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Summary

Adult born granule cells (abGCs) have been implicated in memory discrimination through a neural
computation known as pattern separation. Here, we examined how chronic ablation or acute
chemogenetic silencing of abGCs affects the activity of mature granule cells (mGCs) using /in
vivo Ca?* imaging. In both cases we observed altered remapping of mGCs. Rather than broadly
modulating the activity of all mGCs, abGCs promote the remapping of place cells’ firing fields
while increasing rate remapping of mGCs representing sensory cues. In turn, these remapping
deficits are associated with behavioral impairments in animals’ ability to correctly identify new
goal locations. Thus, abGCs facilitate pattern separation through the formation of non-overlapping
representations for identical sensory cues encountered in different locations. In the absence of
abGCs the dentate gyrus shifts to a state dominated by cue information, a situation that is
consistent with the overgeneralization often observed in anxiety or age-related disorders.
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Tuncdemir et al show that young adult-born hippocampal neurons are critical for mice’s
ability to discriminate between similar situations. In the absence of these young neurons,
contextual representations are dominated by landmarks, a situation that is reminiscent of the
overgeneralization often found in anxiety and age-related disorders.

Introduction

The hippocampal dentate gyrus (DG) exhibits a unique form of neural plasticity that results
from continuous integration of adult born neurons, termed ‘adult neurogenesis.” Four to

6 weeks after their birth, adult born granule cells (abGCs) exhibit increased synaptic
plasticity and intrinsic excitability compared to mature granule cells (mGCs)1-4. Acute or
chronic manipulations of abGCs during this period have demonstrated an important role
for abGCs in hippocampus-dependent tasks involving behavioral pattern separation, such
as the ability to discriminate between similar contexts or spatial locations®>~10. Notably,

the deficits resulting from impaired adult neurogenesis in animal models are consistent
with low levels of neurogenesis as well as overgeneralization in patients with age-related
memory impairments, anxiety, or depressive disorders!1-15, It has therefore been suggested
that abGCs play a role in this common endophenotype of these disorders6:17.

The behavioral impact of abGCs has been proposed to result from their inhibitory
modulation of mGCs resulting in increased sparseness of DG representations18-22, However,
rather than broadly modulating mGCs in a uniform fashion, abGCs appear to dynamically
interact with mGCs such that under different cortical inputs as engaged by distinct cognitive
demands, abGCs may either inhibit or excite mGCs?3. Thus, abGCs may engage different
modulatory pathways to promote the formation of distinct mGC assemblies representing
distinct contexts without interference from previously stored contextual memories.
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A large proportion of principal neurons in all subfields of the hippocampus, including those
in the DG, are considered place cells because they fire at specific locations corresponding
to the position of an animal within an environment2425, Collective activity of place

cells in one environment is thought to form a cognitive map of this environment by
integrating location-related sensory and self-motion information of the animal. A key
property of place cells is the ability to change their preferred firing location or firing

rate in response to changes in the environment, a process known as ‘remapping’26:27.
Remapping of place cells’ firing properties in different environments is thought to underlie
spatial and contextual discrimination by generating distinct representations of environments
and behavioral experiences with varying levels of overlap with previously stored ones28,
While remapping has been found in all hippocampal subregions, this feature is most
consistent with the pattern separation function of the DG16, a process by which similar
input activity patterns are transformed into more distinct output patterns2%:30, Pattern
separation can be achieved by distinct DG populations responding to similar inputs (‘global
remapping’) or by the same neurons changing their firing rates (‘rate remapping’), resulting
in increased discrimination of similar environmental inputs. While mGCs have been shown
to exhibit global or rate remapping31-3, how abGCs influence the remapping of mGCs

in different contexts is not known. In addition, recent work has begun to characterize a
functional diversity within the mGCs, whose activity are modulated by space or sensory
cues (place cells and cue cells)36-39. These spatial and cue representations are distinct in
their stability across different contexts as well as long-term dynamics3?, suggesting that
different subpopulations of mGCs encode distinct contextual features. But, whether abGCs
have a differential effect on the sensory cue versus place encoding mGCs or their remapping
dynamics is not known.

Here, we have investigated how chronically ablating or chemogenetically silencing abGCs
affects the activity of mGCs using /in vivo 2-photon Ca%* imaging. We find that inhibiting

abGCs resulted in decreased remapping of mGCs, and behavioral impairments in animals’
ability to correctly identify new goal locations.

Adult born granule cells are necessary for the remapping of spatial representations

To investigate how abGCs influence DG activity, we first used a well-established method
of focal X-irradiation to ablate adult hippocampal neurogenesis#?4! and recorded Ca2*
dynamics in large populations of mGCs, a proxy for neuronal activity, in the mouse DG
during head-fixed locomotion on a treadmill® (Figure 1A, S1A, STAR Methods). Ablation
of neurogenesis was confirmed by the complete loss of doublecortin immunoreactive cells
in the DG of X-irradiated mice (X-IR) compared to controls (Figure 1B) used for imaging.
The specificity of spatial representations within the mGC population were examined during
three consecutive exposures to two identical and then a different context® (STAR Methods).
We tracked the same mGCs#243 and were able to cross-register substantial number of mGCs
active in the same fields of view in both control and X-IR mice during sequential exposures
to either same (A-A’) or different (B) contexts (Figure S1B-D).
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We focused on the mGCs that showed spatially tuned activity in at least one of the

three sessions and compared the similarity of their spatial fields between two sequential
exposures to either same (A-A’) or different (A’-B) contexts. Both groups of mice displayed
stable spatial maps when they were exposed to the same context and distinct maps when
exposed to different contexts (Figure 1C,D). Strikingly, X-IR mice showed markedly lower
levels of reorganization of mGC spatial firing compared to controls in a different context
(Figure 1C,D). Accordingly, spatially tuned mGCs displayed high correlation of their tuning
curves in both controls and X-IR mice in the same context, whereas X-IR mice displayed
significantly higher correlation of tuning curves compared to controls in different contexts
(Figure 1E). In addition to responses of individual mGCs, we were also interested in the
population level changes of spatial coding in response to chronic ablation of neurogenesis.
Hence, we used a Bayesian decoder** to predict the position of the mice in the same (A) or
different (B) contexts from the neural activity in A’ using granule cells cross-registered in
all sessions (STAR Methods). The decoder error, calculated as the median of the absolute
difference between predicted and actual positions, was similar in both groups of mice

when position was predicted in the same context (A-A’). But, the X-IR mice showed
consistently lower prediction errors compared to controls in different contexts (A’-B, Figure
1Fii) suggesting impaired context discrimination in X-IR mice compared to controls (Figure
1Fiii).

We confirmed that the differences in tuning correlation or decoder prediction error in
different contexts between control and X-IR mice did not result from the differential cross-
session registration of cells due to differences in the stability of fields of view, as assessed
by the similar fraction of all active or only spatially tuned mGCs imaged in control and
X-IR mice (Figure S1D). Similarly, the fraction of all or only spatially tuned mGCs cross-
registered in contexts A or B were comparable between different groups (Figure S1E,F).
Additionally, the population vector correlations of the Ca?* event rates of mGCs in X-IR
mice at all positions in different contexts (A vs B) were increased compared to controls
(Figure S1G,H), consistent with a role for adult neurogenesis in promoting the remapping of
spatial representations during exploration of different contexts.

X-irradiation permanently blocks adult hippocampal neurogenesis; hence, we used
chemogenetics to acutely and selectively silence the activity of 4-week-old abGCs because
this time point is within the hyperplastic phase during which they are thought to most
strongly influence behavior®’. We crossed a conditional hM4Di2145 mouse line with abGC
specific Ascl1-CreERT2 knock-in mice*6:47 (referred to as AscI°"ERDIF/F and compared

to Cre negative DiF/F littermates), and investigated the spatial activity in mGCs after acute
inhibition of 4-week-old abGCs (Figure 2A). We confirmed the efficacy of this strategy was
confirmed in acute slice preparations (Figure S2Ai-iv) and ruled out a potential reduction in
abGC numbers in virus injected compared to the contralateral hemispheres*849 (Figures 2B,
S2B).

Like in the previous experiment, we compared neural activity during two sequential
exposures of either identical or different contexts. The first session in context A was the
baseline, and clozapine-N-oxide (CNO) was /p injected 30-mins before re-exposure to A
(A’) and context B in both groups of mice to silence abGCs (Figure 2A, STAR Methods).

Neuron. Author manuscript; available in PMC 2024 December 20.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Tuncdemir et al.

Page 5

We chose this injection scheme so that the abGCs are offline both during the second
exposure to familiar and novel contexts akin to those in chronic ablation experiments, but
also to have a baseline session in the first exposure to Context A, enabling detection of
differences of abGC manipulation in the same populations of mGCs. The injection of CNO
did not have an effect on the spatial firing stability in the same contexts in both groups

of mice (Figure 2C,D). However, acute inhibition of 4-week-old abGCs in AsclCeERDjF/F
mice resulted in impaired remapping in different contexts (Figure 2C,D). We note that

the activity correlation between exposures to different contexts (A’-B) were elevated in

the chemogenetic experiments due to an enrichment of activity in the middle position

in Context A’ corresponding to odor delivery via air puff that was partially preserved

in B despite different identities of odorants (Figure 2C,D). This effect was absent and
accompanied with lower correlation in the controls of the X-IR experiment due to ambient
delivery of different odors (Figure 1C,D). However, similar to the differences between
controls and X-IR mice: DiF/F controls did remap their firing fields between contexts A and
B whereas this ability was reduced in AscI°®ERDiF/F mice. Again, mGCs with spatially
tuned activity in at least one of the contexts A, A’ or B (same selection criteria as above)
displayed high correlation of their tuning curves in both DiF/F and AscIC®ERD{F/F mice

in the same context (A-A’), whereas AsclC"ERD{F/F mice displayed significantly higher
correlation of tuning curves compared to controls in different contexts (A’-B, Figure2E).
Bayesian decoders used to predict the position of the mice in the same (A) or different (B)
contexts from the neural activity in A’ using granule cells cross-registered in all sessions
also reflected remapping impairments in CNO-treated Ascl°®ERDiF/F mice compared to
CNO-treated controls (Figure 2Fi,ii), resulting in significantly lower context discrimination
in AsclCeERD{F/F mice compared to DiF/F controls (Figure 2Fiii).

We also investigated whether chemogenetically silencing a similar number of mature GCs
would have a similar or different effect on the remapping of mGC representations in
different contexts. We took advantage of the fact that after a critical period of 4-6 weeks,
abGCs become functionally indistinguishable from mature GCs1:6:47:50, Therefore, we
silenced an older population of abGCs that were 7 to 8-weeks-old, using the same tamoxifen
inducible AscIC®ERD{F/F genetic line and observed that specifically silencing abGCs at

this time point does not impair remapping of representations in different contexts (Figure
S2C-F). Further, the effect size of Control - X-IR and DiF/F - AscICeERDIF/F cohorts were
comparable when the abGCs are 4 but not 7-8 weeks old (Figure S2G), indicating that

the observed impairments in both mouse models likely result from cell autonomous effects
of abGCs on the DG circuitry rather than non-specific effects of irradiation®L. Hence, our
results with chronic ablation of adult hippocampal neurogenesis and acute silencing of
abGCs reveal that 4-week-old abGCs transiently facilitate neural discrimination of different
contexts by promoting the remapping of mGCs’ spatial receptive fields. These results

are consistent with previous studies showing the existence of a critical period for abGC
function®7.52,
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Adult born granule cells modulate remapping of mature granule cells without large
changes in global activity levels or spatial tuning

Next, we examined the underlying mechanisms by which abGCs promote spatial coding
flexibility. Numerous studies have proposed that abGCs inhibit the activity of the mGC
population18:21.22 However, we recently demonstrated a functional heterogeneity in the way
abGCs modulate mGCs?3 in addition to diverse response properties of mGCs to spatial

and non-spatial information3°. Notably, abGCs do not uniformly inhibit all mGCs, but
depending on the incoming afferents from the lateral or medial entorhinal cortex, abGCs
can either inhibit or excite mGCs23. Here, we found that the fraction of total active (with

at least 1 Ca2* transient) and spatially tuned mGCs did not significantly change after
chronic ablation (Figure 3A) or acute inhibition of abGCs (Figure 3D). In both models,
there were no significant differences in overall mean Ca2* event rates within a session

per animal (Figure 3B, E) and spatially tuned neurons had comparable spatial information
content®3 (Figure S3A,B). While cumulative distributions of event rates in all mGCs were
comparable in controls and X-IR mice (inset in Figure 3B), there was a small but significant
elevation in Ca2* rates in AscI"®ERDiF/F compared to DiF/F mice both in baseline and

after CNO injections (inset in Figure 3E), which may point to a possible leak in this
transgenic line. Nevertheless, we found that the normalized rate differences in baseline and
CNO injected sessions were comparable in AsclICERDiF/F compared to DiF/F mice (Figure
S3C). In addition, similar fractions of neurons across experimental and control groups
imaged during Context A’ maintained their spatial tuning when cross-session registered

to cells in same or different contexts in both mouse models (Figure S3D,E). Instead, the
relationship of individual mGC’s Ca2* event rates with their remapping index, a measure

of the difference in correlations between similar contexts and different contexts34, were
consistently different from controls in both models of chronic X-IR ablation or acute
inhibition of abGCs. The distribution of the Ca2* event rates of spatially tuned mGCs
revealed that the high firing rate cells in X-IR mice showed the most pronounced deficit

in context selectivity (as defined by their low remapping index) compared to controls
(Figure 3C). However, the relationship between the remapping index and mean rates was
not statistically different between mGCs in AsclC"eERD{F/F mice compared to DiF/F controls
(Figure S3F), suggesting that the effect of abGC is not solely on cells that have a high-firing
rate. Instead, tracking how transient inhibition of abGCs changes both Ca2* event rates and
the remapping responses of single neurons before and after injection of CNO revealed that
mGCs most sensitive to the influence of abGCs in AsclC™®ERDIiF/F mice were those that were
disinhibited and exhibited the least remapping between contexts A-B compared to controls
(Figure 3F). These differences were not due to independent differences in cross-session
stability (FAA”) or remapping (#AB, rA’B, data not shown). Taken together, these results
indicate that chronic ablation and acute inhibition of abGCs do not influence every mGC
evenly, suggesting a functional heterogeneity in the way abGCs engage different modulatory
pathways to promote the formation of distinct spatial maps by mGCs. Our results also reveal
that under normal conditions, the subpopulation of mGCs that are selectively inhibited by
abGCs display increased context selectivity.
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Adult born granule cells control remapping of mGCs with spatial and non-spatial

responses

We have recently described a functional heterogeneity in mGCs in response to sensory cue
and self-motion information during spatial navigation3?. Cue responses in single neurons
were stable for long periods of time while place cells were more context selective3®. To
investigate how abGCs affect these two responses, we first revisited our initial experiments
with different contexts (Figures 1-2) where multiple sensory features are used to define
these contexts. We divided the spatially tuned population for subsequent analyses based on
the position of their spatial fields during the context discrimination task (STAR Methods).
Presumed ‘place’ cells were defined as mGCs with peak Ca2* event rates outside of the
affixed tactile cues on the treadmill belt during the second exposure to context A, while
“‘cue’ cells were defined as mGCs with peak activity within the boundary of the tactile cues
on the belt (Figure S3G,J). The high firing rate place cells in X-IR mice (Figure S3H) and
the most disinhibited place cells in AscICERDIF/F mice (Figure S3K) showed the most
pronounced deficit in remapping index. This relation between remapping and activity was
not observed in place cells that were not inhibited by abGCs or cells with a tuning field
near the tactile cues (Figure S3I,L,M,N) suggesting a differential impact of abGCs on the
remapping dynamics of a subset of place encoding mGCs during context discrimination.

We then investigated whether abGCs manipulations affect tuning dynamics of the sensory
representations by using a task in which an olfactory cue was omitted or shifted one-quarter
of the track length in a subset of lap crossings interleaved throughout the session (Figure
4A). By controlling the administration of sensory cues and their association with locations
on the treadmill track, we aimed to better isolate ‘cue’ and “place’ cell populations of mGCs.
Like in controls (data previously reported in39), in X-IR mice sensory cue responsive mGCs
remapped their firing position to match the new location of the odor in cue-shift laps (Figure
4B, middle) and exhibited reduced activity in cue-omitted laps, while the representation of
the track by place encoding mGCs were not affected by the absence of odor cue (Figure

4B, right). In both controls and X-IR mice, cue cells showed higher averaged spatial
information, had more consistent spatial firing between the first and the second half of

each session, and displayed earlier in-field onset firing than the place cells (Figure S4A-C).
However, compared to controls, X-IR mice displayed increased Ca?* event rates both at

the more frequent middle odor cue location and when the odor cue was presented at the
infrequent “shift” location (Figure 4SD,E) together with significant changes of activity in
the positions preceding and following the odor-cue corresponding to the non-cue related
place cells, but not at positions corresponding to the invariant tactile lap cue (Figure S4F).
Additionally, while in control mice mGCs displayed smaller responses when the cue cells
remapped upon shifting the cue to another location (Figure 4C); in X-IR mice the cue
responses during the shift laps were comparable to the more frequent middle cue laps
(Figure 4D). This resulted in reduced spatial modulation of cue cells in X-IR mice compared
to controls (Figure 4E). We have previously proposed that mGCs that stably respond to the
same sensory cue regardless of location on the belt did not encode spatial location with a
different reference frame but were indeed representing non-spatial information39. However,
the rates of these cue mGCs was dependent on the global reference frame>?, since cue cells
had different amplitudes when cues were presented at different locations. Here we show
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that loss of abGCs leads to a reduction in the spatial modulation of cue mGCs’ rates and
reduced rate remapping in response to cues encountered in different locations. In agreement
with the changes in remapping of cue responses in X-IR mice, population correlations of
firing rates of mGCs on middle cue and cue shifted laps was elevated at the odor cue
location compared to controls (Figure 4F). These changes in mGC activity were limited

to the cue responses as the population correlations in response to omitting the cue were
comparable between controls and X-IR mice (Figure 4G). Thus, the absence of abGCs alters
the remapping of cue cells by reducing the influence of spatial location on cue responses.
Taken together, our results suggest that abGCs facilitate differential encoding of different
contexts by modulating the rate remapping of the cue cells when sensory cues are presented
at different locations and global remapping of the tuning fields of place cells representing
the animal’s location in between these cues.

Adult born granule cells control long-term stability of DG representations

We then took advantage of the chronic nature of our imaging setup and sought

to characterize the influence of neurogenesis on the long-term stability of the GC
subpopulations. We used the spatial cue task described above (Figure 4) to examine the
responses of individual GCs on subsequent sessions with 1 hour between sessions or 1 week
later (Figure 5A). We first used Bayesian decoding to infer how well we could predict the
mouse’s location on the same day or one week later using neural data from the first session
on day 1 (Figure 5Bi). While the predicted position error was similar in both groups of mice
when position was predicted using the cells found on sessions from the same day, the X-IR
mice showed consistently lower prediction errors compared to controls when the position
on day 7 is predicted using neural data from the first session on day 1 (Figure 5Bii). This
resulted in a higher stability index in X-IR mice compared to controls (Figure 5Biii).

We then examined cue and place populations separately to determine the relative influence
of abGCs on these two populations. In control mice, cross-registered odor cue cells fired
reliably to the same olfactory cue after 1 week, while the correlations in the activity of
place cells after 1 week were significantly lower (Figure 5C). In X-IR mice however, place
cells displayed reduced remapping from day-1 to day-7 compared to controls, as measured
by increased correlation of their tuning curves (Figure 5C). Further, when we examined
how cue representations change over time, we observed an increase in their responses to
the cue shifts 1 week later in X-IR mice compared to controls, as measured by population
correlations of firing rates of mGCs on middle cue versus shifted cue laps (Figure 5D).
This is consistent with higher levels of cue cell activity in the cue shifted laps relative

to the middle cue laps after 1 week in X-IR mice (Figure 5E), indicating a reduction in
rate modulation in response to odor cues. Thus, both across time and in different contexts,
abGCs increase remapping of cue and place cells, whereby they promote rate modulation of
cue cells and increase the flexibility of place cells’ firing field location.

Behavioral impact of impaired mGC remapping in the absence of adult born granule cells.

Lastly, we explored the behavioral consequences of the neural impairments observed in
the absence of abGCs. To this end, we used a hippocampus-dependent head-fixed goal-
oriented learning (GOL) task (Figure 6A) in which operant water rewards are delivered
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at a fixed treadmill location and mice learn to lick selectively near this hidden reward
location4355-59, We introduced a ‘reversal’ session after two ‘training’ sessions in which
the location of the reward zone but not the local cues on the belt are changed, based on
freely moving behavioral tasks that suggest a specialized role for abGCs during learning
novel or conflicting goals arising in familiar situations#1:60-62 (STAR Methods). We found
that chronically ablating abGCs impairs the reversal but not the initial learning of the reward
location (Figure 5SA,B-C), as measured by the spatial distribution of lick behavior in the
anticipatory goal region (Figure 6C) and at the goal location (Figure6D) without altering
the overall licking behavior (Figure 6E). Thus, our results recapitulate previous studies and
show that chronically ablating abGCs impairs the reversal but not the initial learning of a
reward location in a head-fixed behavioral task#1:60-62,

In agreement with our previous findings (Figures 4 and 5), suppressing abGCs promotes
stronger cue-elicited responses (here reward also acts as a cue, Figure 6G) and increased
stability of place responses in the area of the treadmill before the reward delivery
(anticipatory lick zone, Figure 6H). These differences between controls and X-IR mice
were specific to the reversal session since the activity of mGCs in controls and X-IR mice
were comparable in training Sessions 1 and 2 (Figure S5D-F). Further, we found that

the control mice showed a negative correlation between the similarity of mGC activity in
the anticipatory zone and anticipatory lick rates, and that this correlation was absent in

the X-IR group (Figure 61). Thus, our behavioral experiments suggests that an increase

in remapping before reward delivery is correlated with the task performance. However,

in all X-IR mice the population similarity in the anticipatory region remained elevated
indicating reduced remapping (Figure 61). Thus, our behavioral experiments suggests that an
increase in remapping in representations in the positions before reward delivery is correlated
with the task performance in controls compared to X-IR mice. Collectively, these findings
demonstrate specific impairments in the representations as a result of abGC loss of function,
whereby cue responses became dominant at the expense of flexible place responses in the
absence of abGCs, in turn impairing pattern separation and animals’ ability to flexibly adapt
to new goal locations.

Discussion

Using /n vivo two-photon calcium imaging we investigated how distinct representations of
contextual features are impacted by loss of abGCs function and found decreased remapping
of contextual representations resulting from ablation or inhibition of abGCs that is not due
to a broad disinhibition of mGCs or a global change in their spatial tuning. Instead, the
functional impact of abGCs is dependent on the specific contextual features the mGCs
encode, such as information about the goals or sensory cues within an environment. Taken
together, our work provides a novel framework by which abGCs promote pattern separation:
abGCs promote remapping of the firing field locations of place cells (Figure S6A) and
facilitate the rate remapping of cue cells (Figure S6B). Thus, the influence of abGCs on

the remapping properties of spatial and non-spatial responses likely contributes to pattern
separation by allowing the formation of distinct engrams when the same cues or other salient
features such as rewards are encountered in different locations (Figure S6C).
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Adult born granule cells modulate mGC representations

The ability of abGCs to control remapping depending on the type of information mGCs
encode, likely amplify their influence despite their small number within DG®3. Previous

in vivo studies showed that genetically identified abGCs are highly excitable and display

a lower spatial tuning specificity than mGCs, features which may be ill suited for coding
spatial information®22, Here, we extend these observations and provide evidence in support
of a modulatory rather than a direct role of abGCs in flexible encoding of different
contextual features. Our findings reveal that chronic or acute manipulations of abGCs do not
impair initial encoding of contextual features, population level mean firing rates or spatial
tuning properties. Hence, while the details of the contextual features such as the sensory
cue and self-motion information can emerge and be refined during cognitive map formation
without abGCs, the ability of the DG network to form new representations of novel contexts
or changes in goal contingencies is impaired.

Aside from pattern separation, our finding that abGCs promote remapping of mGC is

also compatible with their previously proposed roles in increasing memory capacity®* or
forgetting®®. By modulating remapping of the cue cells that encode the same sensory

cue with varying rates when the cue is presented at different locations (Figure 4),

abGCs increase the impact of spatial location on cue responses resulting potentially in
increased memory resolution and discrimination in downstream regions®4. On the other
hand, abGC dependent facilitation of the remapping of place cells (Figure 5) may result in
a decrease in the successful retrieval of old memories (i.e. ‘forgetting’)8°:66. Mechanistic
and microcircuit-based studies will be necessary to resolve whether abGCs have primarily
a modulatory role?1-23.67 or whether they also are independent broadly tuned encoding
units®22.64and how these properties contribute to remapping and memory discrimination.

Origins of abGC mediated remapping in the DG

Extensive prior work has proposed that the inputs from the entorhinal cortex trigger
hippocampal remapping26:28, The main long-range excitatory inputs of the mGCs come
from the medial and lateral entorhinal cortices (MEC and LEC, respectively)58. The MEC
is thought to prominently encode self-motion information, while the LEC is thought to
primarily represent information about sensory cues®9:70, Global remapping of CA1/3 place
cells, whereby place cells change their preferred firing location, is strongly associated

with the activity of the grid cells in the MEC71-73, Our finding that abGCs inhibit a
subpopulation of place cells that exhibit global remapping (Figures 3-S3) suggests that
this abGC-mediated inhibition is necessary for the emergence of new place fields possibly
as a result of new MEC grid cells inputs (Figure S6A). In keeping with these findings,
abGCs have been shown to inhibit the activity of mGCs both via local interneurons?%:74 and
possibly monosynaptically23.

The circuit mediating the impact of abGCs on the remapping of cue encoding mGCs

likely involves the LEC. Notably, a recent study has demonstrated specific impairments

in hippocampal rate remapping upon lesions of the LEC’. Furthermore, abGCs receive
strong monosynaptic inputs from the LEC during their hyperplastic phase’®77, which can in
turn reduce the activity of mGCs in response to LEC inputs?3. Hence, we suggest that one
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function of abGCs is to modulate LEC inputs to cue cells either via interneurons!®.20.74 or
via direct monosynaptic inhibition of cue cells through group Il metabotropic glutamate
receptors23, This inhibition may promote rate modulation of the cue cells induced by
changes in their location (Figures 4-5) to promote the formation of distinct ‘rate modulated’
traces for the same cues encountered in different locations (Figure S6B).

Neurogenesis and overgeneralization

The remapping impairments in the mGCs resulting from the loss of abGCs likely influence
the propagation of information in the next stages of the hippocampal circuit during
formation of cognitive maps used to guide behavior. Subsequent hippocampal areas such
as the CA3 recurrent attractor network may receive conflicting cue and locomotion-based
information from the DG resulting in errors in an animal’s estimated position (Figure 6).
Future studies examining how these specific features are altered in subsequent stages of
the hippocampal circuit in the absence of abGCs will be necessary to clarify their role in
the integration of sensory cue and spatial information during cognitive map formation. The
phenotype displayed by the X-IR and AsclCERDiF/F mice may be characterized by an
overreliance on salient features such as cues or goals at the detriment of spatial locations
when encoding novel environments (Figure S6C). In turn, this phenotype is reminiscent of
the overgeneralization that is often observed in age related disorders such as mild cognitive
impairment or in anxiety disorders such as PTSD11:1214.17.78 'For example, a patient who
developed PTSD following 9/11 may display an exaggerated fear response at the sight of a
plane or a tower because of an inability to separate the present safe situation from the past
traumatic experience. Interestingly, there is some evidence for low levels of neurogenesis
as well as overgeneralization in patients with age-related memory impairments, anxiety, or
depressive disorders3.15, It will therefore be interesting to investigate whether strategies
aimed at modulating DG function either indirectly by stimulating neurogenesis or directly
by modulating the activity of mGCs may be beneficial for the treatment of patients who
display this form of overgeneralization.

Limitations of the Study

The classification of mGC populations into place and cue encoding cells reflects their
associated spatial and non-spatial responses on a treadmill belt repeatedly traversed in a
fixed sequence, and therefore we cannot rule out the possibility of a distinct activity profile
in freely foraging animals’®. Second, it may be the case that the place cells in our study may
jointly code for space as well as other environmental features, as recently reported in another
study in which freely moving mice display multiplexed encoding of objects and space38

by integrating self-motion information referenced to a landmark (such as the invariable

lap boundary cue in our task). Finally, cells classified as place cell in our study could

also reflect temporal sequences of activation8? in between prominent non-spatial stimuli
(odor cue and lap cue) on a linear track. Despite these caveats, a large body of in vivo
hippocampal work has shown that there is a diversity of hippocampal encoding dynamics
associated with distinct features of the environment and of behavior8:82, For instance, time
and experience independently affect rate and spatial tuning of CA1 place cells83:84 and
replay of spatiotemporal sequences in CAL occurs in a non-uniform manner not easily
explained by these same parameters*4:8586. The mechanisms underlying these different
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hippocampal representations remain unknown and may involve recruitment of unique neural
pathways. While we have not looked at replay, our results suggest that abGCs contribute to
representational drift83.84.87-89 since in their absence we observe reduced drift when mice
are re-exposed to the same context after 7 days (Figure 5). It will therefore be important in
future experiments to investigate specifically the impact of abGCs on representational drift
and replay dynamics and whether these may explain our remapping results.

Star Methods

Resource Availability

Lead Contact—Further information and requests for resources and reagents should be
directed to and will be fulfilled by the lead contact Rene Hen (rh95@cumc.columbia.edu).

Materials availability—This study did not generate new unique reagents.

Data and code availability—All data reported in this paper will be shared by the lead
contacts upon request. This paper does not report original code. Any additional information
required to reanalyze the data reported in this paper is available from the lead contact upon
request.

Experimental Model and Study Participant details

Mice—All procedures were conducted in accordance with the U.S. NIH Guide for the Care
and Use of Laboratory Animals and the Institutional Animal Care and Use Committees

of New York State Psychiatric Institute and Columbia University. Adult male and female
C57BL/6J mice were supplied by Jackson Laboratory for irradiation experiments, Asc/-
creERT2~ were purchased form Jackson Laboratory and bred in house with /ox~-stop-
mCherry-loxP-hM4Di mice to obtain male and female Cre™ and Cre™ littermates from
heterozygote breedings. At least three separate cohorts of mice were run for all imaging
experiments. A sperate cohort of Asc/-creERTZ"'~ mice was crossed to TdTomato™/F mice
to test whether AAV injections reduce the number of abGCs. Mice were housed in a
vivarium grouped 2—-4 mice/cage enriched with running wheels, maintained on a 12-hour
light cycle and used at 8-10 weeks of age. To activate Cre-recombinase activity, mice at
8-10 weeks of age were administered /.p. tamoxifen injections for 5 consecutive days (100
mg kg1 suspended in corn oil). The 5th day was designated post-induction day 0. Imaging
experiments were conducted 4-8 weeks later. For in vivo silencing of abGCs in Asc/CTeER
hMA4Di FIF compared to Cre negative AM4Di FIF littermates CNO was dissolved in 100%
dimethyl sulfoxide (DMSO) and diluted with 0.9% saline to a final concentration of 5 uM
CNO and 0.001% DMSO. 30 minutes before the imaging session all mice received 5 mg
kg™ CNO diluted in 0.9% saline, administered by /0. Experiments were conducted during
the light portion of the cycle. Food and water were available ad /ibitum until the beginning
of the experiment, when they were placed under controlled water supply and maintained at
>85% of their pre-deprivation weight over the course of imaging experiments.
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Method details

Focal X-irradiation—Hippocampal irradiation was conducted as previously described641,
Briefly, after ketamine (105 mg/kg, i.p.) and xylazine (7 mg/kg, i.p.) anesthesia, 8-10-
week-old mice were placed in a stereotaxic frame, and cranial irradiation applied directly
above the hippocampus in order to block hippocampal neurogenesis while leaving other
neurogenic regions intact. There was a 3.22 x 11-mm window above the hippocampus in a
lead plate that otherwise shielded the entire body and allowed for focal Xray application.
X-rays were filtered using a 2 mm Al filter, the corrected dose rate was approximately 1.8
Gy per min and the source to skin distance was 30 cm. A cumulative dose of 5 Gy was
given over the course of 2 minutes and 47 seconds on 3 days with 2—3 days between each
X-ray session. Control mice did not receive radiation, but were housed, anesthetized, and
transported with irradiated mice throughout the experiment. Injection and implantation were
performed 8 weeks later.

Surgery—Dentate gyrus virus injection and imaging window implantation surgeries

were performed as described previously®39. For all surgical procedures, mice were
anesthetized with 1.5% isoflurane at an oxygen flow rate of 1 L/min, and head-fixed

in a stereotactic frame (Kopf Instruments, Tujunga, CA). Eyes were lubricated with

an ophthalmic ointment, and body temperature maintained at 37°C with a warm water
recirculator (Stryker, Kalamazoo, MI). The fur was shaved and incision site sterilized prior
to beginning surgical procedures, and subcutaneous saline and carpofen were provided peri-
operatively and for 3 days post-operatively to prevent dehydration and for analgesia. Mice
were unilaterally injected with recombinant adeno-associated virus (rAVV) carrying the
GCaMP6s or GCaMP7s transgenes (pAAV.Syn.GCaMP6s.WPRE.SV40 or pGP-AAV-syn-
jJGCaMP7s-WPRE) purchased from Addgene (viral preps #100843-AAV1, 104487-AAV1)
with titers of 1-5x1012 in dorsal dentate gyrus using a Nanoject syringe (Drummond
Scientific, Broomall, PA). Unilateral injection coordinates for dorsal DG were —2 mm AP,
-1.5mm ML, and -1.8, -1.7, =1.55 mm DV relative to the cortical surface 30 nL of 1:3
diluted virus was injected at each DV location in 10 nL increments. Mice were allowed

to recover for 3 days and then were unilaterally implanted with an imaging window and
stainless-steel head-post for head fixation. Imaging windows were constructed by adhering
2 mm diameter, 2.3 mm long stainless-steel hypodermic tubing (Ziggy’s Tubes and Wires
Inc, Pleasant Hill, TN) to 2 mm diameter glass coverslips (Potomac Photonics, Halethorpe,
MD). A 2 mm diameter craniotomy was made centered on the previous injection site

with a taper pointed-drill (Henry Schein Inc, 9004367) and dura was removed with micro
curette (FST, 10080-05). The overlying cortex was gently aspirated to reveal capsular fibers
with continuous irrigation with ice cold aCSF solution and bleeding was controlled with a
collagen gel sponge (Avitene). Under minimal bleeding, a 30g blunt syringe was used to
gently aspirate capsular and CAL alveus fibers with white appearance and CA1 pyramidale
and moleculare with pink appearance until vasculature of the hippocampal fissure became
visible (under bright light with low bleeding). The cannula, attached to the stereotactic
handle, was then gently lowered into the craniotomy and affixed to the skull using dental
cement (Unifast Trad powder and LC light cured acrylic UV, Henry Schein).
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In vitro electrophysiology—Chemogenetic manipulation of abGCs using Asc/CTeER
hMA4Di FIF mice was confirmed by using in vitro whole-cell current clamp recordings

on mGCs in slice preparations as described previously23. Briefly, after 4-8 weeks post-
tamoxifen inductions, mice were anesthetized by isoflurane inhalation, decapitated, and
brains rapidly removed. DG slices (350um) were cut on a vibratome (Leica VT1000S) in
ice cold partial sucrose artificial cerebrospinal fluid (ACSF) solution (in mM): 80 NaCl,
3.5 KCl, 4.5 MgS04, 0.5 CaCl2, 1.25 H2PO4, 25 NaHCO3, 10 glucose, and 90 sucrose
equilibrated with 95% O2 / 5% CO2 and stored in the same solution at 37°C for 30
minutes, then at room temperature until use. Recordings were made at 30-32°C (TC324-B;
Warner Instrument Corp) in normal ACSF (in mM: 124 NaCl, 2.5 KCI, 1 NaH2PO4, 25
NaHCO3, 20 glucose, 1 MgCl2, 2 CaCl2). Whole-cell recordings (=70 mV) were obtained
using a patch pipette (4.5-6.5 M) containing (in mM): 135 KMethaneSulfate, 5 KCI, 0.1
Na-EGTA, 10 HEPES, 2 NaCl, 5 ATP, 0.4 GTP, 10 phosphocreatine (pH 7.2; 280-290
mOsm). Recordings were made without correction for junction potentials. Granule cells
were visualized and targeted via infrared-differential interference contrast (IR-DIC; 40x
objective) optics on an Axioskop-2 FS (Zeiss). For perforant path stimulation, a concentric
bipolar stimulating electrode (FHC) controlled by a stimulus isolator (ISO-flex, AMPI
Instruments) was positioned on the DG molecular layer (triggered at 0.04 Hz). Perforant
path inputs were stimulated at 40 Hz (20 pulses every 25 ms) at the lowest stimulation
intensity to elicit 100% responses in mGCs. Current and voltage signals were recorded with
a MultiClamp 700B amplifier (Molecular Devices, USA), digitized at 5-10 kHz, and filtered
at 2.5-4 kHz. Data were acquired and analyzed using Axograph (Axograph Scientific,
Sydney, Australia). Evoked synaptic responses were quantified by calculating the AUC
(cumulative area above (+) and below (=) the baseline in mV s).

Immunohistochemistry—Brains were fixed by transcardiac perfusion with 4%
paraformaldehyde (PFA)/phosphate-buffered saline (PBS) solution followed by a 1-h
post-fixation on ice with 4% PFA/PBS solution. Brains were rinsed with PBS and
cryoprotected by using 30% sucrose/PBS solution overnight at 4 °C. Tissues were embedded
in Tissue Tek, frozen on dry ice, and cryosectioned at 30 um thickness. Sections for
immunohistochemistry analysis were processed using 1.5% normal goat serum (NGS) and
0.1% Triton X-100 in all procedures except washing steps, where only PBS was used.
Sections were blocked for 1 h, followed by incubation with the primary antibodies overnight
at 4 °C. Cryostat tissue sections were stained with the following primary antibodies: goat
anti-Doublecortin (E-6, 1:500, Santa Cruz Biotechnology), chicken anti-EGFP (1:1000,
Aves labs), rabbit anti-DsRed (1:500, Milllipore). Secondary antibodies conjugated with
Alexa fluorescent dyes 488, and 594 (Jackson Immunoresearch) raised from the same host
used for blocking serum were applied for 1 h at room temperature for visualizing the signals.
Nuclear counterstaining was performed with 100 ng/mL 4,6-diamidino-2-phenylindole
(DAPI) solution in PBS for 5 minutes. Fluorescent images were captured using a confocal
scanning microscope (Leica TCS SP8, Leica Microsystems Inc.) equipped with three
simultaneous PMT detectors Fluorescence from Alexa 488 was excited at 488 nm and
detected at 505-550 nm, and fluorescence from Alexa 594 was excited at 552 hm and
detected at 600-650 nm. For 488- and 552-nm excitation, the beam path included a TD
488/552/638 beam-splitter. Scans were performed to obtain 10-15 optical Z sections of 2mm
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each with a dry Leica 20x objective (numerical aperture 0.70, working distance 0.5 mm),
using LAS X software (Leica Application Suite X 3.1.1.15751).

Behavioral apparatus for head-fixed imaging—The behavioral apparatus consisted
of 2m long, 7.5 cm wide cotton fabric belt stretched between 15 cm diam. laser-cut plastic
wheels, mounted on an aluminum frame (8020.net). Task events were controlled through

a custom software (Be-Mate algorithm implemented in Java)82 on the PC that would send
and receive instructions from serial communication with a microcontroller (Arduino DUE)
and an associated printed circuit board (OpenMaze OM4 PCB) on the behavior apparatus,
which managed the water delivery system, lick port sensor and synchronization with the
imaging system, as well as the position tracking circuit. The axle of the treadmill wheel
was attached to a quadrature rotary encoder (US Digital #MA3-A10-125-B) connected

to a custom quadrature decoder board and Arduino Nano (courtesy of Wen Li). Angular
displacement was converted into a virtual linear distance based on the circumference of the
treadmill wheels, and laps were determined by reading an RFID chip on the treadmill belt
attachment point with an RFID reader (Sparkfun #1D12LA) mounted under the animal’s
head fixation point. A water reservoir connected to a water delivery port consisting of a
small gavage needle (Cadence Science) was placed within reach of the mouse’s tongue. A
capacitance touch sensor (Sparkfun MPR121) was attached to the water port to measure
licking and the sensor was connected to the Arduino/OM4 PCB. Small 2-3ml drops of water
were delivered by the brief opening a solenoid valve (Parker Hannefin) connected to the
water port. Rewards were triggered at locations each lap when mice entered a 10cm long
reward zone on the track and were available in response to tongue contact with a capacitive
sensor, until mice exited the reward zone or 3 sec had elapsed, making the reward delivery
operant. Mice were monitored using an IR camera (PS3eye) and illuminated using an IR
LED array.

Habituation and behavioral tasks during head-fixed imaging—After a minimum
of 1 week recovery period, mice underwent a water restriction scheme (>85% pre-
deprivation weight), habituated to handling and trained to run on treadmill while head-
restrained. Mice initially received 20 randomly placed rewards per lap, and the reward
frequency was decreased until the mice ran reliably for 3 randomly placed rewards per lap
at a rate of at least 1 lap per min. The training period typically lasted a week (2 training
sessions/day, 15 min each) until the mice were able to run for at least 1 lap/ minute and
seek reward from one of 3 reward zones that were randomly selected along the belt on each
traversal by licking the water delivery port. Randomization of reward zones during training
encouraged mice to continuously run and lick simultaneously. We discarded mice that did
not perform sufficiently to receive getting all their daily water supply during treadmill
training, and were not motivated to move on the treadmill. During the training period mice
ran on a cue-less ‘burlap’ belt and progressed to a different belt containing cues of different
modalities and different reward delivery schemes as described below. Mice were imaged for
three or two consecutive sessions/day, each 15 minutes long, for the duration of 7-10 days.
In all experiments, the treadmill belt material was changed between sessions to reduce the
chances of urine contamination which might act as an additional olfactory cue. In between
experiments, belts were washed with Tergazyme (Alconox).
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Context switching paradigm: For context-switch experiments, mice ran at will through
cue rich belts, previously unseen prior to the start of imaging experiments to receive 3
randomly placed ‘hidden’ water rewards. Similar to our previous work®, Context A and B
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 (see Figure S3G,J). 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 the tactile cues were shuffled between the two
belts. For X-irradiation experiments (Figures 1, S1, 3A-C, S3A-B,G-1) olfactory cue was
delivered ambiently by placing inside the rig a 1ml tube containing a small corner of a

filter paper submerged in 100ml undiluted isoamyl acetate (banana odor, Sigma W205532)
or menthalactone (mint odor, Sigma W376418) , while for silecing experiments (Figures 2,
S2, 3A-C, S3C-F, J-N), undiluted isoamy! acetate or menthalactone were added to syringe
filters (Whatman #6888-2527) and delivered by opening a solenoid valve (SMC) connected
to a flow controller delivering constant airflow of compressed medical grade air for 1s
(~3psi). Within this task, we defined cue encoding mGCs as those with peak Ca2* event
rate within the boundaries of the cues (10 cm wide for tactile and 20cm for odor). Place
encoding mGCs were defined as those with peak Ca2* event rate outside of the boundary

of the cues on the treadmill belt during the second exposure to context A (A’), and selected
cross-registered neurons in Context A (first exposure) or B. For selection of putative cue and
place cells in the contexts in X-IR experiments, see Figure S3G for the location of cues in
blue dashed rectangles and areas on the belt without discrete tactile cues, in orange straight
lines. For hM4Di silencing experiments, see Figure S3J for the location of tactile cues, odor
cue location in blue dashed rectangles and areas on the belt without discrete cues in orange
straight lines.

Cue manipulation paradigm: For cue manipulation experiments mice ran on a motorized
belt to lick for randomly placed rewards as described previously3?. For motorized running
(Figures 4-5), a 12V DC gear motor was attached to the axle of the treadmill connected

to a separate Arduino/OpenMaze shield using pulse-width modulation to adjust the rotation
speed. For naive mice, we initiated the motorized belt after mice were able to run for at least
1 lap/ minute and for mice that completed the context or GOL task we adjusted the speed to
the natural velocity of each mouse and proceeded training on the motor on a burlap training
belt for 1-2 more days. Olfactory stimuli consisted of undiluted isoamyl acetate (IAA,
Sigma W205532) which was added to syringe filters (Whatman #6888-2527) and delivered
at indicated locations on different laps by opening a solenoid valve (SMC) connected to a
flow controller delivering constant airflow of compressed medical grade air for 1s (~3psi).
To isolate cue-selective responses among the granule cell population, normal cue laps in
which the olfactory, cue was presented in the middle of the treadmill track (90-110cm)
were interspersed with occasional laps (10-20% of laps) in which the same cue was omitted
(“omit” laps), or shifted forward ¥ of the track (“shift” laps, 40-60cm cue position). Among
all of the spatially tuned neurons, “odor cue cells” were defined as those with averaged
spatial fields that overlapped with at least 50% of the 45th and 55th bins and had peak
amplitude at least two times larger than those in cue-omitted laps. “Lap-cue cells” were
defined as those with averaged spatial fields overlapping at least 50% of the region wrapping
around the 90th and 10th bins in the normal laps and have peak amplitude in cue-omitted
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laps and cue shifted laps not exceeding than at least two times of that in normal laps. The
remaining cells constituted the “place cells”.

Goal oriented learning (GOL) paradigm: After completing the context switching
paradigm in which mice ran for 3 random rewards, the animals were trained to search

for a single, fixed reward-location on a cue-less burlap belt for 1 day before beginning the
goal-oriented learning task (a 15 min. session, location different from that in the GOL task).
For GOL task (Figure 6, S5), the belt consisted of a tactile cue in the lap boundary (a

10 cm wide velcro band) and another tactile cue in the middle of the belt (a 10 cm wide
soft circular material). The rewarded zone was chosen to lie in a cue-poor region of the

belt to avoid direct cue—reward pairings. In the first two ‘training’ sessions, animals ran to
search for a hidden spatially restricted (one 20cm zone) operantly delivered water reward
following the middle cue at the 90-110cm position. In the ‘reversal’ session, the reward
zone was moved to a new location (40-60cm position), while the other features of the belt
and context were kept the same as in the training sessions. We used the lick rates to measure
performance on the goal-directed task by calculating the number of licks normalized to

the occupancy at each bin. We considered anticipatory window as the 20cm zone before

the rewards were available and reward/goal window as the 20 cm zone within the reward
delivery area.

In vivo two-photon imaging—Imaging was conducted using a microscope setup which
consists of 8kHz resonant galvanometer (Bruker) mounted to a mirror-based multi-photon
microscopy system (Prairie Technologies) and an ultra-fast pulsed laser beam (920-nm
wavelength; Chameleon Ultra 11, Coherent, 20-40-mW average power at the back focal
plane of the objective) controlled with an electro-optical modulator (Congptics, Model 302
RM). GCaMP fluorescence was excited through a 40x water immersion objective (Nikon
NIR Apo, 0.8 NA, 3.5 mm WD) and fluorescence signals detected with photomultiplier
tubes (Hamamatsu 7422P-40), acquired with PrairieView software (Prairie) at 30fps frame
rate (512x512 pixels, 1.3 mm/pixel). A custom dual stage preamp (1.4x10° dB, Bruker) was
used to amplify signals prior to digitization. Two goniometers (Edmund Optics) were used
to adjust the angle of each mouse’s head in order to achieve the same imaging plane over
multiple sessions.

Pre-processing for Ca?* imaging: Movies were motion corrected using NoRMCorre
algorithm using a non-rigid registration method that splits the field of view (FOV) into
overlapping patched that are registered separately then merged by smooth interpolation®C.
Videos were then spatially and temporally down-sampled by 2 to reduce noise and the
computational power required for cell segmentation. Spatial and temporal components

for individual cells were extracted using the singular value decomposition method by
SuiteZp algorithm (https://github.com/cortex-lab/Suite2P), followed by visual inspection of
the regions of interest (ROIs) using the Suite2p graphical user interface.

We selected only the clearly identifiable granule cells using the Suite2p GUI algorithm
which was aided by the easy differentiation of the granule cell layer due to the clear laminar
structure of the DG, as well as the distinctly small round shape of the granule cells compared
to large cell bodies of interneurons or mossy cells (see Figure S1B for representative FOVS),
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yet we cannot exclude the possibility that a small fraction of the cells are not mGCs. To
obtain total number of DG granule cells within the imaging fields of view in a subset of total
sessions, time averaged images were segmented and counted using the Ce//pose algorithm
(https://github.com/MouseLand/cellpose) followed by manual inspection to discard large
cell bodies corresponding to mossy cells or other hilar interneurons from analysis.

Transient detection: Ca?* transients were detected and used for all subsequent analysis.
Suite2p extracted calcium traces (C) were smoothed with a 1 second boxcar filter. dF

was subsequently calculated as the 1st order derivative of the smoothed signals. For each
cell in each session a transient detection threshold was calculated as 4 standard deviations
above the mean of the smoothed dF vector. Transients were detected from the of the
smoothed dF vectors as the time-points corresponding to the largest amplitude peak within
above-threshold segments lasting at least 3 seconds. If two or more such transient peaks
were detected within 3 seconds of each other, only the largest amplitude one was kept. Since
transients can bias the threshold estimates, a new baseline was calculated after removing
the 3 seconds before and 2 seconds after each transient peak and the transients were
re-calculated as above, using this new baseline threshold. This re-baselining procedure was
iteratively repeated a total of two times following the initial transient detection. We did not
detect any differences in baseline stability (standard deviation of dF Ca2* signal) between
experimental groups (data not shown).

Behavioral and Calcium Data Alignment: Behavioral data was aligned to Ca2* data using
the record of a synchronization signal between the two computers used for data collection.
Behavioral data was down-sampled to match Ca?* imaging data.

Quantification and statistical analysis

Data were analyzed using custom-written routines implemented in MATLAB. Plots were
generated in MATLAB and Prism.

Identification of spatially-tuned neurons: We restricted our analysis to continuous
running at least 2 sec in duration and with a minimum peak speed of 5 cm/sec. For each lap
crossing, position data and Ca2* transient events for each cell were binned into 2 cm-wide
windows (100 bins), generating raw vectors for occupancy-by-position and calcium transient
numbers-by-position which were then circularly smoothed with a Gaussian kernel (SD =

5 cm). A firing rate-by-position vector was computed by dividing the smoothed transient
number vector by the smoothed occupancy vector. Within each lap, we circularly shuffled
the positions 1000 times and recomputed firing rate-by-position vectors to generate a null
distribution for each spatial bin. A spatially selective cell was defined that met the following
criteria: (a) the cell should fire above its mean firing rate within its spatial field in at least
20% of laps or for a minimum of 3 laps; and (b) observed firing should be above 99% of

the shuffled distribution for at least 5 consecutive spatial bins (10 cm) wrapping around the
two edges of the belt. For cue manipulation experiments, we have identified spatially tuned
neurons by excluding bins in which sensory cues were omitted or shifted and calculated
firing rate vectors in these laps separately. For context discrimination experiments, among all
the spatially tuned cells, cue cells were defined as those with peak spatial field rate that was
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within 15t and 20t bins, 50t and 55t bins, 80t and 85t bins corresponding to the tactile
cues (or the odor cue which was delivered within 50" and 55! bins for CNO experiments).
The remaining cells constituted the ‘place cells’. For cue manipulation experiments, “middle
cue cells’ (also termed as odor-cue) were defined as those with peak amplitude that was
within 50t and 55 bins and were at least two times larger than those in cue-omitted laps

in the same session. These experiments also had “lap-cue cells” due to prominent texture of
the edges of the belt and were defined as those with averaged spatial fields overlapping at
least 50% of the region wrapping around the 90t and 10™ bins in the normal laps that were
treated separately. The remaining cells constituted the “place cells’.

Spatial information, stability, consistency, and emergence of spatial fields: To
calculate a measure for spatial information content for granule cells we adapted a traditional
method of spatial information assessment®44:53 to CaZ* imaging data. For each cell, we
used the firing rate-by-position vector and shuffled null distribution computed above and
calculated the spatial information content as follows:

A
SPE = Z pylog, s
i

Where A is the overall mean event rate, A ;is the mean event rate of each cell in the A" bin, p;
is the probability of that mouse being in the A1 bin that is occupancy in the A" bin/ 15mins.

To account for the fact that low firing rates artificially produce high spatial information
scores, we subtracted the mean of the shuffled information per spike from observed
information per spike, divided by the standard deviation of the shuffled values to determine
the spatial variance for each cell. Therefore, the amount of spatial information is inferred
from differences in normalized Ca2* activity in each neuron and reported as bits per
seconds. The consistency of place field firing was determined as the cross-correlation
between the averaged firing rate-by-position vector of the first and the second halves of

the total number of cue normal laps within a session. We determined place field onset lap
in cue normal laps as described previously®L. Briefly, starting on lap 1 we searched for a
significant Ca2* transient event present within the boundaries of the previously determined
mean spatial field calculated from all the laps in the session. If one were found we would
then search for Ca2* transient event on each of the next 4 laps. If 3 of the 5 laps had Ca2*
transients within the mean place field boundaries, lap 1 would be considered the place field
onset lap. If either lap 1 had no Ca2* transient or less than 3 of the 5 laps had Ca2* transient,
we would move to lap 2 and repeat the search.

Multi-Session Cell Tracking: Cells were tracked across sessions using CellReg
algorithm reported in*2. Briefly, rigid alignment with both translations and rotations was
performed on spatial footprint projections of each session and manually inspected for
quality. To improve performance with our data, we modified the CellReg source code to
consider complete spatial footprints instead of centroids during alignment. The centroid
distance between neighbors was then calculated and used to create a probabilistic model
that estimated the expected error rate at different thresholds. The optimal centroid distance
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threshold was chosen by the algorithm and used to match cells. A clustering algorithm then
refined these decisions previously made using pairwise comparisons.

Following cell registration, tracked cells were matched with their corresponding functional
cell types (i.e. Spatially tuned cell, non-spatially tuned cell for Figure S3B,D or mid-cue,
place cells for Figure S3H,I,K,L 5D, as described above). The analyses presented in Figures
S3 and 5 are carried out in pairwise sessions, to maximize the number of cells in each
comparison and to minimize the total number of comparisons. For context comparisons we
used Context A’ and for multiday comparisons we used Day1 as the reference sessions.

To calculate the fraction of cells that maintain their identity, cell pairs that were counted

as being the same cell type in both sessions was divided by all of that cell type in the
reference session. In order to derive a null distribution for preservation of pairwise identity,
we randomly permutated the cell IDs of all the tracked cells in pairwise sessions 1000 times
and calculated the fraction of cells that were the same, among all of that cell type in the
normal session. We calculated p-values by comparing actual data to this null distribution,
97.5M% of the null distribution is presented dotted lines in Figure S3 B,D.

Rate correlation, population vector (PV) and remapping index

analysis: Comparison of single cell activity between different sessions was calculated
using Pearson’s correlation of the spatially binned, averaged firing rate-by-position vector in
different context sessions in Figure S1, different lap types in Figures 4 and 5. The variability
in neural population activity between different contexts (Figure S1) was calculated by using
Pearson’s correlation on each 2 cm bins of the firing rate-by-position vector along the
treadmill. In Figure 3 and S3, remapping index was calculated by subtracting the mean
averaged correlation between different contexts (Contexts AB and A’B) from the correlation
between similar contexts (sequential exposures to Context A, Contexts AA”). Granule cells’
averaged Ca?* rates are plotted against their remapping index in control and X-IR mice
within a sliding 25 percentile-wide window of their averaged rates in Ctx A-A’-B. GCs’
CNO induced normalized rate differences plotted against their remapping index in DiF/F and
AsclCeERDIFF mice using a sliding 25 percentile-wide window averages of the differences.
Figure 4 and 5, spatial firing rates for each spatially tuned cell on normal middle cue laps
were cross-correlated with firing rates on shift or omit laps on each 2 cm bins of the firing
rate-by-position vector along the treadmill in order to visualize the cross-correlation peak
offset (i.e. rate remapping) after cue manipulation. Temporal rate modulation of cue cells
was calculated as the ratio of peak rate during cue shifted laps relative to the more frequent
middle cue laps for all cue cells on days 1, 1" and 7.

Cross-Session Bayesian Reconstruction Analysis: To calculate the probability of
the animal’s position given a short time window of neural activity, we used a previously
published method based on Bayesian reconstruction algorithm (Davidson, Wilson 2009,
Grosmark and Buzséki, 2016). We selected cells that were cross-registered in all three
sessions, regardless of their spatial tuning. For Figure 1,2 and S2, we generated a template
based on the activity of cells in the second session (Context A”), and tested the position
estimate in the first or the third session (Context A and B). For figure 5, template session
was Day 1, testing sessions were Day 1’ and Day?7.
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Bayesian reconstruction of virtual position was performed utilizing a template comprising of
all cell’s smoothed transient rate-by-position vectors as:

Pr(pos | spikes) = (H,n: : f,(pos)Sp")e_TZ:l: 1 fi(pos)

Where f;(pos) is the value of the transient rate-by-position vector of the 7 cell at position
pos, sp'is the number of transients fired by the #7 place cell in the time bin being decoded, =
is the duration of the time bin and s the total number of place cells. One second time bins
(7) were used for Bayesian reconstruction and only bins with non-zero transient rates were
used for Bayesian decoding. Posterior probabilities were subsequently normalized to one:

Pr(pos | spikes)
Z,Pi | Pr(pos; | spikes)

Pr(pos | spikes) =

Where P, is the total number of positions (2 cm bins). When assessing reconstruction
accuracy, the position corresponding to the maximal posterior probability was taken. In
sessions with multiple lap types (Figure 5), post-reconstruction, we divided the time bins
by lap types (for instance, by “‘omit” or “shift’ laps). To determine the decoding error, we
calculated the absolute difference between the animal’s actual position and the maximum
posterior probability in that bin. A given session’s decoding error was defined as the
median absolute error across time bins in that session. In order to calculate the decoding
discrimination index we subtracted the decoder error calculated by subtracting Context A
from that of Context B and dividing by the sum of these values (Error pifferent Context — Efror
same Context)/ (EITOT Different Context + EITOr same Context). TO determine the stability index, we
subtracted the decoder error of Day7 from that of Dayl1’ and divided by the sum of these
values (Error p1— Error p7)/ (Error pq + Error D7).

Differences between experimental groups were determined using mixed design repeated
measures two-way ANOVA and Bonferroni’s multiple comparisons test. Means were
compared by Wilcoxon rank sum test (matched samples) or Mann-Whitney test (unpaired
samples). Differences in the distributions from different experimental groups were
calculated using two-sample Kolmogorov-Smirnov test. Linear regression analyses with
Pearson’s correlation coefficient were calculated for correlations of remapping index and
mGC activity (Figure 3) or activity correlation between sessions and anticipatory lick rate
(Figure 6) followed by Fisher’s Z test to measure differences between experimental groups.
ANOVA statistics were calculated using Prism software, all other statistics were calculated
using MATLAB.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights:
Mouse adult-born granule cells (abGCs) promote pattern separation.
abGCs promote remapping of the spatial fields of place cells.

abGCs facilitate rate remapping of sensory cue cells.

Loss of abGCs leads to impairments in identifying new goal locations.
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Figure 1: Chronic ablation of neurogenesis impairs context discrimination in the dentate gyrus.
A) Experimental schematic (STAR Methods).

B) Doublecortin expressing abGCs (red) in controls and X-IR mice. Blue is DAPI, scale bar
= 100um.

C) Spatial firing rate maps of GCs in control mice in contexts A-A’-B, sorted based on
maximum events rate in second exposure to context A (A’). Each row across all graphs
represents a single cell matched across all contexts. N¢i=380 cells, 9 mice.

D) Spatial firing rate maps of GCs in X-IR mice, Nx_jr= 285 cells, 8 mice.

E) Top: Pearson’s correlations of rate maps in the same (A-A”) or different (A’-B) contexts
Bottom: Bar plots: all neurons; circles: mouse. Interaction of Context vs Treatment £ 15

= 1.379, P=0.25; Same vs Diff. Context F; 15 = 68.98, ***/<0.0001; Ctrl vs X-IR £ 15
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=8.510, *P=0.0106; 2-way ANOVA mixed effects model. Planned comparison for same
context: Pryy— e = 0.1955; different context: ** Pryy_ ;2 =0.0092; Bonferroni’s test.

F) i) Decoding of position in the same or different contexts from neural activity in A’.
ii) Absolute median of the spatial decoder error. Control: W= 45, **Ps,me_ pifterent
0.0039; X-IR: W= 28, P same Ctx - Different ctx = 0.0604; Wilcoxon signed rank test. iii)
Discrimination index, U=13, *Pryy_ o= 0.0274, Mann-Whitney test. Control: 97.14 +
13.86, X-IR: 93.57 + 9.69 GCs. Error bars, + sem. See also Figure S1.
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Figure 2: Acute silencing of 4-week-old adult born granule cells impairs context discrimination
in the dentate gyrus

A) Experimental schematic (STAR Methods).

B) Genetically targeted abGCs (red) in the AAV injected hemisphere and contralateral
hemisphere, for quantification see Figure S2B. Green is GCaMP, blue is DAPI, scale bar =
100um.

C) Spatial firing rate maps of GCs in DiF/F controls in contexts A-A’-B, sorted based on
maximum events rate in context A’. Each row across all graphs represents a single cell
matched across all contexts. N¢re—=261 cells, 7 mice.

D) Spatial firing patterns of GCs in AsclC™ERDIF/F mice. N¢pes= 275 cells, 6 mice.

E) Top: Pearson’s correlations of rate maps between sequential exposures to the same
(A-A’) or different (A’-B) contexts. Bar plots represent group data; circles represent per
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animal data. Interaction of Context vs Genotype £ 11 = 8.34, *P=0.0145; Context Fq 11 =
113.6, ***P<0.0001; Genotype Fq 11 = 2.945, P=0.11; 2-way ANOVA mixed effects model.
Planned comparison for same context: Same context: Pcre— s cre+ > 0.99; Different context:
*Pere- vs cre+ =0.023; Bonferroni’s test.

F) 7) Decoding position in the same (A) or different (B) contexts from neural activity

in A’. /i) Absolute median spatial decoder error. DiF/F: W= 28, *Psyme_ pifterent =

0.0156; AscICeER: DiFIF: W= 15, Psyna pifferen= 0.1563; Wilcoxon signed rank test. /ir)
Discrimination index, U=4, *Prre_cre+ = 0.0140, Mann-Whitney test. DiF/F: 83.42 + 5.89,
AsclCeERD{F/F: 83 + 8.68 GCs. Error bars, + sem. See also Figure S2.
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Figure 3: Adult born granule cells modulate stability of representations without changing global
activity levels or spatial selectivity

A) Fraction of all active GCs and spatially tuned GCs in the imaging FOVs during context
discrimination task. Active GCs: U=23, Pcy—jp= 0.23, Ncyj= 166.22 + 7.48, Ny _|r:
144.54 + 6.36, spatially tuned GCs: U=26, Pcyy—ip= 0.37, Noiri= 40.92 + 4.36, Nx_|r:
30.04 + 3.82, Mann-Whitney test.

B) Spatial Ca2* event rates during running bouts. Squares: mouse; circles: session averages
of spatial firing rates. Peyr—p > 0.5, Mann-Whitney test. Inset: Distribution of event rates
of all cells averaged across all sessions, Peyr— s =0.054, Two-sample Kolmogorov-Smirnov
test.

C) GCs averaged Ca2* rates vs remapping index in control and X-IR mice within a sliding
25 percentile-wide window. Pearson’s Rcj=0.1628, Rjr=—0.1405, ***P= 0.000340, Fisher
Z test.

D) Fraction of active GCs and spatially tuned GCs in the FOVs during context A in baseline
and CNO injected sessions. Active GCs: Interaction /1 11 = 0.49, £=0.48; CNO F; 11 = 0.38,
P=0.54; Genotype F 11 = 0.94, P=0.34; N-Di/F: 141.76 + 7.90, N-AscICrER; DiF/F: 135,55
* 6.35. Spatially tuned GCs: Interaction £ 11 = 1.06, £=0.31; CNO £ 11 = 3.43, P=0.078;
Genotype £ 11 = 0.57, P=0.45; N-DiF/F: 45,52 + 3.25, N-AscICeER: DiF/F: 52 + 7.87. 2-way
ANOVA mixed effects model.
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E) Spatial Ca2* event rates from during running bouts (squares: mouse; circles: session;
darker shades: sessions with CNO injections). Pere- v cre+ > 0.05, Mann-Whitney test. Inset:
distribution of event rates of all cells averaged across all sessions; dotted lines: baseline
Sessions Prre- v cre+ = 0.018; straight lines: CNO injected sessions Pere-  cre+ = 0.016.
Two-sample Kolmogorov-Smirnov test.

F) GCs’ CNO induced normalized rate differences vs. remapping index in DiF/F and
AsclCeERD{F/F mice using a sliding 25 percentile-wide window averages of the differences.
Pearson’s Rcre-=0.0241, Rcye+=—0.2744, ***P = 0.000928, Fisher Z test. Error bars and
shaded area, + sem. See also Figure S3.
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A) Experimental schematic (top). GC activity during the spatial cue task in control and X-IR

mice (bottom).

B) Lap-averaged spatial firing rates of spatially tuned neurons from controls and X-IR mice
with the odor cue on normal middle location (left), cue-shifted (middle) and cue-omitted
(right) laps. Each row represents activity of a single cell across lap types, sorted by activity
on normal middle cue laps. N¢c1=285 cells, 8 mice; Njg= 327 cells, 6 mice.
C) Average spatial firing rates by position for neurons in control mice shown in panel “B”

on normal (gray), cue-shifted (blue) and cue-omitted laps (yellow). (Inset) Averaged peak

firing rate (Hz) of cue cells on laps in which the cue is shifted to the 50cm location and
during normal middle (100cm) cue laps. W= -6371, **Pryy_ ;o= 0.002.
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D) Average spatial firing rates by position for neurons in X-IR mice shown in panel “B” on
normal (gray), cue-shifted (blue) and cue-omitted laps (yellow). Inset as in C. W= -6044,
Peyi— 1= 0.0534, C-D, Wilcoxon signed rank test.

E) Quantification of peak firing of the cells responding to shifting of the odor cue in X-IR
mice compared to controls. Interaction £ 31 = 0.18, P=0.18; Lap type £y 312 = 7.307,
P=0.0072; Treatment Fq 312 = 13.6, ***P=0.0003; 2-way ANOVA. Planned comparisons:
Middle cue laps: Py jp = 0.1177; Cue shift laps: ** Py 12 =0.0026; Tukey’s post hoc
test. Control: Nogorcuecelis= 78, X-IR Nogorcuecelis= 80, Error bars, = sem.

F) PV correlations of GCs at each treadmill position of cue-shifted (x-axis) and normal
middle cue laps (y-axis) in control (left) and X-IR (right) mice.

G) PV correlations of cue-omitted laps (x-axis) and normal middle cue laps (y-axis) in
control (left) and X-IR (right) mice. See also Figure S4.
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Figure 5: Chronic ablation of neurogenesis increases long-term stability of place cells and
decreases rate modulation of cue cells

A) Top: Experimental schematic of imaging GC activity within a day and over one week
during the spatial cue task in control and X-IR mice. Bottom: Spatial firing rates for spatially
tuned neurons tracked during subsequent sessions on the same day or one week later, sorted
by the peak activity on first session of Dayl. N¢y =144 cells, 5 mice; bottom, Njg= 106
cells, 4 mice.

B) i) Position decoded on the same day (Day1’) or one week later (Day7) from neural
activity in the first session of Day 1. N¢i= 84.4 + 10.5; Njg=78.2 + 7.2 GCs. ii)

Absolute median spatial decoder error. W= =15, *Pcyy.pay — ciri-week = 0.0313, W= -4,
PIR-pay - IR-week = 0.625, Wilcoxon signed rank test. iii) Stability index, U= 0, *Pcyy.ip=
0.0159, Mann-Whitney test.

C) Mean spatial firing rate correlations within the same day and 1 week later for odor-cue
cells and place cells in controls and X-IR mice. Interaction /3 344 = 2.73, *P = 0.043; Cell
type 3,344 = 19.37, ***<0.001; Treatment £y 344 = 8.82, **P = 0.0032; 2-way ANOVA.

Dayl-1": Peyrcue - 1r-cue = 0.99; Pctrt-piace - ir-Place > 0.99; Day1-7: Pcyy.cue - IrR-cue =
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0.86; **Pcirt-place - IR-Place = 0.0016; *** Pcyry.cye - cirt-place = 0.0002; Pir-cue - 1R-Place =
0.41; Tukey’s post hoc test. N cyr-cue=39, N cirr.prace=65, 5 mice, Njp.cue=29, N p_prace=47
cells, 4 mice.

D) PV correlations in controls (top) and X-IR (bottom) mice, of cue-shifted laps (x-axis) and
normal middle cue laps (y-axis) for GCs that are cross-registered between days 1-1’-7.

E) Temporal rate modulation of cue cells. Interaction £, 186 = 0.65, P=0.52; Day #, 136
=3.95, *P=0.021; Treatment Fy 186 = 14.06, **P = 0.0002; 2-way ANOVA. Planned
comparisons: Ctrl: *Ppgay; _ pay7=0.032; IR: Ppayz — pay7= 0.93, Tukey’s post hoc test.

N ctrr-cue=39, N jr-cue=29 cells. Error bars, + sem.
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Figure 6. Behavioral impact of impaired mGC remapping in the absence of abGCs.
A) Experimental schematic of the goal-oriented learning task.

B) Averaged lick rate by position histograms. Nc1=9, Nx.jr=6 mice (Scale bar=1 lick/sec).
C) Lick rates within the anticipatory zone (yellow bands in panel A) in control and X-IR
mice. Interaction of Session vs Treatment F; 55 = 5.044, *P = 0.014; Session F1 46,19.02 =
8.54, **P=0.0044; Treatment F1 139 03, P = 0.84. Reversal session, Pcy _ |gr =0.238.

D) Lick rates within the reward zone (blue bands in panel A). Interaction of Session vs
Treatment Fp 56 = 3.62, *P = 0.0411; Session Fy g9 25 94 = 4.16, *P=0.0272; Treatment
F1’13:1.26, P =0.282; Reversal, Pctrl - 1r =0.069.
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E) Total number of licks normalized to number of laps. Interaction of Session vs Treatment
F2 26 = 0.123, P = 0.88; Session Fq g3 2131 = 0.68, P=0.48; Treatment F1 13=0.26, P = 0.61.
C-E: 2-way ANOVA mixed effects model, Bonferroni’s multiple comparisons test.

F) GC activity during the goal-oriented learning task in control and X-IR mice.

G) Averaged spatial firing rates by position for GCs in control and X-IR mice shown in
panel “F” on reward reversal session 3. Blue shaded area: new reward location. Blue line:
*Petrt-Ir < 0.05.

H) PV correlations of GCs between the 2" and reversal session in control and X-IR mice
shown in panel F. Blue shaded areas indicate the new (left) and the old (right) reward
locations. Blue lines: Pcyi-xir < 0.05. G,H : Mann-Whitney test for each 2cm bin between
groups. Error bars, £+ sem.

1) For each mouse, GCs mean PV correlations within the anticipatory zone is plotted against
the anticipatory lick rates in control and X-IR mice. Pearson’s Rcy=—0.7970, Pci=0.0101,
Ry 1r=0.5428, Px.1r=0.2657, *Pc.1r = 0.0163, Fisher Z test. See also Figure S5.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

goat anti-Doublecortin Santa Cruz Biotechnology sc-8066
chicken anti-EGFP Aves Labs GFP-1020
rabbit anti-DsRed Takara 632496
Alexad88 Donkey Anti-Chicken Jackson Immunoresearch 703-545-155
Alexa594 Donkey Anti-Goat Jackson Immunoresearch 705-585-147
Alexa594 Donkey Anti-Rabbit Jackson Immunoresearch 711-585-152

Bacterial and Virus Strains

pAAV.Syn.GCaMP6s.WPRE.SV40 (AAV1) Addgene 100843-AAV1
pGP-AAV-syn-jGCaMP7s-WPRE (AAV1) Addgene 104487-AAV1
Chemicals, Peptides, and Recombinant Proteins

NaCl Sigma Aldrich S9888

KCI Sigma Aldrich P9333
NaH2PO4 Sigma Aldrich 58282
NaHCO3 Sigma Aldrich S6014

MgCI2 Sigma Aldrich M1028

CaCl2 Sigma Aldrich 21115
Na-EGTA Millipore Sigma E8145

HEPES Millipore Sigma 54457

ATP Millipore Sigma A1852

GTP Millipore Sigma GE27-2076-01

clozapine-N-oxide

Enzo Sciences

BML-NS105-0025

Tamoxifen Millipore Sigma T5648-1G
Normal Donkey Serum Jackson Immunoreseach 017-000-121
Isolfurane

Ketamine Zoetis 10004027
Xylazine Dechra Veterinary Products ROMP100-50
Isoflurane Piramal 0010250P
Deposited Data

Experimental Models: Organisms/Strains

Mouse: Controls and X-IR mice: C57BL/6J The Jackson Laboratory 000664
Mouse: AsclCreER: Agc/1tm1L(Cre/ERTZ)Jejof) The Jackson Laboratory 012882
Mouse: hM4DiFF: B6;12956- The Jackson Laboratory 029040
GU(ROSA)26S01m(CAG-mCherty,-CHRM4*)Dym|}

Mouse: TdTomato™F : B6.Cg- G{(ROSA)26S0rmACAG-tdTomato)Hze] The Jackson Laboratory 007909

Software and Algorithms

1duosnuen Joyiny

Python 3

Python Software Foundation

https://www.python.org
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REAGENT or RESOURCE SOURCE IDENTIFIER

MATLAB Mathworks https://www.mathworks.com
Suite2p Carsen Stringer, Marius Pachitariu | https://www.suite2p.org/
Cellpose Carsen Stringer, Marius Pachitariu | https://www.cellpose.org/
Prism GraphPad https://www.graphpad.com/
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