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responses of individual place fields of
dentate gyrus (DG) cells to object
manipulation. Unique groups of cells
have object-related activity following
global remapping between environments,
suggesting that DG cells flexibly encode
small nonspatial changes while
maintaining a stable spatial map of the
environment.
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SUMMARY

The hippocampus is involved in the formation of memories that require associations among stimuli to
construct representations of space and the items and events within that space. Neurons in the dentate gyrus
(DG), an initial input region of the hippocampus, have robust spatial tuning, but it is unclear how nonspatial
information may be integrated with spatial activity in this region. We recorded from the DG of 21 adult mice as
they foraged for food in an environment that contained discrete objects. We found DG cells with multiple firing
fields at a fixed distance and direction from objects (landmark vector cells) and cells that exhibited localized
changes in spatial firing when objects in the environment were manipulated. By classifying recorded DG cells
into putative dentate granule cells and mossy cells, we examined how the addition or displacement of objects
affected the spatial firing of these DG cell types. Object-related activity was detected in a significant propor-
tion of mossy cells. Although few granule cells with responses to object manipulations were recorded, likely
because of the sparse nature of granule cell firing, there was generally no significant difference in the propor-
tion of granule cells and mossy cells with object responses. When mice explored a second environment with
the same objects, DG spatial maps completely reorganized, and a different subset of cells responded to
object manipulations. Together, these data reveal the capacity of DG cells to detect small changes in the envi-
ronment while preserving a stable spatial representation of the overall context.

INTRODUCTION the integration of nonspatial and spatial information have
focused on CA1, but the dentate gyrus (DG) may be crucial for

A hallmark feature of the hippocampus in rodents is the spatially  this function because of its position within the hippocampal cir-

tuned activity of its principal neurons. Place cells in the hippo-
campus fire whenever an animal passes through a specific loca-
tion within an environment, and a place cell’s activity within its
place field can be modulated by nonspatial events and informa-
tion."™ An internal “cognitive map,” formed by embedding
nonspatial and object-related information onto a stable spatial
framework, has been theorized to promote spatial navigation in
animals and episodic memory in humans.'®'® Most studies on

cuit. The DG receives inputs from both the medial and lateral por-
tions of the entorhinal cortex (MEC and LEC, respectively), and
distinct patterns of spatial and nonspatial information have
been reported in both MEC and LEC."*'” How single DG cells
may integrate this information to support the formation of a cohe-
sive neural representation of an experience is unclear.

The DG contains two excitatory cell types: granule cells in the
granule cell layer and mossy cells in the hilus.'® Although most

Current Biology 32, 1-14, March 14, 2022 © 2022 Elsevier Inc. 1


mailto:shongjun@pennmedicine.upenn.edu
mailto:jknierim@jhu.edu
mailto:kchristi@pennmedicine.upenn.edu
https://doi.org/10.1016/j.cub.2022.01.023

https://doi.org/10.1016/j.cub.2022.01.023

Please cite this article in press as: GoodSmith et al., Flexible encoding of objects and space in single cells of the dentate gyrus, Current Biology (2022),

¢ CellPress

theories of DG function focus on the more numerous granule
cells, mossy cells can broadly regulate granule cell activity
directly and via DG interneurons.'® Furthermore, the DG circuit
contains a small population of excitable, immature adult-born
granule cells (abGCs),° as well as multiple types of interneurons.
As a result, DG function relies on the coordination and commu-
nication of multiple cell types within the DG circuit.”'* In behav-
ioral studies, dorsal DG lesions do not affect the ability of
an animal to discriminate among different objects, but they can
impair learning of complex object-place configurations®>*® or
odor-context associations.?” Similarly, targeted manipulation
of mossy cell activity can affect object-related behaviors, with
optogenetic®®> and chemogenetic®® manipulations impacting
either object-place learning or novel object recognition.
Together, these results suggest an important role for the DG in
the processing of object information and indicate that the DG
may be essential for the conjunctive encoding of spatial and
nonspatial signals from MEC and LEC.?%™'

Although behavioral results support conjunctive encoding in
the DG, it is unclear whether spatial and nonspatial information
is integrated at the circuit level among different neuronal sub-
populations or within single neurons. Determining the capacity
of individual cells and specific cell types to exhibit firing patterns
that are modulated by space, objects, or both is needed
to understand how information about complex environments is
represented in the two excitatory populations of the DG. In
head-fixed mice, the addition of tactile cues to a treadmill
induced or reorganized some granule cell and mossy cell firing
fields and revealed differences between the cell types in the
timing and duration of cue-modulated firing during learning.®*~
3% Given the well-established ability of the hippocampus to
generate highly stereotyped sequential representations of dis-
tance and time in linear tracks and treadmills, it can be difficult
to disentangle neural responses to spatial information and tactile
cues that are repeatedly experienced by the animal in a partic-
ular order. Therefore, it is critical to record from freely moving an-
imals in an environment in which objects can be approached
from multiple directions in a 2D coordinate frame to determine
how spatial and nonspatial information is represented when
not constrained by sequential presentations of stimuli and
path-invariant sampling of space.

Technical challenges have limited the in vivo study of activity in
identified DG cell types. In this study, we used a machine
learning approach to classify granule cells and mossy cells re-
corded in the dorsal DG as mice foraged for food in environ-
ments with discrete objects that were manipulated in alternating
sessions. Although most spatially modulated DG granule cells
and mossy cells maintained a stable spatial representation of
the environment, diverse object-related activity was also
observed. Object responses were detected in a significant num-
ber of mossy cells, but not granule cells. However, there was
generally no significant difference in the proportion of cells with
object-related activity between DG cell types, suggesting that
the low number of detected granule cell responses may have
been due to the extremely sparse firing of these cells. Place field
activity of both populations reorganized between environments
(global remapping), and object-related activity was observed in
different ensembles of DG cells in each environment, indicating
that there is not a dedicated subpopulation of DG cells that
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respond to objects. Instead, these results suggest flexibility
within the DG, in which many cells have the capacity to detect
changes in object number and location and can be differentially
responsive to local changes in the environment in a context-
dependent manner.

RESULTS

Recording from classified DG cell types

Recording sessions with two objects in standard (STD) locations
were alternated with manipulation (MAN) sessions, in which one
object was moved (MOVE) or a third object was added (ADD)
(Figures 1A-1C). Consistent with behavioral studies,?®>
mice spent significantly more time within 5 cm of the manipu-
lated object than the unmanipulated object (manipulated object:
median 13, interquartile range [IQR] 7-19 s; unmanipulated ob-
ject: median 8, IQR 4-14 s; signed-rank test z = 3.22, p =
0.002). We focused our primary analysis on excitatory cells,
and 75 cells were excluded from analysis as putative interneu-
rons (Figure S1). Of 366 well-isolated putative excitatory cells re-
corded in a sleep session from the hilus and granule cell layer
(Figure 1D), 178 (49%) did not have a significant place field in
any recording session and fired very few spikes, if any, which
precluded analysis of object-related influences on spatial firing.
The remaining 188 cells (51%) had at least one place field in at
least one session, and these were the cells that could be quan-
titatively analyzed in the present study.

Mossy cells are much more active than granule cells, and a
single mossy cell can be recorded on electrodes located up to
300 pm apart.>’~*° For this reason, it is difficult to infer cell iden-
tity based on the recording site alone. In previous work, we
showed how machine learning techniques could be used to
resolve the activity of these distinct DG cell types in rats.?**’
In the present study, we utilized similar methods and generated
a random forests classifier (Figure 2A) to assign putative cell
types to cells recorded in the mouse DG based on their firing
properties in a post-behavior rest/sleep session (STAR Methods;
Figure 2B). Training data for this classifier were obtained from
mouse DG cells recorded in a separate foraging task (recorded
in the same mice but on different recording days; STAR
Methods; Figure 2A). The classifier had an estimated error rate
of ~5% (out-of-bag error; STAR Methods; Figure S2), suggest-
ing reliable discrimination between cell types. Importantly, the
classifier identified DG cell types on object recording days using
firing properties recorded in the post-behavior sleep session
only.

Of the 366 DG cells, there were 172 classified mossy cells and
194 classified granule cells; 83% of cells without place fields
(147/178) were classified as granule cells, and 75% of cells
with fields (141/188) were classified as mossy cells. Classified
granule cells had fewer place fields (granule cells median 1,
IQR 1-2; mossy cells median 2, IQR 1-2; rank-sum test z =
3.75, p = 1.78 x 1074, lower mean firing rates (granule cells me-
dian 0.49 Hz, IQR 0.22-0.99; mossy cells median 0.83 Hz, IQR
0.46-1.39; rank-sum test z = 5.52, p = 3.31 X 10*8), and lower
peak firing rates (granule cells median 7.38 Hz, IQR 3.15-
14.00; mossy cells median 9.89 Hz, IQR 6.14-15.92; rank-sum
test z=3.98, p = 6.93 x 10~°) in behavior sessions than classified
mossy cells. These results replicate recently reported
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Figure 1. Behavioral task and DG recordings
(A) Schematic of example recording day. Standard

(STD) sessions in which two objects in standard
O locations were alternated with manipulation (MAN)
sessions, in which a third object was added (ADD) or
one object was moved (MOVE).

[} (B) Picture of objects used; the two objects on the
left are the STD objects.

A s ADD STD MOVE STD
(@] O @] =0
] o =n ] [}
B c

differences in firing properties between identified granule cells

and mossy cells,®”*%4"4% indicating that the classifier was able

to distinguish DG cell types. Finally, although a recent study re-
ported differences in the effects of mossy cell inhibition in male
versus female mice,”® we did not observe any significant differ-
ences in activity or behavior between male and female mice
(Table S1).

Population activity and place field comparisons

We first measured the effect of object manipulation on overall DG
activity levels by comparing the firing rates and place field prop-
erties of DG cells in STD and MAN sessions. There was no signif-
icant difference in the median values of the mean or peak firing
rates between the STD and MAN sessions for granule cells or
mossy cells meeting inclusion criteria (Table S2 for statistics;
Figures 3A and 3B). There was also no significant difference in
the firing rates of granule cells or mossy cells near (within 10
pixels, ~14 cm) and away (>10 pixels) from all objects
(Table S2 for statistics; Figure 3C). Thus, at a population level,
neither cell type overrepresented locations near objects with
an increased firing rate. Object manipulation did not generally
cause the formation or enlargement of place fields; place fields
were detected in a similar proportion of STD and MAN sessions,
and the number and average size of place fields in spatially
modulated cells did not differ in STD versus MAN sessions
(Table S2 for statistics; Figures 3D and 3E). No significant differ-
ences in these properties were observed when restricting our
analysis to ADD sessions (Table S2). Together, these results

(C) Picture of the environment with objects in the
STD configuration.

(D) Image of the hippocampus (left) and higher
magnification images of tetrode tracks terminating
in the hilus and granule cell layer (GCL).

demonstrate that the addition and manipu-
lation of objects within the environment did
not significantly and coherently alter firing
rates or place field size/number in either
the granule cell or mossy cell population.

Presence of landmark vector cells
Although we did not detect any significant
population differences in firing rate or
place field size/number, visual inspection
of the rate maps revealed that many DG
cells appeared to have firing related to
the presence of objects within the environ-
ment. Some of these cells fired at a fixed
vector relationship (same distance and di-
rection) to objects/landmarks within the
environment, consistent with responses
of previously described landmark vector (LV) cells.**"” To iden-
tify LV responses in a single recording session, it is necessary to
analyze cells with at least two firing fields to establish the vector
relationship across objects. Putative LV cells were identified
based on the minimum pairwise difference between vectors con-
necting objects to place field centers® (STAR Methods;
Figure 4A).

LV responses were detected in 37 mossy cells and 10 granule
cells (Figures 4B and 4C). LV responses were observed in more
than one session (Figure 4C) for 8/37 mossy cells and 3/10
granule cells. Because mossy cells were more likely than granule
cells to have the multiple place fields required to detect a LV
response in a session, we compared the proportion of LV re-
sponses detected in sessions with at least two fields and found
no significant difference between cell types (granule cells: 13/58;
mossy cells: 50/273; sz = 0.52, p = 0.47). The magnitude and
variability of the detected LV responses was also similar be-
tween the cell types because there was no significant difference
in the distribution of minimum vector differences between
granule cells and mossy cells (rank-sum test z = 0.21, p = 0.83;
Figures 4D and 4E). The number of LV responses was signifi-
cantly greater than the number obtained by randomizing place
field locations” (STAR Methods) for mossy cells (p < 0.01), but
granule cells only showed a statistical trend in that direction
(p = 0.06) (Figure 4F), even when a stricter threshold was used
for LV detection (Figure S3). In summary, a significant number
of LV responses were detected in the DG. Importantly, there
was no significant difference between cell types in the minimum
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Figure 2. Classification of DG cell types

(A) Cells recorded in a foraging task (without objects) were used to train a classifier to separate putative granule cells and mossy cells. DG cells were recorded as
animals foraged for food in four distinct environments. Blue pixels in rate maps reflect areas with no spikes, whereas red pixels correspond to the peak firing rate
(below each map). Based on previous reports of DG place fields,*”-***"*? most granule cells have no place fields in any environment and most mossy cells have
place fields in most environments. We therefore considered any cell with no fields in any session as a putative granule cell and any cell with fields in 3 or more
sessions as a putative mossy cell. After these putative cell type labels were assigned, the properties of these cells in a post-behavior sleep session were identified.
These firing features were used as the training data, and a random forests classifier was trained to classify the training data to the putative cell-type labels.
(B) Features used for classification. As classification features are correlated with cell type, these plots are presented for display purposes only and statistical
comparisons were not performed. Boxplots indicate the values for putative granule cells (GCs) and mossy cells (MCs) in our training data. The dashed line in-
dicates the range of data (outliers marked +), horizontal lines indicate the median, 25" percentile, and 75" percentile, and notches indicate the 95% Cl of the

median. From left to right: mean firing rate, burst index, spike duration, and first principal component of the second derivative of the waveform.

See also Figures S1 and S2.

vector difference distribution or the proportion of detected LV re-
sponses, suggesting that any DG cell with two or more fields had
a similar probability of having a detected LV response with
similar characteristics

Diverse DG cell responses to object manipulation
Additional object-related firing changes following object manipula-
tions could be divided into at least six different response cate-
gories (Figure 5). “Moved field” responses (cells with firing fields
located near an object both before and after that object was
moved) frequently appeared in our recordings (moved field; Fig-
ure 5B). These fields often maintained their vector relationship
with the moved object, similar to LV responses. Other times, how-
ever, afield maintained its distance to the moved object but rotated
to a different angle relative to the object (rotation; Figure 5C). We
also observed “trace cells,” which fired at the location where a
moved object had previously been®**** (trace; Figure 5D). Trace
responses do not reflect the current relationship between objects
and the environment but instead reflect some “memory” of a pre-
vious object configuration. Other cells had place fields that ap-
peared at the location of a new or moved object (appear; Figure 5E)
or disappeared when an object was placed near the field location
(disappear; Figure 5F). Finally, “capture” responses occurred
when an existing place field moved closer to a new or moved ob-
ject (capture; Figure 5G).

Object-related firing was only observed in a subset of DG cells;
most cells and individual place fields displayed stable spatial
firing patterns (Figure S4), as expected from hippocampal place
fields. Intriguingly, place fields of the same cell were often differ-
entially affected by object manipulations, which suggests that
DG cells are not specialized for either spatial or object-related
firing. Individual fields of a DG cell can exhibit varied responses
to objects ranging from a stable spatial field with no object-
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related modulation (Figure S4) to a highly modulated field
responsive to object manipulations (Figures 5 and S4). In addi-
tion, different types of object responses, including LV responses,
could often be observed in the same cell across sessions
(Figures 5A and S4). The presence of multiple object-related ac-
tivity changes within the same cell indicates that object response
types are not fixed; rather, DG cells have the capacity to exhibit
dynamic and flexible responses to object manipulations.

Identification and characterization of putative object-
responsive DG cells

To quantify putative object-related changes in individual fields,
we identified sessions in which the location of place fields was
significantly altered in the MAN sessions. We first identified
MAN sessions in which the distance between the location of
the manipulated object (either moved or added) and the nearest
field was significantly reduced from the STD session (Figures 6A
and 6B; STAR Methods). The distance from the manipulated ob-
ject to the nearest place field decreased more than expected by
chance (STAR Methods; Figure 6A) for a significant number of
mossy cell session pairs (17 of 157 pairs, 11%; test for propor-
tions z = 3.35, p = 4.03 x 10~%), but not for granule cell session
pairs (4 out of 54 pairs, 7%:; test for proportions z=0.81, p=0.21)
(Figure 6A). However, there was no significant difference in the
proportion of detected session pairs between cell types ()((1)2 =
0.52, p = 0.47). Most detected session pairs came from unique
cells (15 mossy cells and 4 granule cells). These results indicate
that manipulating objects causes a change in the location of
firing fields within a subpopulation of DG cells.

Although the preceding analysis can detect multiple types of
responses to object manipulation, it is not sensitive to responses
without proximal firing to objects (i.e., disappear, trace). There-
fore, we compared the spatial correlation values between two
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Figure 3. DG population firing rate and place field properties in STD and MAN sessions
(A) Median value of mean firing rates in STD versus MAN sessions for granule cells (left, GC) and mossy cells (right, MC). Results of signed-rank tests are marked

above; N.S., not significant; p > 0.05.
(B) Same as in (A) but for peak firing rate.

(C) Left: mean firing rate near (red area, <10 pixels from an object location) or away from (blue area, >10 pixels from all objects) objects. Right: same as in (A) for

mean firing rate near versus away from objects for all sessions.

(D) Number of place fields for spatially modulated cells (place field in at least one session). There was no significant difference in the number of fields in STD (top)
versus MAN (bottom) sessions for either granule cells (black) or mossy cells (gray). Granule cell histograms are plotted to overlay mossy cell histograms.

(E) Same as in (A) but for place field size (in pixels).
See also Tables S1 and S2.

STD sessions (Rstp) with the correlation between STD and MAN
sessions (Ryan)- There was a significant difference between
Rstp and Ryan across mossy cells (signed-rank test z = 2.33,
p = 0.02), but not granule cells (signed-rank test z = 0.40, p =
0.69). There was a subset of individual DG cells, including both
granule cells and mossy cells, with a much higher Rstp than
Rman (Figures 6C and 6D), which could indicate cells in which
object manipulation affected spatial firing. The difference be-
tween Rstp and Ruan exceeded the 95™ percentile of a shuffled
distribution (STAR Methods; Figure 6C) for a significant number
of mossy cell sessions (23 of 190 session groups, 12%, test for
proportions z = 4.49, p = 3.50 x 1079, but not granule cell ses-
sions (4 of 63 session groups, 6%, test for proportions z = 0.49,

p = 0.31; Figure 6C). There was, however, no significant differ-
ence in the proportion of mossy cell and granule cell session
groups that exceeded the 95 percentile of their respective shuf-
fled distributions (X(1)2 =1.64, p = 0.20). Together, these results
demonstrate object-related activity in significantly more mossy
cells, but not granule cells, than expected by chance; however,
there was no significant difference between cell types in the pro-
portion of sessions with significant object-related activity.

In cells with multiple fields, some fields appeared to respond to
object manipulations, whereas others appeared unaffected.
These stable place fields could produce high rate-map correla-
tion values that would obscure local object-related activity. To
address this, we next focused our analysis on the local area
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around each object (Figures 6E and 6F). By comparing 21 x 21-
pixel segments of firing rate maps based on a fixed spatial area
or centered around a manipulated object, we calculated
“spatial” and “object-related” correlation values, respectively
(STAR Methods). There was a much higher “spatial” than “ob-
ject-related” correlation value for most cells, indicating the pres-
ence of stable place fields. A subset of session pairs, however,
had higher “object-related” than “spatial” correlation values
(24/124 session pairs; Figure 6E, middle), suggesting that spatial
activity was altered by object manipulation. Most session pairs
with a higher “object-related” than “spatial” correlation value
belonged to mossy cells (21/24, Figure 6E, middle). However,
the difference between “object-related” and “spatial” correla-
tion values was not significantly higher for mossy cells than
granule cells (granule cell median —0.63, IQR —0.93 to —0.40;
mossy cell median —0.53, IQR —0.94 to —0.08; rank-sum test
z=1.40, p = 0.16; Figure 6E, right). Compared with correlations
calculated based on the location of the “unmoved” object (Fig-
ure 6E; STAR Methods), the correlation difference values were
significantly higher (more “object-related”) for the “moved” ob-
ject than the “unmoved” object for mossy cells (moved median
—0.53, IQR —-0.94 to —0.08; unmoved median —0.66, IQR —1.0
to —0.27; rank-sum test z = 2.57, p = 0.01), but not for granule
cells (moved median —0.63, IQR —0.93 to —0.40; unmoved me-
dian —0.67, IQR —1.05 to —0.19; rank-sum test z = 0.23, p =
0.82). This result suggests that the population activity of mossy
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Figure 4. Landmark vector responses

(A) Schematic of the procedure for identifying
putative LV responses in a single session. On the
left, the vectors between each object (circle and
square) and each place field centroid (black “+”)
are determined (red/blue solid/dashed lines). On
the right, the distance and direction from the ob-
ject are plotted for all vectors (center is object
location). The difference is calculated between all
pairs of vectors that do not share the same object
(same line color) or same place field centroid
(same line style). The pair of vectors (that do not
share an object or place field) with the smallest
difference between them is determined (black ar-
row). If this minimum vector difference is <7 pixels,
the response is considered a LV response.

(B) Example sessions in which the minimum vector
difference was <7 pixels (putative LV responses).
(C) Example session pairs (STD and MOVE) de-
tected as LV responses in only the MOVE (left) or
both (right) sessions.

(D) Distribution of observed minimum vector dif-
ference values for granule cells (black) overlaid
over values for mossy cells (gray) (granule cells
median 13.49, IQR 7.28-23.01; mossy cells me-
dian 13.43, IQR 8.11-20.97; rank-sum test z =
0.21, p = 0.83).

p=0.06

20

(F) Random distributions of minimum vector dif-
ference values were generated 100 times by
randomly assigning place field centers to each
session; the number of detected LV responses in
each of these 100 random distributions is plotted
for granule cells (top, black) and mossy cells
(bottom, gray). The red line indicates the number
of LV responses observed in our data.

See also Figure S3.

p <0.01

cells, but not granule cells, was significantly altered by object
manipulations. A significant proportion of mossy cells (19/94
session pairs; test for proportions z = 6.77, p = 6.55 x 1073,
but not granule cells (1/30 session pairs; test for proportions
z =-0.42, p = 0.66), had a correlation difference value that ex-
ceeded the 95™ percentile of the “unmoved” object distribution
(Figure BE, right). The proportion of cells significantly affected by
object manipulation in this analysis was significantly higher for
mossy cells than granule cells (xmz =4.79, p = 0.03), demon-
strating that object-related changes in the local rate map were
significantly more common in mossy cells than in granule cells.

Overall, we utilized multiple methods to identify object-related
activity in DG cells. Object-related activity was detected more
frequently than expected by chance in mossy cells, but not in
granule cells. However, in most analyses, there were no signifi-
cant differences between granule cells and mossy cells in the
proportion of sessions with detected object responses. Ob-
ject-related activity was detected in most animals and at a similar
frequency in both male and female mice (Table S1).

DG object responses in distinct environments

We next asked how exposure to distinct environments would
affect the object-related activity of DG cells. To determine
whether cells displayed consistent object-related activity across
environments, we recorded from 3 additional mice as they
foraged for food in two environments containing the same
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Figure 5. Example object-related DG activity changes

(A) Two example cells with seven recording sessions. Each row is one cell, and the rate map for seven consecutive sessions is shown. Object locations are
represented by magenta dots. Diverse object-related changes in activity can be identified in these cells. Cell 1 had multiple fields with the same vector relationship
to objects in the first three sessions (putative LV responses). In the next session, a field moved with the moved object but rotated to fire at a new angle relative to
the object. In the same session, a new field formed near the unmoved object. When the second object was moved, there were weak fields at both the current and
previous locations of that object. In cell 2, a new field formed at the location of an added object and firing persisted at that location throughout the remaining
sessions. The stable firing field near the bottom object disappeared when that object was moved.

(B-G) Observed types of object-related activity changes. Two example cells are shown for each type of response, and two consecutive sessions are shown for
each cell. Red circles indicate the field with an object-related response. Shown are examples of moved field response (B), rotate response (C), trace response (D),
field appears (E), field disappears (F), and capture (G). The dashed red line indicates the prior location of the field.

See also Figure S4.

objects at the same locations (ENVA and ENVpg; STAR Methods;  one field was detected. Most granule cells (11/12) had a place
Figures 7 and S5B). field in only one of the two environments. By contrast, most

We recorded from 57 DG cells that had place fields in at least mossy cells (37/45) had place fields in both environments. For
one session through the day (12 granule cellsand 45 mossy cells).  both cell types, the correlation between STD sessions across
There were 95 pairs of STD and MOVE sessions (13 granule cell  the two environments was significantly lower than the correlation
session pairs and 82 mossy cell session pairs) in which at least between repeated STD sessions in the same environment (cells
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Figure 6. Detection of cells with responses to object manipulation

(A) Distance to nearest place field centroid. Left: schematic of distance calculation in a pair of STD and MAN sessions. The distance (length of the red line) from the
location of the moved object (“X” in STD, black circle in MAN) to each place field centroid (black “+”) was determined. The shortest distance in each session was
determined (dark red line), and the difference between these distances was calculated. Right: distribution of distances between place fields and manipulated
object location (top) and unmanipulated object location (bottom).

(B) Spatial firing of example session pairs with a significant reduction in the distance between object location and place field centroid, marked in red in (A).
(C) Rate map correlation difference. Left: schematic of three sequential sessions (STD, MAN, and STD). The correlations between STD sessions (Rstp) and
between the first STD and MAN session (Ryan) Were calculated (granule cells: Rstp median 0.77, IQR 0.58-0.86; Ryan median 0.79, IQR 0.57-0.88; signed-rank
test z = 0.40, p = 0.69; mossy cells: Rstp median 0.76, IQR 0.57-0.88; and Ryan median 0.73, IQR 0.49-0.85; signed-rank test z = 2.33, p = 0.02). Right: dis-
tribution of correlation difference values between Rgrp and Ryay for data (top) and shuffled distributions (bottom).

(D) Spatial firing of an example granule cell and mossy cell with significant correlation difference values, marked in red in (C).

(legend continued on next page)
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with fields in any STD session; granule cells: rank-sum test z =
3.83, p = 6.28 x 1075, mossy cells: rank-sum test z = 6.36, p =
2.08 x 107'%; Figure 7E), even after rotating one rate map in
90° increments (to check for rate map rotations between environ-
ments; Figure S5A). These results indicate robust global remap-
ping of DG cells’ spatial firing between these contexts. Although
individual DG place fields were affected by object manipulations
(Figures 7C and 7D), global remapping was only observed in
response to changes in the overall environment. This result sug-
gests that although object-related information can be reflected in
the activity of individual cells, a stable spatial map of each envi-
ronment is maintained at the population level.

We next asked whether object responses (i.e., appear,
moved field, etc.) were repeated within the same cells across
environments to determine whether there was a fixed popula-
tion of cells with the capacity to respond to objects and/or a
fixed response type for individual cells. To evaluate object-
related activity changes within each environment, three
observers made a subjective assessment of the response to
object manipulation (STAR Methods). At least two observers
identified the same object-related response type in 92% of
the 95 sessions (all three selected the same response for
53% of sessions), indicating reliable identification of object re-
sponses. Of all 87 unambiguous (at least two observers identi-
fied the same response) sessions with place fields, 43% had
spatial firing but no clear object response, and the remaining
57% of sessions were split relatively evenly among other
response types (7% move/rotate, 16% appear, 16% disappear,
8% trace, and 10% capture). Of 32 cells with place fields in
both environments (31 mossy cells and 1 granule cell), ob-
ject-related activity changes were observed in only one of the
two environments (Figure 7B) for 18 cells (56%, including the
single granule cell). In 10 cells (31%), object-related activity
changes occurred in both environments. Among the latter
group, either a different (6 cells; Figure 7C) or the same (4 cells;
Figures 7D and S5C) type of object response was observed in
the two environments. An additional 4 cells (12%) had place
fields in both environments but had no object-related activity
change in either environment (Figure 7F). The proportion of
cells with an object response in both environments did not
significantly differ from the proportion expected by chance
nor did the proportion of cells with the same type of object
response in both environments (Table S3). Together, these re-
sults indicate that the likelihood of an individual DG cell
showing object-related activity following object manipulation
is independent in distinct environments and that dedicated
DG populations of “object cells” and “spatial cells” are not
necessary to convey information about nonspatial cues within
a spatial context. Instead, these results suggest that object-
related DG activity is context dependent and that different sub-
sets of cells can be object responsive in any given environment.

¢ CellP’ress

DISCUSSION

We recorded from DG granule cells and mossy cells as mice
freely explored environments to determine whether and how
spatial firing properties could be altered by the presence and
manipulation of objects. Although most cells maintained a sta-
ble, spatial map of the environment, the activity of many DG
place cells was affected by the addition or displacement of ob-
jects within the environment. Many cells resembled LV cells pre-
viously reported in the hippocampus™® (and similar cells in the
entorhinal cortex'”), with multiple firing fields that shared the
same vector relationship to multiple objects. Other cells had
place fields that moved when a nearby object was moved, fields
that appeared, disappeared, rotated, or moved closer to an ob-
ject, as well as trace firing at previous object locations. These ob-
ject-related activity changes could be identified in both granule
cells and mossy cells, suggesting a similar capacity for object-
related activity in both cell types, although it occurred more
frequently in the highly active mossy cells. Exposure to a second
environment induced global spatial remapping, and cells that re-
sponded to object manipulations in one environment were often
unaffected by the same manipulations in the other environment,
suggesting that DG cells harbor the capacity to flexibly respond
to manipulation of objects while maintaining stable spatial repre-
sentations of distinct environments.

Population-specific properties in the DG
The primary inputs to mossy cells are local cells within the DG.*®
However, mossy cells also receive direct projections from
LEC.*"*® The source of object-related activity in mossy cells is
unclear but may reflect a combination of inputs from LEC,
granule cells, and CA3 backprojections.*® Consistent with previ-
ous studies,”®*° most cells that we recorded in the DG (75%)
were classified as mossy cells, which often had multiple place
fields. Most object-related responses in the present study were
identified in mossy cells; furthermore, mossy cells had signifi-
cantly more object responses than expected by chance in
most analyses, which was not the case for granule cells. It is
possible that these results reflect a difference in the activation
threshold for object-related activity in the two populations. In
support of this idea, an object learning task caused mossy cells,
but not granule cells, to increase their phase coupling to gamma
oscillations associated with LEC inputs,®® and manipulation of
mossy cell activity can impair novel object recognition.?® Mossy
cells, but not granule cells, also showed increased c-Fos expres-
sion levels following novel object exposure,®’ and thus, they may
be more likely to respond to object manipulations, even with
familiar objects.

The prevalence of detected object responses in mossy cells
may also reflect differences in intrinsic firing properties between
granule cells and mossy cells. Mossy cells are the most active

(E) Local rate map correlation difference. Top: moved object. Bottom: un-moved object. Left: schematics of the location of “object” and “spatial” rate map
correlations. Middle: scatterplot of “object” versus “spatial” correlation values (dashed line represents equal “object” and “spatial” correlation). Right: distri-

bution of the difference between “object” and “spatial” correlation values.

(F) Example of session pairs with detected object response, marked in red in (E).

For all plots, mossy cell data are presented in gray, and granule cell data are presented in black, dashed lines reflect the 95™ percentile of shuffled or unma-

nipulated object distributions.
See also Table S1.
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Figure 7. Recordings from two distinct envi-
A ronments

(A) Schematic of recording day. A STD and MOVE

session in one environment (ENV,) were followed

by a STD and MOVE session in a second envi-
o ronment (ENVpg). The objects, their locations within
the environment, and the manipulation were the
[} same in both environments. The day ended with a
final STD session in ENVa.

A ENV, ENV, ENV
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excitatory cells in the hippocampus, whereas granule cells are
the least active. Since we typically observed object-related re-
sponses in individual fields, the multiple and frequent place fields
of mossy cells increase the odds of detecting an object-related
response in this population, even if each granule cell and mossy
cell firing field has the same likelihood of responding to a specific
object manipulation. Granule cells may form a sparse represen-
tation of nonspatial information, similar to their sparse code for
space.’”*?°% Importantly, granule cells could form a robust ob-
ject/place representation at the population level, even with this
very sparse activity. Because mossy cells receive inputs from
>100 granule cells,>® mossy cells could provide a convergent
readout for the sparse object-related activity of many granule
cell inputs.

In the present study, subjective assessment of DG rate maps
revealed clear, but infrequent, object-related activity in classified
granule cells. This is consistent with recent studies in head-fixed
mice,®?***in which cue-associated firing was observed in both
cell types,®*® and odor information could be decoded from
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(B) Example cell (granule cell) that had no object
response in ENV, but had a field appear in the
MOVE session of ENVg.

(C) Example of a cell (mossy cell) with different ob-
ject responses in both environments. This cell had
a trace field in ENV,, and a moved field in ENVpg.
(D) Example of a cell (mossy cell) with the same ob-
ject-related activity in both environments. This cell
had a trace response in both ENV4 and ENVg.

(E) Correlations between STD sessions in the same
environment (STDp versus STD,) were signifi-
cantly higher than correlations between different
environments (STDa versus STDg) (granule cells:
STD4 versus STDg median —0.02, IQR —0.09 to
0.11; STD,4 versus STD,' median 0.74, IQR 0.66-
0.81; rank-sum test z = 3.83, p = 6.28 x 1075
mossy cells: STD versus STDg median 0.09, IQR
—0.12 to 0.50; STDA versus STDA' median 0.78,
IQR 0.59-0.84; rank-sum test z = 6.36, p =
2.08 x 10719

(F) Proportion of all 32 cells that had place fields
and had unambiguous activity in both environ-
ments. The assigned response to object manipula-
tion was the same in both environments for 8 cells.
However, 4 cells did not change their activity
following object manipulation in either environment
(spatial firing appeared stable) and four had the
same object-related change in activity detected
in both environments (Figure S5C). The remaining
cells had different responses to object manipula-
tion in the two environments.

See also Figure S5 and Table S3.

granule cell activity,>* suggesting that both DG cell types repre-
sent nonspatial information. In one of these studies, mossy cells
encoded cue locations throughout learning, although cue-asso-
ciated activity in granule cells was more common early in
training.*® The well-trained task used in the present study may
have therefore reduced the prevalence of object-related granule
cell activity.

Mature granule cells (mGCs) are the most numerous cell type
in the DG and presumably the vast majority of the granule cells
analyzed in this study, but immature abGCs are added daily.?°
These abGCs receive preferential input from LEC®>°® and are
more excitable and active than mGCs.*’°° Excitable abGCs
have also been implicated in contextual discrimination and ob-
ject-place learning,**°%? and they may amplify object-related
signals from LEC and relay this information to mossy cells and
CAB. Intriguingly, abGCs have also been found to monosynapti-
cally inhibit mGCs in response to stimulation of LEC inputs and to
activate these cells following MEC input.®® Therefore, object-
related inputs from LEC to abGCs may have the simultaneous
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effects of passing an amplified nonspatial signal to mossy cells
while inhibiting competing outputs from mGCs. The effects of
abGCs on conjunctive object-spatial representations throughout
the DG may be assessed in future studies through ablation/inhi-
bition or direct recording of abGCs during exploratory behavior.

Our results suggest that cells in the DG can encode both object
and spatial information, but higher-throughput studies may be
needed to record from enough cells to resolve the extent of ob-
ject-related activity in the granule cell population. These types
of studies may also reveal influences of the anatomical and func-
tional gradients along the dorsoventral DG axis that are frequently
overlooked in studies of DG spatial activity.>'**-°° Given that the
effects of novel object exploration on mossy cell activity are more
pronounced in the ventral than dorsal DG,*'*®* there may be a
gradient of conjunctive object/space coding in which object in-
formation in dorsal DG is strongly tied to defined spatial firing lo-
cations, whereas ventral DG activity is less spatially modulated
and more sensitive to object novelty. Furthermore, the DG con-
tains a diverse population of interneurons’®’" that regulates ac-
tivity throughout the DG, and their role in shaping object-related
DG activity will require further study and analysis. Finally, despite
robust object-related activity in the DG, it is important to note that
most cells had stable place fields that were unaffected by our ob-
ject manipulations. It is possible that many of these cells still
reflect nonspatial information but were driven by stable cues
rather than the manipulated objects.

Beyond the DG, representations of object and space are likely
linked throughout the hippocampus and its input streams. Objects
and cues are important to defining the spatial layout of the environ-
ment, and manipulation of hippocampal activity affects object
recognition and object-place learning.”>”"* Some of the same
types of object-related activity we report here have been observed
in other hippocampal regions, such as the LV responses reported
in CA1 and CA3.>*575" |n contrast to activity changes associ-
ated with a single object, LV responses could reflect a mechanism
tolink the overall geometric relationships between multiple objects
and environment boundaries.”® How these types of object-related
activity are processed and utilized within each hippocampal sub-
field is unclear. The DG may produce conjunctive representations,
but the extent to which they are preserved in CA1 is also un-
clear®”>"® and may rely on task demands, similar to the recent
finding that activity decorrelation in CA1, but not DG, reflects
behavioral discrimination.”® The DG may participate in a functional
pattern separation circuit that is closely associated with distal
CA1,2° which receives preferential LEC inputs and displays more
object-related activity.”®®'®* Conjunctive object-place associa-
tions in the DG would support the capacity of this circuit
to discriminate between similar experiences that occur within the
same environment, which is critical for the formation and storage
of episodic memories.

Conjunctive encoding of spatial and nonspatial
information

The DG is believed to be necessary for the conjunctive encoding
of the allocentric context (predominantly from MEC) and egocen-
tric content (predominantly from LEC) of an experience into a
cohesive representation.'#'6:30:31:84.85 Behayjoral studies have
provided support for the role of the DG in forming complex asso-
ciations between objects, sensory cues, and spatial

¢ CellP’ress

locations.???%27:8486 However, it is unclear how the activity of
cells in the DG may reflect these conjunctive representations.
Conjunctive encoding could be an emergent property of the
DG as a whole, arising from distinct populations of dedicated
DG “place” cells and “object” cells that process spatial and
nonspatial information in parallel** for integration downstream
of the DG.""® However, there is already considerable cross-
talk between spatial and nonspatial inputs to the DG, both within
and upstream of the entorhinal cortex.*>®”~%° Although LEC and
MEC are often viewed as providing nonspatial and spatial infor-
mation, respectively, to the hippocampus,*>°° recent studies
have identified object-vector cells in MEC'” and egocentric'®
and spatial representations in LEC,***° suggesting some over-
lap of object and spatial information in afferent projections to
the DG. It is therefore possible that conjunctive object-spatial
representations do not originate in the DG but are inherited
from upstream inputs. Selective inhibition of inputs could reveal
MEC- or LEC-specific contributions to object-related DG
activity.

A strict definition of conjunctive encoding is often used to
describe cells that exhibit stereotyped activity when multiple
conditions are met, such as grid X head direction cells that fire
when the animal is in a specific spatial location and is facing a
specific direction.’ Similarly, a conjunctive object-place cell
might be expected to fire only in response to a particular ob-
ject-place configuration. This level of specificity would suggest
that small changes to object location or identity could induce
global remapping across a population of cells with strictly
conjunctive responses. In this study, we typically did not see
this type of conjunctive representation in object-responsive
place fields. Although individual fields that appear or disappear
could reflect a purely conjunctive representation, most object-
related responses that we observed also track with the object
location. Together, our results suggest that conjunctive encod-
ing can occur through the aggregated responses of individual
fields to object manipulations and multiplexing of object and
spatial information within the same cell.

Although individual fields in a subset of DG cells are modulated
by object manipulations, we observed global remapping across
the population upon exposure to a second environment. Object
manipulation affected the activity of different subsets of DG cells
in each environment; the same DG cell that had a clear object
response in one environment could be unaffected by the same
manipulation in another environment. Thus, there appears to be
a threshold for DG responses, wherein small local changes can
induce field-specific modulation of spatial firing but changes in
the spatial context induce global remapping, as well as
the recruitment of a new set of object-associated cells. This result
suggests that the population of object-responsive cells can be re-
assigned in a context-dependent manner and that there is not a
dedicated population of “object cells.” Instead, our data reveal
flexibility in the subset of cells that are object responsive in different
contexts, the type(s) of object responses in single cells across ses-
sions, and the response of individual fields to object manipulation
within single cells. Our results suggest that spatial and nonspatial
information can be integrated and dynamically modulated in
response to environmental manipulations by the DG.

Place cells have been proposed to provide a spatial frame-
work for an internal cognitive map.'® Information about events
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and experiences can be encoded onto that spatial map to guide
spatial navigation and episodic memory.'° To distinguish among
experiences in different places, it is advantageous to encode
each distinct environment as a separate spatial map with mini-
mal overlap. However, within the same spatial environment,
cues and objects can change over time. Multiple experiences
in the same environment will have slightly different cues, and
the ability to flexibly represent such changes without a complete
reorganization of the spatial representation is essential. We
found that the granule cell and mossy cell populations in the
DG formed stable spatial representations while flexibly respond-
ing to object manipulations, which would support the encoding
of unique experiences within the same environment.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS

We recorded from 21 Tbr2-CreER™2:ChR2" mice® (13 male, 8 female, 19-29 g, 10-23 weeks old, C57BL/6 background). These
mice were used to express Channelrhodopsin (ChR2) in a birth-dated population of adult-born immature granule cells (for a different
study). Mice were implanted with a custom-designed recording drive,® consisting of seven independently movable tetrodes, one
movable reference tetrode, and one fixed 200 um diameter optic fiber. The optic fiber was used for another experiment and ended
well above DG (targeted to end above the CA1 pyramidal cell layer, 1-1.5 mm below the brain surface). Mice were group housed prior
to surgery and individually housed after surgery on a 12 hr light/dark cycle with ad libitum access to water. Both male and female mice
were used. All surgeries and animal procedures complied with National Institutes of Health guidelines and were approved by the Insti-
tutional Animal Care and Use Committees at Johns Hopkins University and the University of Pennsylvania.

METHOD DETAILS

Surgical procedures

During surgery, mice were anesthetized with isoflurane or a mixture of ketamine/xylazine/acepromazine (70-100, 5-12, and 1-3 mg/kg,
respectively). A surgical plane was maintained with supplemental ketamine/xylazine/acepromazine or with isoflurane (to effect). The
skull was exposed and cleaned, and a craniotomy was drilled. The dura was cut, and the drive was positioned so that the fiber (center
of the diamond-shaped bundle) was located 1.3 mm medial and 2.0 mm posterior to bregma. A ground screw was placed above the
cerebellum, and 2-3 additional anchor screws were added to the skull (positioned so as to not interfere with drive implantation). The
craniotomy was sealed with Kwik-Sil (World Precision Instruments), and the drive was secured to the skull with Metabond (Parkell).

Training and Behavior

After mice had recovered from surgery, they were food restricted to ~80-90% of their free-feeding weight and trained to forage for choc-
olate sprinkles in a series of distinct environments. Mice were trained in 2-4 environments per day (out of 5-6 total trained environments;
1-2 for the present study, 4 for classifier training data and another experiment) for 10-15 minutes per environment. Each environment
consisted of a square, octagonal, or circular arena (60-70 cm diameter), with shower curtains surrounding the environment and a prom-
inent polarizing visual cue on the environment walls. The environments were at the same physical location but had different colors, pat-
terns, and textures on the walls and floors, as well as different patterns on the shower curtain surrounding the environment. For 18 mice, a
single square environment was used for object recording sessions (63 cm x 63 cm, 30 cm high walls; Figure 1C), and objects were present
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for all training sessions in this environment. For 3 mice, two square environments were used for object recording sessions (see below). All
objects were familiar to the mouse, 4 cmin diameter (at the base), 6 cm tall, and differed in shape, color, and texture. For six mice, a black
cylinder and a white rectangular cuboid were used. For all other mice, objects were roughly conical or pyramidal to prevent the top of the
object from blocking the recording headstage or tether (Figure 1B).

Once tetrodes reached the DG (determined by the distance the tetrodes had been lowered, local field potential (LFP) patterns, and
neuronal activity), object recording days were alternated with days when animals foraged for food in multiple distinct environments
(forage recordings). Data from these forage recording days were used to train a classifier to separate between DG cell types (see
below). Forage recording days consisted of five 10-15 minute recording sessions. In the first four sessions, mice foraged for food
in an open environment, and each of the four sessions was in a different environment. The final session of the day was a repeated
exposure to one of the four environments and was not used for any analysis in the present study.

Object recording sessions consisted of alternating standard (STD) sessions, in which two objects were in a standard configuration,
and object-manipulation (MAN) sessions. Manipulation sessions included moved-object (MOVE) sessions, in which one of the stan-
dard objects was moved to a new location, and added-object (ADD) sessions, in which a third object was added to the environment
(Figure 1). Animals foraged for chocolate sprinkles in the environment for 10-15 minutes in each session, and they were removed from
the environment between sessions. Each recording day consisted of 2-8 object recording sessions. There was not a fixed number or
order of sessions, but different MAN sessions were alternated with STD sessions as long as the mice continued to explore the en-
vironments. In total, there were a total of 1513 recording sessions across all recorded putative excitatory cells: 923 STD sessions and
590 MAN sessions (160 ADD and 430 MOVE sessions).

In another set of experiments, DG cells were recorded as mice foraged for food in two square environments. One of the two en-
vironments was the same square environment used for all other object recording sessions (Figure 1). A second square environment of
the same size, but different cues/features, was also used (Figures 7A and S5B). Object locations within this second environment were
identical to the first, and the same set of standard objects was used. On each recording day, mice would first forage for food in one of
the environments with objects in the STD configuration (STD,). Next, one object was moved (MOVE,). This pattern of object manip-
ulation was then repeated in the second environment: A STD session (STDg) was followed by the same object movement (MOVEg).
The recording day ended with one more STD session (STD1,’ or STDg’). All forage and object recording days began and ended with a
baseline sleep session, in which mice rested in their home cage for 30+ minutes.

Electrophysiological recordings

A total of 366 well-isolated, putative excitatory cells were recorded from the DG of 18 mice as they foraged for food in an environment
that contained discrete objects. An additional 112 cells were recorded on tetrodes in the DG of 3 mice as they foraged for food in two
square environments. This number of cells may include some cells recorded across days, although object recordings were typically
not performed on consecutive days and tetrodes were lowered slowly each day. Tetrodes were made from 12.5 um nichrome wires
(California Fine Wire) and were electroplated with gold to reduce the impedance to ~200 kOhms. A Digital Lynx SX data acquisition
system and Cheetah acquisition software (Neuralynx) were used for recordings. Signals were amplified 1,000-5,000 times and
filtered between 600 Hz and 6 kHz (for units) or 1 and 475 Hz (for LFPs). Spike waveforms above a threshold of 40-80 pV were
sampled for 1 ms at 32 kHz, and LFPs were continuously sampled at 1 kHz. Tetrodes were lowered to the dentate gyrus over a period
of ~2-4 weeks. When tetrodes were near the DG, they were lowered < 30 um per day. In most mice, if cells were present, brief pulses
(< 5ms pulses) of blue light were given (following the post-behavior sleep session) to identify adult-born granule cells optogenetically
for another experiment. No light pulses were given before behavior on the object recording days analyzed here.

Histological procedures

Mice were deeply anesthetized and perfused with phosphate-buffered saline, followed by 4% paraformaldehyde (PFA). The brain
was partially exposed and soaked in PFA for 4 hours before tetrodes were retracted and the brain was removed from the skull
and drive. The brain was soaked overnight in PFA then transferred to a 30% sucrose solution until the brain had sunk. The brain
was then sliced into 40-50 um thick coronal sections, mounted, and stained for DAPI (Vector Laboratories). Sections were viewed
and photographed using a confocal microscope (Zeiss), and tetrode tracks were identified.

Unit isolation

Single units were isolated offline using custom-written cluster-cutting software (Winclust, J. Knierim). Multiple waveform character-
istics, including spike amplitude, peak, and energy, were used to isolate cells. These waveform properties were determined for each
tetrode wire and plotted against each other in 2D scatter plots. Waveforms were clustered into units by comparing waveform param-
eters across all possible wire pairs, and iteratively drawing boundaries in these plots to define clusters that minimized overlap with
noise or other clusters. The isolation quality of each unit was rated on a subjective scale from 1 (very good) to 5 (poor), depending on
the separation of the cluster from other clusters and background noise. Isolation was judged independent of behavioral firing corre-
lates, and only cells rated as fair or better (categories 1, 2, and 3) were included in the analysis.

Rate maps and place fields
The position of the mouse was monitored by using an overhead camera to track red and green LEDs on the recording headstage. The
mouse’s position was considered to be the center of these LEDs and corresponded to the location of the animal’s head. The image

e2 Current Biology 32, 1-14.e1-e5, March 14, 2022



Please cite this article in press as: GoodSmith et al., Flexible encoding of objects and space in single cells of the dentate gyrus, Current Biology (2022),
https://doi.org/10.1016/j.cub.2022.01.023

Current Biology ¢? CellP’ress

was divided into a 64 x 48 pixel rate map where each bin/pixel was a ~1.4 x 1.4 cm square. The number of spikes when the animal
was in each bin of the map was divided by the amount of time the mouse spent in that bin to determine the average firing rate in each
bin. This map was then smoothed using an adaptive binning procedure®® and spatial information scores were calculated from these
rate maps.”® In rate maps, blue pixels represent a firing rate of zero and red pixels represent the cell’s peak firing rate within the ses-
sion. A p value for the spatial information score was determined by a shuffling procedure in which the spike train and location of the
mouse were shifted by a random amount (minimum 30 seconds, with the offset points at the end of the data stream wrapped around
to the beginning), and the rate map and spatial information score were recalculated. This procedure was repeated 100 times for each
cell, and the number of times that the shuffled spatial information score was higher than the observed value determined the p value for
the spatial information score. If the shuffled spatial information score was lower than the observed value for all shuffles, the spatial
information score was considered significant (p < 0.01).

Cells were considered to have a place field if they had a significant (p < 0.01) spatial information score > 0.5 bits/spike, and had a
mean firing rate > 0.1 Hz and (to exclude putative interneurons) < 10 Hz. For spatially modulated cells, individual place fields were
identified by finding all pixels of the rate map where the firing rate of the cell exceeded 20% of the cell’s peak firing rate. Any group of
30 or more contiguous pixels that passed this 20% threshold was defined as a place field. The center of a place field (place field
centroid) was defined as the center of mass of the pixels in that field, weighted by the firing rate of each pixel.

Any cell with a mean firing rate > 10 Hz during the post-behavior sleep session was excluded from our primary analysis (to exclude
putative high-rate interneurons). An additional population of cells had a mean firing rate between 2 and 10 Hz, but no significant
spatial firing in any environment. These cells may represent a distinct population of hilar interneurons®”-°” and were also excluded
from further analysis. The activity of 75 well-isolated putative interneurons is reported in Figure S1.

QUANTIFICATION AND STATISTICAL ANALYSIS

Cell type classification

Cells were classified as putative granule cells or mossy cells using a random forests classifier.”>°* Random forests is an ensemble
learning method in which a large number of decision tree classifiers are generated using a bootstrapped sample of training data and
random subsamples of features. Each classifier receives one vote, and the output with the most votes is the final output of the
classifier.

The training data used to generate the classifier was collected on separate recording days. On these days, mice foraged for food in
four distinct environments (without objects, Figure 2A). A total of 192 putative excitatory cells from 10 mice recorded in forage ses-
sions (without objects) were used to train the classifier for the present study. Only the first four forage sessions from each day were
used (the repeated session was excluded). In similar tasks in rats and mice, most granule cells had no place fields in any environment
(and very rarely had place fields in more than one environment) while mossy cells had place fields in all or most environments.®”*¢ We
therefore could confidently consider cells that did not have place fields in any environment as putative granule cells. Likewise, we
considered any cells with place fields in at least three environments as putative mossy cells (Figure 2A). Using this selection criterion,
79 putative granule cells and 62 putative mossy cells were selected. These cells were used as the training data to generate a random
forests classifier to separate cell types.

The classifier was trained using firing properties recorded during a post-behavior sleep/rest session (Figure 2B). This recording
session consisted of periods of both rest and sleep, and different sleep stages were not separately analyzed. While the spatial firing
of cells was used to select putative granule cells or mossy cells for training, no spatial firing features were used for classification. The
features used to separate cell types were mean firing rate, burstiness (proportion of interspike intervals that were < 6ms), spike dura-
tion (peak to valley of the waveform recorded on the tetrode wire with the largest peak amplitude), and the first principal component of
the second derivative of the spike waveform (average waveform of highest amplitude tetrode wire).>® The random forests classifier
consisted of 300 individual decision trees, and three random features were used at each split. As each of the 300 individual decision
tree classifiers was created using a bootstrapped sample of the cells in the training data, not every cell was used to generate each
decision tree classifier. For each cell in the training data, ~ /5 of the individual classifiers were trained without using that specific cell.
The proportion of cells in the training data that are misclassified by the majority of decision trees that were trained without that cell is
the “out-of-bag” error rate and is an estimate of the ensemble classifier’s generalization error.°” The out-of-bag error rate of the pre-
sent classifier was 5% (Figure S2), suggesting reliable classification between DG cell types. This classifier was applied to the post-
behavior sleep data recorded on object recording days to identify cells as putative mossy cells and granule cells. While some cells
recorded during object sessions may have also been recorded on a previous forage session day, and thus used as part of the training
data, tetrodes were moved ~30 pum daily.

Landmark vector analysis

The method used to define landmark vector cells (LVCs) was modified from a previously described method.* For each session, the
place field centroids were determined for all place fields in the environment. For sessions with at least two place fields, LVCs were
identified using the following procedure. First, vectors connecting each object to each place field centroid were calculated. The dif-
ference was then calculated between all pairs of vectors that did not share the same object or the same place field centroid. The pair
of such vectors with the smallest difference was determined (see Figure 4A for schematic). Sessions with a minimum vector distance
below 7 pixels were attributed to putative LVCs. While a one pixel threshold had been previously used to detect LVCs in the
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hippocampus,” we used a 7 pixel threshold for two reasons. First, the environment, and thus the size of each pixel, used by Desh-
mukh and Knierim*' was larger: the area of 7 pixels in this study roughly equals the area of 1 pixel from Deshmukh and Knierim.*'
Place fields in mice are also less stable than place fields in rats in certain tasks,® and there are differences in place field stability
between DG and other hippocampal subfields.**

The distribution of observed minimum vector differences was compared to a random distribution.* To create the random dis-
tribution, we first collected all place field centroids from all sessions. Random place field centroids were then assigned to each
session. Place field centroids were picked so that the number of randomly assigned place fields equaled the number of recorded
place fields in that session, and the distance between all place field centroids was never less than 6 pixels (the minimum distance
between place field centroids observed in the data). Vector differences were then calculated for the randomized place field loca-
tions (using the same procedure described above) to create the random distribution of minimum vector differences.” This analysis
results in a randomized distribution with the same number of sessions (and the same number of objects and place fields in each
session) as the real data. To determine if the number of LVCs detected in our data exceeded the number expected by chance, we
generated 100 separate random distributions using the procedure described above. For each of these 100 random distributions,
the number of sessions with a minimum vector difference < 7 pixels (detected LVCs) was determined. The proportion of random
distributions where the number of detected LVCs exceeded the number of LVCs observed in the real data was considered to be
the p value for this comparison. To determine whether our selection of 7 pixels for the LVC detection threshold affected these
results, the shuffling procedure was repeated with a 5 pixel threshold (Figure S3A), and with a series of threshold values ranging
from 1 to 20 pixels (Figure S3B).

Distance to nearest place field

We first identified each MAN session and its preceding STD session and analyzed all pairs of sessions in which at least one place field
was present in both sessions. While multiple session pairs could come from the same cell, different session pairs reflect distinct ob-
ject manipulations (no object manipulations were repeated on the same day). The location of the manipulated object (new object or
moved object) in the MAN session was determined (“X” in Figure 6A, top). The distance from this location to the nearest place field
centroid was determined in both the STD and MAN sessions, and the difference between these minimum distances was determined.
If a field was near the object location in the MAN session but not in the STD session (e.g., fields appearing at that location or fields
moving with the moved object), this difference value would be high, indicating that the place field location was influenced by object
manipulation.

As some amount of place field drift and remapping is expected, we repeated the same analysis at the location of the unmanipulated
object (Figure 6A). If there was significant remapping or place field drift unrelated to object manipulations, a similar distribution of
difference values would be expected at that location. However, if the reduction in distance between the object location and the near-
est place field exceeded the 95™ percentile of the values obtained using the unmanipulated object location, the reduction was
considered to be significant.

Rate map correlation analysis

For overall rate map correlation comparisons, all sets of three consecutive sessions that consisted of two STD sessions with a MAN
(MOVE or ADD) session between them (STD1 — MAN - STD2) were identified (see Figure 6C for schematic). Only groups of sessions
with at least one place field in at least one of the three sessions were analyzed. Rate map correlations were calculated between the
rate maps for the STD1 and STD2 sessions (Rstp) and the STD1 and MAN sessions (Ryan)- The difference between Rstp and Ryan
was then calculated and compared to a shuffled distribution (Figure 6C), in which the STD1 map in each group of sessions was re-
placed with another random STD1 map from another spatially-modulated cell, and the analysis was repeated. This process was
repeated 1000 times to generate a shuffled distribution of correlation differences. Cells with correlation difference values that ex-
ceeded the 95" percentile of the shuffled distribution were considered to be significant.

“Local rate map” correlations were calculated by first identifying all STD sessions followed by a MOVE session. For each session
pair, one object was moved in the MOVE session, and the other object was in the same location in the STD and MOVE sessions. The
locations of all objects in the STD and MOVE sessions were determined, and “local rate maps” were created for all object locations in
both sessions (STD object locations in STD and MOVE sessions, and MOVE object locations in STD and MOVE sessions). Each local
rate map was centered at an object location and consisted of + 10 pixels in each direction from the object, generating a 21x21 pixel
local rate map. The STD rate maps were thresholded to only include activity within place fields (any pixels with a rate < 20% of the
peak firing rate were set to 0). The “spatial” rate map correlation was calculated between maps centered at the same spatial location
in the STD and MOVE session (the location of the moved object in the MOVE session), and the “object-related” rate map correlation
was calculated between maps centered at the location of the moved object in both the STD and MOVE session (Figure 6E). The dif-
ference between the “spatial” and “object-related” correlations was calculated. This distribution was compared to the distribution
generated by repeating the analysis centered at the location of the unmoved object in each MOVE session. For the “unmoved” object
correlations, the “spatial” correlation was calculated as the correlation between maps centered at the location of the unmoved object
in both STD and MOVE sessions, and the “object-related” correlation was calculated as the correlation between maps centered at
the unmoved object location in the STD session, and the moved object’s new location in the MOVE session (as if the unmoved object
were the object that was moved) (Figure 6E). Cells were considered to have a significantly higher “object-related” than “spatial” cor-
relation if the difference between these values exceeded the 95 percentile of the distribution from the “unmoved” object.
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Subjective response type evaluation

To assign putative object responses to individual cells and compare these responses between different environments, we subjec-
tively evaluated object recording sessions. For all cells with place fields, each MOVE session and its preceding STD session were
evaluated separately. Only pairs of sessions in which at least one place field was detected in at least one of the two sessions
were evaluated. Putative object responses were then assigned to these session pairs.

Three observers (D.G., S.H.K., and K.M.C) separately evaluated the session pairs for object-related responses. Each of the session
pairs with at least one place field in at least one session was presented in random order. For each session pair (STD and MOVE), the
rate maps, object locations, and firing rates for that pair of sessions was displayed. No other information about the cell or its activity in
other recording sessions was presented. The observer would then make a judgment on how object movement had affected the cell’s
activity. Cells were classified as 1) no object response/stable spatial firing, 2) Moved and/or rotated field, 3) Appear, 4) Disappear, 5)
Trace, or 6) Capture (see Figure 5 for examples of each response type). If multiple clear responses could be detected, each response
was recorded. Each observer repeated their evaluation of the session pairs three times (different random order each time), and the
response type assigned to the session pair at least 2/3 times was considered their assessment for that session pair. On average,
individual observers picked the same response at least two of the three times for 99.6% of session pairs (range 99% - 100%),
and the same response was selected all three times for 78% of session pairs (range 75% - 82%).

The subjective response assignments from each observer were then compared. The response assigned by at least two of the three
observers was considered the response of that pair of sessions. For 87 of the 95 session pairs (92%), two of the three observers
selected the same response type. Session pairs where no two observers selected the same response category were considered
ambiguous responses (8 session pairs, 8%).

The probability of observing any specific object-related change in activity was determined across the entire population of session
pairs (in both environments). This probability was used to calculate joint probabilities and estimate how much overlap of object-
related activity between environments would be expected by chance.

Statistical tests

Statistical tests were calculated in Matlab. Data represent median and interquartile range (IQR). The p values of Wilcoxon rank-sum
tests, Wilcoxon signed-rank tests, and %2 tests represent the results of two-tailed tests, and results were considered significant if the
p value was < 0.05. A %2 goodness-of-fit test was used to compare the proportion of cells with object-related activity changes in mul-
tiple environments to expected values. The expected values of object-related activity in multiple environments were calculated from
the joint probability of detected object-related responses. When comparing observed data to a shuffled or random distribution, cells
that passed the 95" percentile of the shuffled or random distribution were considered to be significant at p < 0.05. The proportion of
cells that exceeded the 95" percentile was then compared to the null hypothesis that 5% of values would exceed the 95" percentile
using a one proportion z-test (test for proportions); p values for the test for proportions are results of one-tailed tests.

Current Biology 32, 1-14.e1-e5, March 14, 2022 e5




	CURBIO18150_proof.pdf
	Flexible encoding of objects and space in single cells of the dentate gyrus
	Introduction
	Results
	Recording from classified DG cell types
	Population activity and place field comparisons
	Presence of landmark vector cells
	Diverse DG cell responses to object manipulation
	Identification and characterization of putative object-responsive DG cells
	DG object responses in distinct environments

	Discussion
	Population-specific properties in the DG
	Conjunctive encoding of spatial and nonspatial information

	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data and code availability

	Experimental model and subject details
	Method details
	Surgical procedures
	Training and Behavior
	Electrophysiological recordings
	Histological procedures
	Unit isolation
	Rate maps and place fields

	Quantification and statistical analysis
	Cell type classification
	Landmark vector analysis
	Distance to nearest place field
	Rate map correlation analysis
	Subjective response type evaluation
	Statistical tests





