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Supplementary Figures 

 

Supplementary Figure 1. Motor driven treadmill does not influence spatial properties of 
DG neurons.  
a) DG population activity is dependent on the locomotion of the animal, shaded error bar 
represents mean Ca2+ events rate and SEM binned by normalized velocity (190 spatially tuned 
neurons in 5 mice, 1 session/mouse). b-d) Comparison of cell firing for self-driven vs. motorized 
treadmill. b) Fraction of active cells that are spatially tuned (with at least 0.001 transients per s) 
in mice advancing the treadmill belt through self-driven locomotion (black, 190 spatially tuned 
neurons in 5 mice, 1 session/mouse) and mice running on the motorized treadmill (red, 285 
spatially tuned neurons in 8 mice, 1 session/mouse,) p=0.435, Wilcoxon Rank Sum test.  
c) Firing rate of spatially tuned cells in self-driven vs. motorized treadmill (p=0.1876, Wilcoxon 
Rank Sum test).  
d) Z scored spatial information in mice running on motorized treadmill vs. self-driven locomotion 
(p<0.0001, Wilcoxon Rank Sum test).  
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Supplementary Figure 2. Single visual and tactile cues, reward and multiple salient cues 
evoke robust responses in DG.  
a) Firing of DG neurons in response to an LED visual cue. Top: Location of lap cue (green boxes) 
and an LED cue (red box), during normal and cue-omitted trials. Bottom: spatial firing rates of 188 
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spatially tuned neurons (n=6 mice) during the first exposure to the middle visual cue on normal 
(left), and cue-omitted (right) laps.  
b) Firing of DG neurons in response to a whisker tactile cue. Top: Location of lap cue (green 
boxes) and a whisker tactile cue (brown box), during normal and omit trials. Bottom: spatial firing 
rates of 199 spatially tuned neurons (n=8 mice) during the first exposure to the middle tactile cue 
on normal (left), and cue-omitted (right) laps. Each row represents a cell, and the x axis represents 
the treadmill position.  
c) Average spatial firing rate for neurons shown in “e” (LED cue) on normal (black, mean ± SEM), 
and cue-omitted (blue) laps. Inset shows the averaged area under the firing rate curves (Hz*cm) 
within the visual cue region during normal laps (black bar) compared to the same region during 
cue omitted laps (p<0.0001, Wilcoxon Signed Rank Sum test).  
d) Average firing rates of neurons shown in “f” (tactile cue) on normal (black), and cue-omitted 
(blue) laps. Inset shows the averaged area under the firing rate curves (Hz*cm) within the tactile 
cue region during normal laps (black bar representing blue area under the middle region of the 
treadmill) compared to the same region during cue omitted laps (p<0.0001, Wilcoxon Signed Rank 
Sum test).  
e) Top: Behavioral task with a static operant reward at 75% track length, preceded by an olfactory 
cue in middle of track. Bottom: Spatial firing rates for all spatially tuned cells in the static reward 
task. Laps with olfactory cue in middle of track and reward at 75% track length (static rew., left),  
or laps with reward omitted (omit rew., right). (n=256 cells, 4 mice, 7 sessions). 
f) Averaged spatial lick rates over laps, for behavioral sessions in “e”. 
g) Average spatial firing rates over all cells in “e” during static rew. laps (blue), and omit rew. laps 
(red). Olfactory cue zone shaded in yellow, reward zone shaded in orange. 
h) Averaged area under the firing rate curves for cue zone and reward zone on static reward and 
omit reward laps. p = 3.8e-9, reward zone rate during rew+ vs. rew- (omit rew.) laps, Wilcoxon 
signed rank test. 
i)  (Top, left) Experimental setup with 3 cues, cue 1 = mint odor (olfactory), cue 2 = LED (visual),  
cue 3 = isoamyl acetate odor (olfactory). Individual cues are omitted on intermittent laps (right). 
(Bottom) Spatial calcium event rates for the same tuned cells in normal 3-cue laps (left), and 
intermittent laps where individual cues are omitted (right 3 cols., as labeled, n=138 cells from 5 
mice, 1 session/mouse, sorted by normal 3-cue lap activity). 
j)  Mean calcium event rates over all cells in ”e” on normal laps (black), laps where cue 1 is omitted 
(green), cue 2 omitted (red), or cue 3 omitted (blue). 
k)  Averaged area under the firing rate curves within zones corresponding to cues 1-3 on normal 
laps (black), laps where cue 1 is omitted (green, p= 0.0031), cue 2 omitted (red, p<0.001), or cue 
3 omitted (green, p=0.0047). Wilcoxon matched-pairs signed rank test, error bars are mean ± 
SEM.  
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Supplementary Figure 3. Representations of sensory cues and place in a granule cell 
specific transgenic mouse, Dock10-cre 
a) Mean spatial information by position. Average Z scored spatial information for cells binned by 
tuning position during on-line cue manipulation task. WT dorsal dentate gyrus neurons express 
GCamP6s (gray bars) and Dock10-cre labelled granule cells express FLEX-GcamP7s (purple 
bars). Error bars represent SEM, PspkZ-DG – spkZ-GC = 0.15, Wilcoxon rank-sum test calculated over 
cumulative mean spkZ.  
b) Confocal image projection of brain slice from Dock10-cre mouse injected with FLEX-eYFP AAV 
in the dorsal dentate gyrus (blue=DAPI, green=eYFP). 
c) Spatial firing rates of Dock10/GCaMP7s-expressing granule cells in treadmill task with an 
olfactory cue. (Left) normal middle cue responses, (middle) cue shift laps, (right) laps in which 
odor cue is omitted (n=146 cells from 4 sessions in 2 mice). Cells sorted by activity on normal 
middle cue laps 
d) Average spatial firing rates from all cells in ”c” during normal middle cue (black), cue shift (red),  
and cue omitted laps (blue). (Inset) averaged area under the firing rate curves (Hz*cm) within the 
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middle cue region during normal (black bar), cue omitted (blue bar), and cue shifted laps (red 
bar). PNormal-Omit <0.001, PNormal-Shift =0.03, Wilcoxon matched-pairs signed rank test, error bars 
are mean ± SEM.  
e) A representative in vivo two-photon field of view within the dentate gyrus of C57 mice 
expressing GCaMP6s (left) and Dock10-cre mouse expressing FLEX-GCaMP7s in granule cells 
(right), including spatially scattered odor (blue) and lap (green) cue cells and place cells (orange).  
f) Fraction of inactive cells (gray), active cells (with at least 0.001 transients per s, pink) and 
spatially tuned cells (orange, green, blue). MeanC57-GcamP6s = 631.68±11.9 cells, from 8 mice 2 
sessions each, MeanDock10Cre-GcamP7s = 566.11±18.4 cells, mice/session from 2 mice 2 sessions 
each. Small, round somata corresponding to granule cells within the granule cell layer were 
counted using the Cellpose algorithm followed by manual inspection in a subset of total sessions 
imaged from one mouse.  
g) Cumulative distribution curve of the firing rate of odor cue, lap cue and place cells in Dock10-
cre mice; Odor Cue PC57-GcamP6s-Dock10Cre-GcamP7s=0.11, Lap Cue PC57-GcamP6s-Dock10Cre-GcamP7s = 0.05, 
Place cell PC57-GcamP6s-Dock10Cre-GcamP7s = 0.05, Comparisons are Wilcoxon rank-sum test.  
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Supplementary Figure 4. Odor responsive cells are not spatially tuned on an uncued belt.  
a-c) Comparison of cell tuning properties between uncued vs. cued treadmill belts. a) Spatial firing 
rates of all tuned DG neurons within the same fields of view (FOV) recorded during paired 
sessions on an uncued belt (left) and odor cued belt (right). Neurons are ordered according to the 
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position of their peak rate in each belt (uncued: 155, cue: 249 spatially tuned neurons in 6 mice, 
1 session/mouse), and are not matched between uncued and cue belts. 
b) Fraction of active cells that are spatially tuned (with at least 0.001 transients per s) in matched 
FOVs recorded on uncued and cue belts (p=0.0313, Wilcoxon signed-rank test, n=6).   
c) Z scored spatial information of all spatially tuned neurons in uncued (n=155) and cued sessions 
(n=193), excluding odor-cue responsive neurons (p=0.0897, Wilcoxon rank-sum test).  
d) Tuning consistency (firing rate correlation between first and last halves of the session) of all 
spatially tuned neurons in uncued and cued sessions, excluding odor-cue responsive neurons 
(p=0.5237, Wilcoxon rank-sum test). Boxes, 25th to 75th percentiles; bars, median; whiskers, 
99% range. 
e-h) Comparison of registered cue and place cell responses between uncued and cue belts. e) 
Activity of cross-registered odor cue cells in uncued and cue belts. Cells were classified as odor-
cue cells in cue belt and then their responses were determined in uncued belt. Note that these 
cue cells were active but not spatially tuned in uncued sessions. 
f) Fraction of odor-cue (blue), lap-cue (green) and place cells (orange) that are cross- registered 
in uncued belt sessions, and are therefore active but not necessarily spatially tuned (p=0.838, 
n=6 matched sessions, Friedman’s test).  
g) Fraction of registered cells that are spatially tuned in uncued belt sessions and encoded the 
odor cue (blue), lap cue (green), or place cells (orange) on the cued belt (χ2=10.88, p=0.0043, 
POdorCue-LapCue=0.0066, POdorCue-Place=0.0286, PLapCue-Place=0.9076). Gray area represent 2.5th 
and 97.5th% of null distributions for each cell type. Error bars, mean ± SEM.   
h) The fraction of cross-registered odor cue cells that were spatially tuned on the uncued belt is 
significantly below the null distribution (left) while the fraction of lap-cue (middle) and place cells 
that are spatially tuned remain significantly above the null distribution. The null distributions are 
generated for each cell type by randomly permutating cell IDs of all cross-registered neurons and 
determining overlap among cell types. (Level of significance for 5,000 shufflings **p < 0.01; *p < 
0.05, NOdor-cue=35, NLap-cue=54, NPlace=58).  
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Supplementary Figure 5. Multisession tracking of individual cue and place cells   
a) Representative alignment of spatial footprints for cells segmented across sessions within a day 
or over 1wk. in a single imaging field.  
b) Distribution of centroid distances between registered (blue, 1.45 ± 0.97, n=1604) and non-
registered (pink, 7.07 ± 1.5, n=2214) neighboring cell pairs (p=6.9 10-43, Wilcoxon Rank Sum test).  
c) Fraction of all spatially tuned cells in day 1 session1 (D1), day 1 session 2 (D1’) and day 7 (D7) 
that are registered to at least one other session, χ2=0.25, p=0.9674, PD1-D1’>0.9999, PD1-

D7>0.9999, PD1’-D7>0.9999, n=8 matched sessions, Friedman and Dunn’s multiple comparisons 
tests.  
d) Comparison of average firing rates in all tuned cells across days regardless of tracking 
χ2=4.993, p=0.0824, PD1-D1’ >0.9999, PD1-D7 =0.0781, PD1’-D7 =0.4789, ND1 =417, ND1’ =365, 
ND7=338, from 8 matched sessions, Kruskal Wallis and Dunn’s multiple comparisons tests .  
e) Representative fields of view with odor cue cells (blue), lap cue cells (green), and place cells 
(orange) tracked within a day and across days.  
f) Representative Ca2+ transients for an odor cue cell that has stable cue-selective activity within 
one day and over 1wk (left). Transients for place cells show relatively stable firing location within 
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day but a reorganization of spatial selectivity across days (right). Black and red traces represent 
normal and cue shifted laps, respectively. 
g) Firing rates of tracked neurons in visual and whisker tactile cue sessions ordered according to 
the position of peak activity in olfactory cue sessions (n=157 cells, 6 mice).  
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Supplementary Figure 6. Spatial modulation of sensory cue responses   
a) Dual cue location task: Average spatial firing rates for cue cells preferring cue position 1 (top) 
and cue position 2 (bottom) on normal laps (blue), laps where the cue at position 1 is omitted 
(green), and laps where the cue at position 2 is omitted (cyan). (n=89 pos1 cells, 67 pos2 cue 
cells). 
b) Average peak firing rates for all cue cells (both cue 1 and cue 2 preferring) for preferred cue 
location (left) and non-preferred location (right) on normal laps (blue), laps where the opposite 
cue is omitted (orange), and laps where the same cue (preferred or non-preferred) is omitted. 
(n=156 cells, positions1&2) (mean ± SEM: 0.205 ± 0.017, 0.173 ± 0.020, 0.017 ± 0.008, 0.137 ± 
0.016, 0.140 ± 0.024, 0.025 ± 0.008, PPreferred Cue = 7.16x10-9, PNon-preferred Cue =3.48x10-9, Wilcoxon 
sign rank test). 
c) Average spatial firing rates for cue cells preferring cue position 1 (top) and cue position 2 
(bottom) on days 1 (blue, n=50), 2 (green, n=40), 3 (cyan, n=50), and 4 (magenta, n=33) of dual 
cue location task. 
d) Cue location firing rates for preferred and non-preferred cue location for all cue cells on days 
1 (blue, n=50) and 4 (magenta, n=33) of dual cue location task. 
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Supplementary Figure 7. Effect of sensory cues on spatial coding during cue-omitted laps 
a) Population vector correlations for all spatially tuned cells at each treadmill position for normal 
middle cue laps (black) and omitted cue laps (blue). Locations of the middle and lap cue are 
shown blue and green shaded areas, respectively.  
b) Bayesian decoding: Cumulative distribution functions of the error of the maximum likelihood 
estimate of position for 30 example recording sessions.  
c) The decoder error for spatially tuned neurons plotted against their firing rate.  
d) Decoding error for each treadmill position in normal (black) and cue omitted laps (blue). Shaded 
error region represents the difference of the median from the null distribution of median decoder 
error.   
e) Average decoding error for normal and cue omitted laps calculated as the absolute median 
distance between the decoded value in each time bin and the actual value of the position. 
p<0.0001, Wilcoxon signed-rank test (n=66 sessions). Boxes, 25th to 75th percentiles; bars, 
median; whiskers, 99% range.  
f) Effects of cue omission on individual cells: Color histogram of all spatially tuned cells, plotted 
based upon spatial field location and difference in firing rate between normal cue and cue-
omitted laps. 
g) Average difference in normal middle cue and cue-omitted lap firing rates based upon cell 
spatial field location. Note that the largest cue effects are confined to cells immediately 
responsive to the middle cue. With respect to pre-cue cells, Wilcoxon Rank Sum test: *** = p < 
10e-10, * = p = 0.03, n.s.= not significant. 
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Supplementary Figure 8. Timing of cue-related inhibition in the DG 
a) Average in-field spatial firing rates (i.e. cue-related excitation) in the region around the middle 
cue location for all tuned neurons, compared with out-of-field firing rates (i.e. cue-related 
inhibition), and adjusted for pre-cue firing rate. The position of the excitation peak precedes the 
nadir of inhibition. Blue shaded area shows the cue delivery position.  
b) (Left) Session averaged excitatory (within-field) peak position vs. inhibitory (out-of-field) peak 
position (66 sessions). Red = avg., diagonal (gray line). (Right) Quantification of the position of 
excitation peak compared to the position of inhibition peak, p<0.01, Wilcoxon Signed Rank Sum 
test.   
 


