™ and control mice learned the
discrimination task in the absence of light stimulation indicating that TMX or gene expression does not impact
discrimination learning (n=7 control 8 NestinAmh, group effect F(; ,6=3.5, p=0.1, context effect F(; ,6=10.2, p=0.004,
day effect F(s503=15.2, p<0.001, groupXdayXcontext effect Fs,03=0.1, p=0.52. Control: context effect F(; 12=4.8,
p=0.02, dayXcontext interaction F95=2.2, p<0.01. Nestin™": context effect F1.14=5.9, p=0.04, day X context
effect F(5112=2.1, p=0.04). Yellow light inhibition did not impact fear discrimination (repeated measures ANOVA,
group effect F(; 6=.2, p=0.64, context effect F(;25=43.9, p<0.001, group X context interaction F(; 55=0.1, p=0.8,
group X context X day F(j 2=0.3, p=0.59. Error bars are mean +/- SEM
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implant

cohort | location test conditions stats
Nestin shock
Arch dorsal DG reactivity 0.75 mA shock n=8-9/treatment, t,5=0.9, p=0.4
Light on encoding,
light off test, retrain n=8-11/treatment, treatment effect F, ;,,=0.56, p=0.46,
Nestin light off, test retrieval | treatment X training interaction F, ;;=0.46, p=0.5 (on test off
Arch ventral DG CFC light on day t,,=-0.72, p=0.48, on test on day t;,=-0.75, p=0.46)
Light on encoding,
light off test, retrain n=8-10/treatment., treatment effect F, ;o=2.4, p=0.14,
Nestin light off, test retrieval treatment X training interaction F(, ;¢=2.2, p=0.2 (on test off
ChR2 ventral DG CFC light on day t;¢=-1.5, p=0.15, on test on day t,,=-0.15, p=0.9)
n=8-9/ geno, total distance traveled, genotype effect
F,15=1.3,p=0.1, genoXlight effect F, ;,,=0.4, p=0.7, percent
Nestin Smin light off, Smin center distance: genotype effect F; ;5=0.9, p=0.4, genoXlight
Arch dorsal DG OFT light on, 5min light off effect Fp 30=2.3, p=0.1
n=8/geno, total distance traveled genotype effect
F(1,14)=0.4, p=0.6, genoXlight effect F(2,28)=1.2, p=0.3;
Nestin Smin light off, Smin time in open arms genotype effect F, ;,=1.3, p=0. 3,
Arch dorsal DG EPM light on, 5min light off genoXlight effect Fp, ,4=1.8, p=0.2.
n=8-11/geno, total distance traveled (genotype effect
F.17=1.7,p=0.2, genoXlight effect F,5,=1.2, p=0.3, percent
Nestin Smin light off, Smin center distance: genotype effect F, ;;,=0.3, p=0.6, genoXlight
Arch ventral DG OFT light on, 5min light off effect F,34,=0.6, p=0.5
n=8-9/geno, total distance traveled genotype effect
F(1,15)=4, p=0.06, genoXlight effect F(2,30)=0.3, p=0.8;
Nestin Smin light off, Smin time in open arms, genotype effect F, ;5=1.2, p=0.3,
Arch ventral DG EPM light on, 5min light off genoXlight effect F,50=1.2, p=0.3.
n=7-9/ geno, total distance traveled, genotype effect
F,14=1.1,p=0.3, genoXlight effect F, ,5=3.3, p=0.05,
Nestin Smin light off, Smin percent center distance: genotype effect F, ,=0.5, p=0.5,
ChR2 dorsal DG OFT light on, S5min light off genoXlight effect F,,5=2.3, p=0.1
n=7-8/geno, total distance traveled genotype effect
F(1,13)=0.7, p=0 .4, genoXlight effect F(2,26)=4.8, p=0.02,
Nestin Smin light off, 5Smin time in open arms, genotype effect F; ;;=0.4, p=0.6,
ChR2 dorsal DG EPM light on, 5min light off genoXlight effect F,,6,=0.6, p=0.6.
n=9-10/geno, total distance traveled, genotype effect
F17=1.1,p=0.3, genoXlight effect F,5,=0.4, p=0.7, percent
Nestin Smin light off, Smin center distance: genotype effect F, ;;,=0.9, p=0.3, genoXlight
ChR2 ventral DG OFT light on, 5min light off effect F34,=0.1,p=0.9
n=9-10/geno ,total distance traveled genotype effect
F(1,17)=1.8, p=0.2, genoXlight effect F(2,34)=1.5, p=0.2;
Nestin Smin light off, Smin time in open arms, genotype effect F, ;;=0.3, p=0.6,
ChR2 ventral DG EPM light on, 5min light off genoXlight effect F,5,=0.8, p=0.5,

Table S1, related to Figure 6. Control behavioral experiments. Table contains results from behavioral
experiments for effects of inhibition or excitation of abGCs in anxiety-like behavior, shock reactivity and contextual
fear conditioning. (CFC- contextual fear conditioning, OFT- Open Field Test, EPM- Elevated Plus Maze)
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Movie S1, related to Figure 1. Sparse granule cell population activity. 5 minutes of GCaMP6f activity in the
behaving mouse (300 x 300 um FOV, ~1000 cells) played at 10x speed (30sec total). Frames were smoothed with
o=3pixels, compressed as MPEG, and edited in iMovie. Transients are observed at extremely low rates (see Fig 2).
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Supplemental Experimental Procedures
Mice:

All experiments were conducted in accordance with the US National Institutes of Health guidelines and with the
approval of the Columbia University and New York State Psychiatric Institute Institutional Animal Care and Use
Committees.

Male ROSA26-CAG-stop"™-ChR2(H134R)-eYFP (4i32), ROSA26-CAG-stop”**- Arch-GFP (4i35), ROSA26-CAG-
stop””*- tDTomato (4i9) and Nestin-CreER ™ (Dranovsky et al., 2011; Madisen et al., 2012; Madisen et al., 2010)and
controls were generated as previously described (on mixed background). Mice were housed in the vivarium on a 12-
h light/dark cycle and were housed 3-5 mice in each cage (with genotypes/treatments randomized in each cage).
Experiments were performed during the light portion of the cycle.

Imaging window implant:

Recombinant adeno-associated viruses carrying the GCaMP6f gene were obtained from the Penn Vector Core
(AAV1.Syn.GCaMP6f. WPRE.SV40) with titer of 2-4x10". The dorsal dentate gyrus was stereotactically injected
with 3-fold diluted virus (in artificial CSF) using a Nanoject syringe, as described in previously (Kaifosh et al.,
2013; Lovett-Barron et al., 2014). Injection coordinates were -1.5 mm AP, -2.3 mm ML, and -1.8, -1.65, -1.5 mm
DV relative to the cortical surface. 60 nL of diluted virus was injected at each DV location in 10 nL increments.
Mice were then surgically implanted with an imaging window (diameter: 1.5-mm; height: 2.2-mm) over the left
dorsal dentate gyrus and implanted with a stainless-steel headpost for head fixation during imaging experiments.
Imaging cannulas were constructed by adhering (Narland optical adhesive) a 3-mm glass coverslip (64-0720,
Warner) to a cylindrical steel cannula (1.5-mm diameter x 2.3-mm height) and polishing down the overhanging
glass with a diamond file. We used a modified version of the same headpost described previously (Kaifosh et al.,
2013; Lovett-Barron et al., 2014), in which the posterior bar was thinned to accommodate the 3.5mm working
distance of the objective. The surgical procedure was very similar to that previously described, except that the
imaging window was implanted 100-200 mm above the hippocampal fissure, providing optical access to the granule
cells in the dorsal blade of the DG. Following induction of anesthesia (Isoflurane: 3% induction, 1.5-2.0%
maintenance; 1.0 L/min O,) and administration of analgesia (buprenorphine 0.05-0.1mg/kg), the scalp was removed,
and a 1.5 mm diameter craniotomy was performed with a fine-tipped dental drill (V00033, Henry-Schein). The dura
was removed, and the underlying cortex was aspirated to reveal the capsular fibers. Following this, a 30g blunt
syringe (B30-50, SAI) was used to gently aspirate CA1 directly superior to the dentate until the loose fibers and
vasculature of stratum moleculare were visible. Bleeding was controlled with a collagen gel sponge (A00063,
Avitene) and continuous irrigation with aCSF. We then gently fit the cannula into the craniotomy and affixed the
headpost to the skull using dental cement (675572, Dentsply). Mice were active within 15 minutes of surgery, and
analgesia was continued for three days post-operatively.

Fiber optic construction and implantation.

Male mice (8 weeks of age) were surgically implanted with fiber optic cannulas at 3 weeks after TMX induction,
using published protocols (Kheirbek et al., 2013), and behavioral experiments commenced >3 wks after surgery to
allow for recovery. Briefly, a 200um core, 0.37 numerical aperture (NA) multimode fiber (ThorLabs) was threaded
through and glued with epoxy to a 230um core, 1.25mm diameter zirconia multimode ferrule (Precision Fiber
Products), polished and cut at ~4mm for implantation. They were then were tested for light output (~80-90% light
recovery) and clean scoring of the fiber, and then each implant was numbered and the percent light recovery was
noted for calibration of output for behavioral experiments. For surgical implantation, mice were anesthetized with
100mg/kg ketamine and 10mg/kg xylazine, and placed in a stereotaxic frame (Kopf). Mice were implanted
bilaterally with sterile, chronically dwelling optical fibers targeted to the DG (dorsal implants: +/-1mm ML -1.5mm
AP, -1.7mm DV, ventral implants: +/-2.5mm ML +/-3.7mm AP, -2mm DV). Optical fibers were secured with
anchoring screws and dental cement. After surgery, mice were returned to their home cage and monitored until
recovery from surgery. 3 weeks after surgery, before beginning behavioral testing mice were habituated to being
attached to the patch cable by handling and attaching to the cable via a zirconia sleeve, and allowed to explore a
novel cage for 15 min with no light for two consecutive days.
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Induction of transgene expression and immunohistochemistry.

All mice were induced at 8 weeks of age and immunohistochemical analysis was conducted 6 weeks after TMX
induction. For all experiments, mice were perfused (transcardial PBS, 4% paraformaldehyde), brains postfixed,
cryoprotected, and sections (35um) of the entire DG were collected. Primary antibodies were: chicken anti-green
fluorescent protein (chicken anti-GFP; (1:500, Abcam, goat anti-doublecortin (DCX; 1:500, Santa Cruz
Biotechnology), rabbit anti-Ki67 (1:100, Vector), rabbit anti-cFos (Millipore, ABE457, 1:1000) and mouse anti-
NeuN, 1:1500, Millipore) (Kheirbek et al., 2013; Kheirbek et al., 2012; Sahay et al., 2011).

For induction of transgene expression in Nestin-CreER'™ mice, 8 week-old male mice were injected with 3mg
tamoxifen (TMX) (VEH solution of corn 0il/10%ethanol) 1.P./day for 5 consecutive days. Testing began 6 weeks
after the last TMX induction, as described in the text. In the DG of Nestin™", Nestin®** and Nestin""*"" mice, the
majority of DCX+ cells expressed ChR2 or Arch, respectively (n=3-4/geno, Nestin™*?: 85.4+/- 2.9%, Nestin™":
88.9 +/- 2.9%, Nestin""""" 89.5+/- 3.8% of the DCX population of immature cells).

For immunohistochemical characterization of ChR2-eYFP" and Arch-GFP’ cells in the Nestin-CreERT2 and
tdTomato+ cells in imaged mice, confocal stacks (FluoView1000; Olympus) of DG sections were taken at 40x. For
characterization of ChR2-eYFP" and Arch-GFP" cells, six sections across the DV axis of the DG (~400um between
sections) were used for sampling cell number. For characterizing tdTomato+ cells, two sections spanning the
implant site were taken for each hemisphere to compare implanted vs unimplanted side. For cell counting, the total
number of labeled cells were counted in the GCL of the dentate gyrus and this number was divided by the sample
volume (area was measured by tracing Hoescht stained to sections using ImageJ and multiplied by section thickness
(35um) to generate volume measurements) to generate cell density. For calculating recombination efficiency, 100
DCX cells were counted along the dorsoventral axis. These cells were then classified as positive or negative for
tdTomato (in imaged mice), eYFP (in ChR2 mice) or GFP (in Arch mice). For the morphological analysis of
immature neurons, z-stack images of tdTomato+ cells were traced and imported into Adobe Illustrator CS5 where
neurons were reconstructed using the tracing tool. Images of the reconstructed neurons were opened in Fiji
(http://fiji.sc/Fiji) where Sholl analysis was conducted using the Sholl analysis plug-in with parameters previously
described (Sahay et al, 2011a). For calculating Ki67 number in implanted mice, six sections across the DV axis of
each hemisphere DG (~400um between sections) were counted.

To sample the phenotypes of opsin/reporter positive cells in NesinCreER™ mice, 35um sections were cut through
the DG of Nestin™? mice, and two sections/mouse (<1200 mm between sections, one dorsal and one medioventral
section) were imaged by taking confocal stacks at 40x. To calculate the percentage of ChR2-eYFP' cells that
expressed Ki67, DCX or NeuN, the total eYFP" cells in 300 um x 200 um region of interest in the upper blade of the
DG were counted in the green channel, and then in the red channel the number of eYFP" cells immunoreactive for
DCX, Ki67 or NeuN was counted. Characterization of the ChR2-eYFP positive cells 6 weeks after induction by co-
staining for developmental stage markers demonstrated that 12.1 £ 0.4% (n = 3 mice) expressed Ki67 (i.e. were
mitotic or recently mitotic), 52.2 + 2.5% (n = 4 mice) were DCX-positive (i.e. were proliferating progenitor cells,
neuroblasts or immature, <3 week-old, neurons) and 67.7 £ 4.1% (n = 3 mice) expressed NeuN (i.e. were neurons
>2 weeks of age).

For assessing activity in the DG following window implantation, window implanted mice were placed in an open
field box and allowed to explore for 20 min (as described below) and sacrificed 60 min after exploration. 50um
sections were cut along the entire AP axis of the hippocampus, and every 6™ section was stained for cFos and counts
of cFos+ nuclei in the GCL were taken (dorsal DG).

Dentate gyrus granule cell imaging
In vivo 2-photon imaging:
We used the same imaging system as described previously (Kaifosh et al., 2013; Lovett-Barron et al., 2014), with

the addition of an 8kHz resonant galvanometer (Bruker). Approximately 150-250 mW of laser power was used
during imaging, with adjustments in power levels to accommodate varying window clarity. To optimize light
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transmission, we adjusted the angle of the mouse's head using two goniometers (Edmund Optics, +/-10 degree
range) such that the imaging window was parallel to the objective. All images were acquired with a Nikon 40X NIR
water-immersion objective (0.8 NA, 3.5 mm WD) in distilled water. We continuously acquired red (tdTomato) and
green (GCaMPO6f) channels separated by an emission cube set (green, HQ525/70m-2p; red, HQ607/45m-2p;
575dcxr, Chroma Technology) at 1024 x 1024 pixels covering 300 pm x 300 um at 15 Hz with photomultiplier
tubes (green GCaMP fluorescence, GaAsP PMT, Hamamatsu Model 7422P-40; red tdTomato fluorescence, multi-
alkali PMT, Hamamatsu R3896). A custom dual stage preamp (1.4 x 10’ dB, Bruker) was used to amplify signals
prior to digitization.

Training:

Mice were water-restricted (>90% pre-deprivation weight) and trained to run on a cue-deplete burlap treadmill belt
for water rewards over the course of 1-2 weeks. We applied a progressively restrictive water reward schedule, with
mice initially receiving 40 randomly placed rewards per lap and ultimately receiving 3 randomly placed rewards per
lap. Mice were trained for 20 minutes daily until they regularly ran at least one lap per minute. Mice were also
habituated to the optical instrumentation (presence of objective, laser, shutter sounds) prior to imaging experiments.

Contexts:

Similar to our previous work, each context (1 and 2) consisted of the same treadmill belt (the same sequence of 3
joined fabric ribbons), but distinct in their visual, auditory, tactile, and olfactory stimuli (Fig 4A) (Lovett-Barron et
al., 2014). During imaging sessions, mice received three randomly placed water rewards per lap, with reward
positions changing randomly each lap. To allow for comparison of GC activity between similar contexts, the same
three fabrics were used in the same order, but the locations of all of the tactile cues were shuffled between the two
belts.

Stimulus presentation and behavioral readout:

Visual, auditory, and olfactory stimuli were presented and behavioral data were recorded as described previously
(Kaifosh et al., 2013; Lovett-Barron et al., 2014). In order to reliably track the position of the treadmill belt, we
established registration anchors at known positions along the belts and interpolated between them using a quadrature
encoded movement signal tied to the rotation of the treadmill wheels. Registration anchors were marked by radio-
frequency identification (RFID) buttons (16mm, 125kHz, SparkFun Electronics) at evenly spaced positions along
the belt, and were read off as they passed over a fixed RFID reader (ID-12LA, SparkFun). The rotational quadrature
signal was produced by marking treadmill wheels with offset tick marks, and this signal was encoded by a pair of
photodiodes (SEN-0024, SparkFun) aligned to the wheels (<0.5¢m resolution).

Calcium data processing:

All imaging data were analyzed using the SIMA software package (Kaifosh et al., 2014). Motion correction was
performed using a 2D Hidden Markov Model (Dombeck et al., 2007; Kaifosh et al., 2013), with modifications to
accommodate the specific features of data acquired with resonant galvanometers. These modifications have been
made freely available with the latest versions of SIMA. Only the green GCaMP channel was used for estimating
motion artifacts. In cases where motion artifacts were not adequately corrected, the affected data was discarded
from further analysis. The especially sparse activity of dentate granule cells prevented the successful application of
activity-based segmentation methods. Therefore, we used the SIMA project's ROI Buddy graphical user interface
(Kaifosh et al., 2014) to draw regions of interest (ROIs) over GC somata visible in the time-averaged image of the
motion-corrected green/GCaMP6f channel. We also used this software to determine the correspondence of ROIs
across datasets from different trials in which the same FOV was imaged. To prevent the introduction of any bias,
the red tdTomato channel was not viewed when drawing ROIs, but only referenced after all ROIs had been drawn in
order to tag ROIs over tdTomato expressing cells as newborn GCs.

Dynamic GCaMP6f fluorescence signals were extracted from ROIs using SIMA according to the previously
described formulation (Kaifosh et al., 2014). We then computed the relative fluorescence changes (AF/F) (as
described in (Jia et al., 2011)), with uniform smoothing window ¢, = 3 sec. and baseline size t, = 60 sec. We
detected statistically significant calcium transients as described previously (Dombeck et al., 2007; Lovett-Barron et
al., 2014). In order to improve our sensitivity, we then recalculated the baseline of the raw signal after masking
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frames identified previously as occurring during a significant transient. AF/F was then recalculated, and transients
re-estimated. Transients less than one second were removed to reduce false positives. This iterative procedure was
repeated three times and effectively removed the transient contamination from the calculated baseline.

Spatial tuning vector and tuning specificity p-value analysis:

When evaluating the spatial tuning of GCs, we restricted our analysis to running-related epochs, defined as
consecutive frames of forward locomotion (defined as an imaging frame in which at least one forward pair of beam
breaks occurred) at least 1 sec in duration and with a minimum peak speed of 5 cm/sec. Consecutive epochs
separated by < 0.5 seconds were merged. Running-related transients were defined as those that were initiated during
a running-related epoch. Transient start was defined as the first imaging frame with mean fluorescence >= 20, with

o equal to the standard deviation of the baseline frames. Offset was defined as the first frame with mean
i0;

fluorescence <= 0.5¢ (Dombeck et al. 2007). The spatial tuning vector was calculated as Z]- ;(—(;), where 6; is the
]

position of the mouse at the onset time of the j-th running-related transient, and o is the fraction of running frames
acquired at position 8;. In order to assess the significance of the spatial selectivity, for each cell we generated a null
tuning distribution by shuffling the transient onset times (restricted to running frames) and repeatedly recomputing
the tuning specificity. This process was repeated 100,000 times, and the p-value was defined as the fraction of this
distribution that exceeded the GC's tuning specificity.

Spatial information p-value analysis:

For each cell we first computed the spatial information content (Skaggs, et al., 1993) as Iy = YN, A; ln%pi where

A; and p; are the transient rate and fraction of time spent in the ith bin, A is the overall firing rate, and N is the
number of bins. We computed Iy for multiple values of N = 2,4,5,8,10,20,25,and 100. We then created
100,000 random reassignments of the transient onset times within the running-related epochs and re-computed the
values of I§;, where s is the index of the shuffle. To roughly correct for biases in the calculation of mutual

information, we then subtracted the mean of this null distribution from all estimates to obtain values Iy = Iy —
1 100,000

100,000 <=1

times, | = maxy Iy, and for the shuffles, I; = maxy I§. The spatial tuning p-value was taken as the fraction of

values of s for which I exceeded I.

I5. Finally, we computed a single estimate of the information content for the true transient onset

Remapping analysis:

Rate maps were formed by dividing the number of transients starting in each bin by the occupancy of that bin. We
calculated rate maps with 100 position bins and smoothed with a Gaussian kernel 0=3 bins). The tuning curve
correlation for each cell was defined as the Pearson correlation coefficient between tuning curves for a cell in the
two sequential context exposures. The centroid shift for each cell was defined as the angle (in radians) between the
tuning directions calculated for the two context exposures. For both metrics, the shuffle distributions were
calculated by estimating the tuning curve correlations or tuning shifts when cells were paired by a sub-sampled
Cartesian product of cell identities (1000 pairs per shuffle).

Behavioral testing

Optogenetic modulation

In Arch experiments, the patch cables were interfaced to an FC/PC rotary joint (Doric lenses), which was attached
on the other end to a 593.5 nm laser diode that was controlled by a Master-8 stimulator (AMPI). During the light on
epoch, yellow light was provided for the full 5 min at a light power of 10mw at the tip of the implanted fiber optic.
For ChR2 experiments, the hardware configuration was identical to the Arch experiments with the exception that
illumination was provided by a 473nm laser diode (OEM). During the light on epoch, mice received blue light
illumination for the full 5 min at 10hz, 20 ms pulses at a light power of 8 mw at the tip of the implanted fiber.
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Open field test

Mice were quickly attached to the fiber optic patch cables (bilaterally) via a zirconia sleeve, then placed in an open-
field chamber 22.1" wide x 22.1" long x 15.83" high (Kinder Scientific) with high lux illumination (600lux).
Sessions lasted for 15 min consisting of three 5 min epochs: light off, light on, and light off. Data was collected and
analyzed with MotorMonitor software, and total distance traveled and percent of that distance traveled in the center
of the arena was documented.

Elevated plus maze

Hardware configuration and experimental protocols for EPM were identical to OFT (15min session, Smin light
off/on). Mice were placed in the closed arm of the open field and allowed to explore the maze. Sessions were
videotaped, and the videos were analyzed for time spent in closed arms, open arms and center of the maze using
TopScan software (Clever Sys).

Fear conditioning:

Hardware configuration and light intensity was identical to OFT and EPM, stimulation epochs are presented in the
text. Different cohorts of mice were used for each test, thus littermate controls were used for each experiment to
control for differences in genetic background. Conditioning took place in Coulbourn Instruments fear conditioning
boxes that contained one clear plexiglass wall, three aluminum walls and a stainless steel grid as a floor. Mice were
brought in to the testing room in a novel cage, attached to the fiber optic patch cables then placed in fear
conditioning boxes. The training session began with the onset of the houselight and fan, and anise scent was placed
under the grid floor. In this one-trial contextual fear conditioning protocol, mice received light stimulations as
described in the text, and 180 s after placement of the mouse in the training context and onset of houselight and fan,
mice received single 2-s foot shock of 0.75 mA. All freezing was measured before the single footshock. The mouse
was taken out 15 s after termination of the foot shock and returned to its home cage. The grid and the waste tray
were cleaned Sani-Cloths® HB Germicidal Disposable Wipes (Orangeburg, NY) between runs. Mice were recorded
by digital video cameras mounted above the conditioning chamber, and were scored for freezing by an investigator
blind to the genotype of the animal.

Contextual fear discrimination:

Conditioning took place in the same Coulbourn fear conditioning boxes as above. For training in context A mice
were brought into the testing room in an novel cage with novel bedding on the floor. The training context (A)
included a houselight and fan, and anise scent was placed under the grid floor. Mice were exposed to the context,
then after 180s, they received single 2s foot shock of 0.75mA. Mice were taken out 15s after termination of the foot
shock and returned to their home cage. The box was cleaned with Sanicloths between runs. For exposure to the
similar (no-shock) context, B, mice were brought into the testing room in transport buckets by the same
experimenter who had handled the mice for the training context. Context B shared many features of the training
context, A, including an exposed stainless steel grid floor, but differed in that two plastic inserts were used to cover
the walls and make them circular, the house fan and lights were turned off, and the chamber door was left ajar
during testing. A lemon scent was used as an olfactory cue, and 70% ethanol was used to clean the grids between
runs. Mice were run first in context B, then after 2h, mice were placed in the training context A. As the shock was
given at the end of context A, all freezing in both contexts was assessed before animals were shocked. Measurement
of the freezing levels (by an experimenter blind to treatment condition) in both the training context (3-min pre-
shock) and the similar context (3min) each day allowed the assessment of freezing in the two contexts.

For the dissimilar context, C, the grid floor was covered with a plastic panel and cage bedding. The chamber walls
were covered and made circular using plastic inserts, the house fan and lights were turned off, and a mild lemon
scent was placed below the grid floor. The chamber door was left ajar during testing. 70% ethanol used to clean the
chamber between runs. Mice were run first in context C, then after 2hr were run in context A. As above, the shock
was given at the end of context A, ensuring that all freezing measured in both contexts was assessed before animals
were shocked. Measurement of the freezing levels in both the training context (3-min pre-shock) and the novel
context (3min) each day allowed the assessment of freezing in the two contexts.
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Statistics

For all optogenetic behavioral data, data was analyzed using ANOVA with repeated measurements where
appropriate. All tests are described in the appropriate figure legends. Group numbers were based on previous
optogenetic and 2-photon imaging experiments(Kheirbek et al., 2013; Lovett-Barron et al., 2014). For imaging data,
for all normally distributed data, a Welch's two-sample T-Test was used for comparison of means with n-1 degrees
of freedom. The Mann-Whitney U Test was used for comparison of means in non-normally distributed data with n-
1 degrees of freedom. A paired student's T-Test was used for comparison of means in paired data with n-1 degrees
of freedom. The one-sided Kolmogorov-Smirnov (KS) test was used for testing the hypothesis that a distribution
was drawn from an underlying theoretical distribution with n-1 degrees of freedom (uniformity in the case of Fig 2E
and 4D). The two-sided two-sample Kolmogorov-Smirnov test with n-1 degrees of freedom was used for testing the
null hypothesis that two empirical distributions were drawn from the same continuous underlying distribution.
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