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SUMMARY

Acetylcholine (ACh) plays important roles in memory encoding and attention in the hippocampus. However,
changes in ACh signaling patterns during different neural and behavioral states remain poorly understood.
Here, we used a genetically encoded ACh sensor and multi-plane, dual-color two-photon microscopy to
establish the ACh signaling patterns in hippocampal CA1 of mice performing spatial behaviors. We observed
spatially homogeneous signaling across volumes spanning hundreds of microns, which was positively corre-
lated with locomotion speed. In novel environments, there was an increase in release persisting for dozens of
laps while maintaining a positive speed correlation. When mice voluntarily disengaged, the magnitude of the
speed-correlated release decreased, and this was accompanied by reduced place cell numbers and less pre-
cise place maps. Administration of scopolamine mimicked the effects of voluntary disengagement in terms of
behavior and place cell metrics. These findings establish behaviorally correlated ACh signaling patterns in the

hippocampus.

INTRODUCTION

Across different brain regions, acetylcholine (ACh) plays
important roles in many cognitive processes such as memory
encoding and retrieval, arousal states, attention modulation,
and locomotion speed encoding." In the hippocampus,
ACh has long been discussed as a key neuromodulator
involved in memory encoding, retrieval, and consolidation.’
It was theorized that high ACh concentration (high ACh
release) configures the hippocampal circuitry for memory en-
coding, while low ACh concentration (low ACh release) config-
ures the circuitry for memory consolidation and retrieval.®
Several experiments have provided evidence supporting this
model. For example, transferring rats from familiar to novel
environments was shown using microdialysis measurements
to increase ACh release in the hippocampus over tens of mi-
nutes, consistent with a role in memory encoding.® Consis-
tently, a separate study used immunotoxic lesions of the
septo-hippocampal cholinergic neurons to prevent this
increased release of ACh and found that this largely prevented
place cell remapping in novel environments.'® However, in the
microdialysis study, the increase of ACh release was also
accompanied by heightened motor activity. Since ACh release
also positively correlates with locomotor activities,'"'? this
poses a challenge to disentangle the contribution of novelty
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vs. increased motor activity to the elevation of ACh release
during such experiences.

In addition to its roles in memory processes, changes in ACh
release are thought to be involved in modulating attention, and
the muscarinic antagonist scopolamine can induce impairment
in attention.'® For example, recent studies using choline-sensitive
microelectrodes® and biosensors'® demonstrated that phasic
acetylcholine release in rodent hippocampus and prefrontal cortex
signals successful cue detection, but such release is absent in tri-
als where the cue is missed, suggesting that phasic ACh release in
the hippocampus might be involved in processing and attending to
relevant sensory information. Further, in humans, muscarinic re-
ceptor antagonists like scopolamine impairs memory encoding
and immediate recall but spares retrieval of memories encoded
prior to drug administration. ' Moreover, scopolamine also affects
spatial navigation abilities of humans in real-world mazes, leading
to longer distances traveled to goal locations.'® However, the
spatiotemporal patterns of ACh release in the hippocampus during
such spatial behaviors and whether it is modulated by different
behavioral and hippocampal network states are poorly under-
stood. Additionally, it is unclear how hippocampal place cell firing
patterns change in relation to the changes in spatial navigation
abilities induced by scopolamine administration.

To address these gaps in understanding, here we utilized
a genetically encoded acetylcholine sensor GRAB-ACh4l,
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Figure 1. ACh release dynamics in CA1 of the mouse hippocampus are spatially homogeneous on the hundreds of microns scale within

layers and highly correlated between layers

(A) Structure of GRAB-ACh4I, the genetically encoded ACh fluorescent sensor used here.
(B) Diagram of experimental recording setup with head-fixed mouse on a linear treadmill (bottom) and a view down the virtual linear track (top).

(C) Diagram of the hippocampal window used for functional recordings of CA1 with 2P combined with an electric lens for rapid focal plane changing.
(D) Schematic representation of 2P time-series acquisition using electric lens for focal plane switching after each frame acquisition (~10 Hz).
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combined with two-photon imaging and a virtual reality (VR) sys-
tem to investigate the spatiotemporal pattern of ACh release in
mouse hippocampal CA1. We determined the ACh release pat-
terns at micron spatial and sub-second temporal resolution while
mice navigated in VR. Moreover, we co-recorded ACh release
patterns and place cell firing in CA1 populations to establish
the relationship among ACh release, the hippocampal code for
space, and behavioral states. Finally, we used scopolamine, a
muscarinic antagonist, to determine the effects of administration
on spatial behaviors in VR and the associated hippocampal code
for space.

RESULTS

ACh release dynamics in CA1 of the mouse
hippocampus are spatially homogeneous on the
hundreds of microns scale within layers and highly
correlated between layers

We first asked how homogeneous or heterogeneous changes in
ACh release are across the hippocampus of behaving mice. The
projection patterns from the basal forebrain to CA1 are known to
be highly laminar specific, with CA1 pyramidal layer (stratum pyr-
amidale, SP) receiving ACh inputs almost exclusively from the
vertical limb of the diagonal band of Broca (VDB) whereas stra-
tum oriens (SO) and stratum radiatum (SR) receives ACh inputs
from the medial septum (MS) and VDB.'” A rabies tracing study
also showed CA1 excitatory neurons in SP received greater ACh
innervation compared to CA1 inhibitory neurons in SO."® Thus,
these laminar-specific cholinergic projection patterns could
generate heterogeneity in ACh release dynamics across CA1
layers during behavior, but no measurements have been made
to examine this possibility.

Measurements of ACh release with high spatiotemporal reso-
lution have been made possible by the development of geneti-
cally encoded fluorescent ACh sensors.'®?° While GRAB-ACh
(GPCR-activation-based ACh) sensors have enabled measure-
ment of ACh dynamics in cortex using high-resolution two-
photon imaging,”'*** and in hippocampus using single point
bulk fluorescence fiber photometry,' the spatial distribution
and layer-specific patterns of hippocampal ACh release have
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not been characterized with two-photon imaging in the hippo-
campus. To investigate how homogeneous or heterogeneous
the spatiotemporal ACh release is in CA1 both on the fine scale
within imaging fields and across layers of CA1, we utilized two-
photon microscopy with an electric lens,?® which rapidly
switched between focal planes in SO, SP, and SR. We ex-
pressed GRAB-ACh4l (EC50 6.6 uM; see STAR Methods), which
was improved based on GRAB-ACh3?° (EC50 2.2 pM)
(Figure 1A), in CA1 neurons through AAV viral injections and im-
planted a chronic hippocampal window above the viral-injected
region of CA1 (Figure 1C).

We co-acquired time-series movies of GRAB-ACh4I fluores-
cence of SO, SP, and SR in CA1 while mice were traversing a vir-
tual linear track (Figures 1B and 1D). The SO and SR imaging fields
were 65 + 10 pm dorsal and ventral of the SP imaging field. We
imaged ~400 pm x 400 pm fields of view in SO, SP, and SR layers.
To investigate the spatiotemporal similarity of ACh release within
these imaging fields of view, we divided the imaging fields into
different size square small fields (or regions of interest [ROls];
4 x 4,12 x 12, 60 x 60, and 124 x 124 grids with ROIs of
100 pm x 100 pm, 33 pm x 33 pm, 6.6 pm x 6.6 pm, and
3.2 um x 3.2 um, respectively), extracted the GRAB-ACh4l AF/F
vs. time trace (ACh release) for each ROl and computed the Pear-
son correlation between each pair of ROIs (example 4 x 4 grid,
Figures 1E and 1G). The mean (+SEM) correlation coefficients of
the SO, SP, and SR are 0.92 + 0.02, 0.91 + 0.02, and 0.92 +
0.02 (example 4 x 4 grid, Figures 1H and 1I; example 12 x 12
grid, Figures 1J-1L). When we examined the mean correlation be-
tween the ROIs as a function of the distance between them, we
found largely uniform correlations across distance (Figure 1M);
the small decrease in correlation across distance is likely due to
small amounts of residual motion noise, which is locally more
coherent. We also made mean (and max) AF/F images of our
fields of view so that we could visualize any heterogeneity at small
scales (see Figure 1F) but again found relatively uniform ACh
signaling. This is consistent with homogeneous ACh signaling
across our fields of view, with a resolution down to about 3 pm
(see Figures 1F and 1M). These AF/F images were consistent
with the above correlation analysis, indicating largely homoge-
neous ACh signaling across our fields of view. Thus, within each

(E) Example 2P images of GRAB-ACh4l labeled CA1 regions at the indicated layers (E), with an overlaid DASHED grid showing 16 ROIs. Dim pixels below an

intensity threshold were masked out (black regions). Scale bar: 50 pm.

(F) Maximum GRAB-ACh4| AF/F image (max over recording session for each pixel) of solid rectangle regions shown in (E).

(G) GRAB-ACh4I AF/F (ACh release) vs. time traces from selected ROlIs in (E).

(H) Matrix of Pearson correlation coefficients calculated between the GRAB-ACh4l AF/F vs. time traces shown in (E) and (G) for each pair of ROIs within each
layer’s imaging field for SO, SP, and SR, respectively; from example dataset shown in (E) and (G). Note that only ROIs with more than half of pixels above the
intensity threshold were included (13 out of 16 ROls).

(I) Mean correlation of GRAB-ACh4l AF/F vs. time traces across the (included) ROIls within each layer (as seen in H). Each point represents the mean from a
separate dataset (N = 4 mice, 18 FOVs for each layer). Box whisker plot for each layer: mean + STD.

(J) Same as (E, top) but with 144 ROls. Left, functional GRAB-ACh4I; right, non-functional mutant sensor.

(K) Same as (G) but for ROIs from (J). Left, functional GRAB-ACh4I; right, non-functional mutant sensor. Running speed of mouse shown in black.

(L) Same as (H) but for AF/F vs. time traces shown in (J) and (K). Left, functional GRAB-ACh4l; right, non-functional mutant sensor.

(M) Mean correlation between ROIs as a function of the Euclidean distance between them, for grid sizes of 12 x 12, 60 x 60, and 124 x 124. Mean + STD across
FOVs (N = 4 functional sensor mice, 18 FOVs, blue; N = 2 control sensor mice, 16 FOVs, red).

(N) Matrix of Pearson correlation coefficients calculated between the GRAB-ACh4l AF/F vs. time trace average over each layer in (E) and (G) for each pair of layers;
from example dataset shown in (E) and (G).

(O) Each point represents the Pearson correlation coefficient between indicated layers (as seen in N) from a separate dataset (N = 4 mice, 18 FOVs for each layer).
Box whisker plots: mean + STD.

Cell Reports 44, 116443, October 28, 2025 3



¢? CellPress

OPEN ACCESS

Cell Reports

A
SO — Raw
[
= —— Deconv
<
L
O|sP
<
:
10/
ol sr 10.0%
AF/F
Speed 50 cm/s
Position am
Licking
B Raw: p=1.00, p=6e-06 Raw: p=1.00, p=6e-06 Raw: p=1.00, p=6e-06
0 Deconv: p=1.00, p=6e-06 0 Deconv: p=1.00, p=6e-06 Or Deconv: p=1.00, p=6e-06
w w w
T -2 T -2 T -2
< g g
X ES BN
5 4 5 4 5 4
< < <
< 6 2 6 2 6
I o o
O] ] O]
8 -8 -8
— Raw
—— Deconv
-10 -10 -10
0 10 20 30 40 50 0 10 20 30 40 650 0 10 20 30 40 650
Speed (cm/s) Speed (cm/s) Speed (cm/s)
c 0.05 . . . D 005 __ Ridge Model Fit (R” = 0.74)
—— Actual
—— Predicted]
©
- 5 o
2 ®
2 £
] Q
; <
i [0}
< 3 -0.05
kel
o
o
-0.1 -0.05 0 0.05
Actual ACh Signal
— T 1 e
0.6 P 07 - 07r ——
B @ ° 3 2
8 05 so so06f ® SP 506f 9 SR
- g | . c e
u ] w [
051 0.5
8 04 8 8 b
o f= C
8 804 S o4 L
S o3 . S g °
3 ® T 03 B 03
So2fl @ 3 ) 3 o °
© B [
£ £o02f o £02
(¢} o (<}
z = o z
0.1 £ o Z 0 01
0 5 0 S 0 N Y Y
o N SN o) B @ O I R S
7 X et o e S o o o SNSRI
&) & \(\N « I\ R 6\‘\2“* X X < & \‘@N & W

4 Cell Reports 44, 116443, October 28, 2025

(legend on next page)



Cell Reports

layer of CA1, the temporal correlations of ACh signaling are highly
correlated across hundreds of microns, with a resolution down
to ~3 pm.

As a control, we used an activity-independent GRAB-ACh
variant (STAR Methods), trained mice to perform the same VR
task, and collected imaging data and performed analysis in an
identical way to the functional sensor datasets. The control
AF/F vs. time traces showed no signal transients (Figures 1J
and 1K), and correlation coefficients between ROIs within layers
were significantly lower than the functional sensor correlations
(Figures 1L and 1M).

We then computed correlation coefficients of the whole-frame
average GRAB-ACh4l AF/F vs. time traces of each layer. The
mean (xSEM) correlation coefficients between pairs of each
layer are 0.96 + 0.01 for SO-SP, 0.96 + 0.01 for SO-SR, and
0.97 = 0.01 for SP-SR (Figures 1N and 10), indicating that ACh
release is also highly correlated across SO, SP, and SR in
CA1. Taken together, these results indicate that ACh release dy-
namics in CA1 of the mouse hippocampus are spatially homoge-
neous across volumes spanning hundreds of microns, with a
resolution down to ~3 pm within layers.

ACh release in CA1 is positively correlated with the
running speed of the mouse across hippocampal layers
Having observed that the spatiotemporal dynamics of ACh
release in CA1 are highly homogeneous, we then sought to
establish the relationship between ACh release patterns and
behavior in mice performing spatial navigation tasks. ACh
release in the hippocampus measured using microdialysis has
been shown to be coarsely positively correlated with sponta-
neous motor activity.'"** However, microdialysis can only
resolve change in ACh release on the timescale of tens of mi-
nutes, which is considerably slower than changes in an animal’s
motor activity. Recent studies using GRAB-ACh3.0 combined
with fiber photometry to record ACh release in CA1 of freely mov-
ing mice have confirmed this positive correlation between ACh
release and locomotion speed with seconds-scale resolu-
tion."?° Similarly, population activity of MS cholinergic neurons
(measured using calcium indicators) closely tracks changes in
locomotor speed in behaving mice.?® However, ACh release dy-
namics have not been characterized in the hippocampus of
head-fixed mice performing a virtual linear track navigation task.
Thus, we trained mice to traverse a 3-m long virtual linear track
to collect water rewards with a reward probability of 80% for
each run. After the mice reached the performance criteria (see
STAR Methods), we imaged ACh release in CA1 with the same
multiplane two-photon imaging setup as described above. Since
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GRAB-ACh4l AF/F vs. time in CA1 were homogeneous across
location, we computed the average AF/F (ACh release) from
the whole frame for each layer. We observed highly dynamic
ACh release in SO, SP, and SR layers of CA1 when mice were
performing the task, which seemed to be correlated with running
speed (Figures 2A and S1). Before performing analysis to relate
ACh release to behavior, we first deconvolved the average AF/F
vs. time traces using 0.06 s activation kernel and 1 s decay
(inactivation) kernel (from in vivo measurements; Figure S2;
STAR Methods); these deconvolved traces were used for all sub-
sequent analysis.

Since ACh release could relate to other behavioral and task
variables in addition to running speed, we next implemented a
generalized linear model (GLM) using running speed, licking,
time relative to reward, and running state (0 if below 0.5 cm/s
and 1 if above) as predictors and parsed their contributions to
the ACh release signal across hippocampal layers. This analysis
revealed that running speed explained the most variance in the
ACh signal, significantly exceeding that explained by the other
predictors (Figures 2C-2E). While we found that a small amount
of variance was explained by reward time and licking, running
speed was the dominant determinant of ACh signaling in the hip-
pocampus during a virtual linear track navigation task. Based on
this result, we focused our analysis on the relationship between
speed and ACh release.

To quantify the relationship between ACh release and speed,
we next binned GRAB-ACh AF/F by speed by computing the
mean GRAB-ACh AF/F in each speed bin (2.5 cm/s per bin).
We observed that ACh release was positively correlated with
speed, and these correlations were highly similar across the three
layers of CA1 (Figure 2B; Spearman’s rank correlation—SO, p =
1.00,p =6.0 x 1075, SP, p=1.00, p = 6.0 x 1075; SR, p = 1.00,
p =6.0 x 107%). We also analyzed ACh release dynamics between
rewarded and non-rewarded (catch) trials in VR (Figure S3A) and
in mice spontaneously running in the dark with no task (no VR;
Figures S3B and S3C) and found highly similar results of a posi-
tive correlation between ACh release and running speed. Thus,
across hippocampal CA1 layers in mice performing a spatial
task in a familiar environment, running speed is the dominant
behavioral variable explaining ACh release variance, and this
ACh release is positively correlated with running speed.

During exposure to a novel environment, ACh release in
CA1 persistently increased while maintaining positive
speed correlation

After establishing the spatiotemporal ACh release patterns in mice
exploring a familiar environment, we next asked how ACh release

Figure 2. ACh release in CA1 is positively correlated with the running speed of the mouse across hippocampal layers

(A) Example linear track navigation recording session showing GRAB-ACh4l AF/F vs. time traces (raw original AF/F traces in red, deconvolved with a 0.06 s
activation kernel and 1 s decay [inactivation] kernel in green) for SO, SP, SR, mouse running speed, position along 3 m track, and licking.

(B) Relationship between ACh release and speed for each layer: GRAB-ACh AF/F vs. time trace binned by speed (2.5 cm/s per bin, original AF/F in red, de-

convolved in green), averaged across all sessions (N = 3 mice, 9 sessions).

(C) Generalized linear model (GLM, red) prediction of GRAB-ACh % AF/F vs. time trace (black) using running speed, licking, time relative to reward, and running

state as predictors.

(D) Time point by time point relationship between predicted and actual GRAB-ACh % AF/F signal from (C).
(E) Across SO, SP, and SR, variance of GRAB-ACh % AF/F vs. time traces explained by each of the GLM predictors normalized by total variance explained in each
session (N = 3 mice, 9 sessions; mean + SEM; *p < 0.05; ***p < 0.01; Kruskal-Wallis test).
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patterns change during novel environment exposure and new
spatial memory formation in CA1. ACh has long been thought to
play an important role in memory encoding and consolidation by
regulating the flow of information between the hippocampus and
neocortex.’'® A theoretical framework had proposed that high
ACh sets the circuit dynamics for memory encoding by selectively
allowing sensory information from the cortex to reach the hippo-
campus (notably the dentate gyrus [DG] and region CA3), whereas
low ACh configures the circuit dynamic for memory consolidation
by weakening the influence of the cortical input to the hippocam-
pus and strengthening hippocampal efferents to the cortex.”®
However, changes in ACh release during a novel environment
exposure, where spatial memory formation is taking place, are
poorly understood since no direct measurements of ACh release
with high-spatial and high-temporal resolution have been made.

To determine whether ACh release in CA1 changes during novel
environment exposure, we used a VR environment switch para-
digm, which has been shown to cause global remapping in
CA1.2” Mice were first trained to traverse a virtual linear track to
collect water rewards until they reach the performance criteria
before imaging experiments. In the imaging session, mice ran in
the familiar environment for at least 25 laps before being suddenly
switched into a novel environment (Figure 4A). Mice then explored
the novel environment for at least 25 laps before the imaging ses-
sion ended. Interestingly, switching to the novel environment
caused a rapid increase of ACh release that appeared across all
layers of CA1 and lasted dozens of laps in the novel environment
(Figure 3A). To test whether the increase of ACh release was due
to differences in mouse speed profiles in the novel environment
compared to the familiar environment, we binned GRAB-ACh
AF/F by speed (0-50 cm/s, 2.5 cm/s per bin) and computed the
mean AF/F in each bin. The novel environment switch caused a
marked overall increase of ACh release across all speeds; this
was evident from just after the switch, lasted for dozens of laps,
and appeared across all three layers of CA1 (Figures 3B and
3C). In the example session shown in Figure 3A, the increase of
ACh release persisted even after the ~20th laps in the novel envi-
ronment, particularly in the SO and SP layer (Figure 3B). A similar
increase in ACh release can be seen across all layers from the
pooled results from all sessions (Figure 3C). In the novel environ-
ment, ACh release and speed still maintained a positive correla-
tion, though with a reduced slope compared to the familiar envi-
ronment (Figure 3C). We also used our GLM analysis to address
the question of whether changes in behavior could account for
the increases in ACh release observed in novel environments. A
GLM trained on behavior immediately before the environment
switch failed to predict the subsequent increase in ACh release
in the novel environment, indicating that behavioral changes alone
cannot explain this increase (Figure S4). Taken together, these re-
sults establish that exposure to a novel environment causes a
rapid and persistent increase in ACh release in CA1 that is not ex-
plained by mouse speed profile changes.

The magnitude of speed-correlated ACh release
decreases during voluntary task disengagement,
accompanied by less precise and reliable place maps
Having observed the highly dynamic ACh release when mice
were actively engaged in a spatial task, we next asked how
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ACh release is modulated by different behavioral states.
ACh release from the widespread cholinergic projection is asso-
ciated with arousal, task engagement, and attentional brain
states'®?"?%; however, whether and how ACh release specif-
ically in the hippocampus is modulated by behavioral engage-
ment is poorly understood. To address this question, we re-
corded ACh release during engaged and disengaged portions
of individual sessions. In these mice, CA1 neurons were there-
fore labeled with GRAB-ACh4l, but they were also labeled with
JRGECO1a (a red calcium indicator) (Figures 4A-C), allowing us
to co-record ACh release and place cell firing in the pyramidal
layer (SP) during the same sessions—a capability we make use
of below.

First, we addressed the relationship between ACh release and
task engagement. To induce voluntary disengagement in the
linear track task (see STAR Methods for behavior criteria;
Figure S5), we allowed mice to traverse a familiar environment
with large reward size for a prolonged period of time
(usually > 1 hr) to the point where they were satiated with water
rewards. In the early part of such sessions, mice slowed down
(speed close to 0 cm/s) and showed anticipatory licking before
the reward delivery, which were indications of an actively
engaged state. Toward the end of the sessions, mice displayed
behavioral signatures of a disengaged state, in which they
slowed down less before the reward location and showed less
anticipatory licking (Figures 4D and 4E). ACh release in the
engaged vs. disengaged periods were also markedly different
(Figure 4D), with fewer and lower magnitude changes in release
apparent in example disengaged vs. engaged periods of the ses-
sions. To quantify the changes in ACh release across the pe-
riods, we again binned GRAB-ACh AF/F by speed bins and
computed the mean AF/F for each speed bin (Figure 4F). Across
all mice, we found that the magnitude of ACh release across the
speed range was significantly reduced in the disengaged period
compared to the engaged period (Figure 4G; mean amplitude of
GRAB-ACh4l AF/F, engaged, 9.70% =+ 0.57% AF/F; disen-
gaged, 4.96% + 0.33% AF/F; p value = 2.44 x 10~*; Wilcoxon
signed-rank test). We also used our GLM analysis to address
the question of whether changes in behavior could account for
the decrease in ACh release magnitude observed in the disen-
gaged condition and found that such behavior changes could
not account for the magnitude decrease (Figure S5). Further,
as a control, we also quantified the speed correlation of ACh
release across sessions spanning the same amount of time but
where mice were given regular size (not large) water rewards
and thus did not become satiated and disengaged. We found
that the magnitude of the speed-correlated ACh release in the
ends of these sessions was not different from that of the first
parts of these sessions (Figure S5). Therefore, significant
changes in the magnitude of speed correlated ACh release are
seen in the hippocampus across different states of task
engagement.

A recent study showed that precise and reliable place cell
firing in CA1 is dependent on behavioral engagement in the
spatial task; when mice voluntarily disengaged from the task,
the place code degraded extensively even though mice continu-
ously traversed the environment.?® Since we found significant
changes in ACh release from engaged to disengaged states,
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Figure 3. During novel environment exposure, ACh release in CA1 persistently increased while maintaining positive speed correlation

(A) Example linear track navigation recording session where the environment was suddenly switched from a familiar to a novel track (dashed line).

(B) ACh release vs. speed relationship for each layer from the example in (A). Colors indicate the laps that the relationship was calculated over.

(C) Same as (B) but averaged over all environment switch sessions (N = 3 mice, 6 sessions, Spearman correlation coefficient [p] and p value [p] are shown for each
curve).

we wondered whether such ACh changes co-occurred with en-  across engaged and disengaged periods (Figures 4D and 4E).
coding changes in the place cell population. We therefore made Interestingly, when we separately identified place cells in the
use of the JRGECO1a place cell recordings that were acquired engaged and disengaged periods (Figure 4H), we found a signif-
during the same sessions as the above ACh release recordings icant reduction in the percentage of cells that were place cells in
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the disengaged periods (Figure 4l; mean percentage of place
cells per session, disengaged, 18.75% =+ 2.02%; engaged,
50.05% =+ 2.24%; p value = 8.86 x 102, Wilcoxon signed-rank
test). The place cells also appeared to have less precise place
fields during the disengaged periods (Figure 4H). To quantify
this observation, we computed, for each cell, the spatial correla-
tion between the spatial firing pattern on each trial to the average
over all trials. We found that this correlation (referred to as place
cell firing reliability) was significantly lower during disengaged
periods (Figure 4J; mean trial-trial correlation per session, disen-
gaged, 0.39 + 0.02; engaged, 0.56 + 0.02; p value = 1.89 x 107%;
Wilcoxon signed-rank test). Further, the spatial information of
place cells was also significantly lower during the disengaged
periods (Figure 4K; mean place cell spatial information per ses-
sion, disengaged, 1.56 + 0.07 bits/AP; engaged, 1.98 = 0.06
bits/AP; p value = 2.93 x 10~* Wilcoxon signed-rank test).
Lastly, we applied a Bayesian decoding approach to examine
spatial coding accuracy at the population level (including both
place and non-place cells). Decoding accuracy was markedly
lower for the disengaged periods, and the absolute decoding er-
ror was higher across the length of the track (Figures 4L and M;
mean absolute decoding error per session, disengaged, 85.12 +
4.47 cm; engaged, 31.74 + 3.16 cm; p value = 8.86 x 10~%; Wil-
coxon signed-rank test). Overall, we found that when mice volun-
tarily disengaged from the spatial task, the magnitude of running
speed correlated ACh release decreased, and this was accom-
panied by a reduction in the number of place cells and less pre-
cise place maps.

Administration of scopolamine mimics the effects of
voluntary disengagement in terms of behavior and place
cell metrics

Across brain areas, muscarinic receptors have been shown to
be involved in the modulation of attention. Scopolamine, a
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commonly used muscarinic receptor antagonist, can induce
attentional impairments in humans that result in failure in detect-
ing cues in attentional tasks.*® In the spatial navigation context,
rats and humans that were administered scopolamine per-
formed worse in a hidden-goal task.'® Recording of place cell
firing in rats with intracerebroventricular scopolamine applica-
tion (blocking muscarinic receptors throughout the brain) re-
vealed that place firing specificity degrades and firing rates
reduce®' (reduced CA1 firing rate also seen in mice with i.p.
scopolamine injections®). This effect was also observed in
follow-up studies with local hippocampal scopolamine applica-
tion, and additional pharmacology showed this effect is likely
mediated by the blockade of the postsynaptic M1 receptor as
well as the presynaptic M2 and M4 receptors in CA1.%72° How-
ever, it is largely unknown how hippocampal place cell firing pat-
terns change in relation to the changes in spatial navigation abil-
ities induced by scopolamine administration.

To investigate these questions, we systemically administered
a high dose (1 mg/kg) or a low dose (0.5 mg/kg) of scopolamine
(or saline as control) to mice through intraperitoneal injections
prior to each imaging session. We then imaged ACh release
with GRAB-ACh4l and place cell firing with JRGECO1a as mice
traversed a familiar linear track. The high dose of scopolamine
caused drastic changes in running and licking behaviors
compared to saline (Figure 5A), which appeared as overall
slower speed across the track, and far less deceleration and
anticipatory licking before the reward location (Figure 5B).
Consistently, the low dose of scopolamine had a milder effect
on running and licking behavior compared to saline (Figures 5A
and 5B), with an overall slower speed across the track (similar
to high scopolamine) and less deceleration and anticipatory
licking before the reward location (though more than high
scopolamine). Interestingly, the effects of high-dose scopol-
amine on running and licking behavior were highly similar to

Figure 4. The magnitude of speed-correlated ACh release decreases during voluntary task disengagement, accompanied by less precise

and reliable place maps

A) Schematic showing CA1 neurons labeled with both GRAB-ACh4l and jJRGECO1a.
B) Example field of CA1 neurons labeled with both GRAB-ACh4l (green) and jJRGECO1a (red). Scale bar: 50 pm.

D) Example linear track navigation recording session showing the period when the mouse is engaged (top) vs. disengaged (bottom) from the task.

(
(
(C) Example GRAB-ACh4I (green, whole-frame average) and jJRGECO1a AF/F (red, selected cells) vs. time traces co-recorded from the same field of view.
(
(

E) Plot of mouse speed vs. position (left) and licking vs. position (right) around the reward location for engaged (purple) and disengaged (yellow) periods.
Averaged over all mice and sessions (N = 5 mice, 20 sessions for each condition).
(F) ACh release vs. speed relationship for engaged (purple) and disengaged (yellow) periods, representing the exemplary session shown in (D).

(G) Each point represents the magnitude of ACh release across the speed range (ACh release at 50 cm/s to ACh release at 2.5 cm/s) for each engaged vs.
disengaged period of each session (N = 5 mice, 20 sessions for each condition). Box whisker plot for each condition: mean + SEM; ***p < 0.01 (Wilcoxon signed-
rank test).

(H) Mean JRGECO1a AF/F vs. track position for all place cells during engaged periods (left) or disengaged periods (right) (cross-validated; N = 5 mice, 20 sessions
for each condition).

(I) Each point represents the percentage of JRGECO1a ROls identified as place cells for each engaged vs. disengaged period of each session (N = 5 mice, 20
sessions for each condition). Box whisker plot for each condition: mean + SEM; ***, p < 0.01.

(J) Spatial correlation between the spatial firing pattern on each trial to the average over all trials (referred to as place cell firing reliability) for every place cell
(center, with cumulative sum at right) or averaged across all place cells in each engaged vs. disengaged period of each session (left; mean + SEM). (N = 5 mice, 20
sessions for each condition; ***p < 0.01; Wilcoxon signed-rank test).

(K) Same as (J) but for spatial information of all place cells.

(L) Two example plots of Bayesian decoded position vs. time showing actual position (black) and decoded position (colors) for engaged period (top) and dis-
engaged period (bottom) (N = 5 mice, 20 sessions for each condition).

(M) Left, decoding position error vs. track position averaged across all engaged periods (purple) and disengaged periods (yellow); right, each point represents
mean absolute decoding error averaged across track position for each engaged vs. disengaged period of each session (N = 5 mice, 20 sessions for each
condition; mean + SEM; ***, p < 0.01; Wilcoxon signed-rank test).
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Figure 5. Administration of scopolamine mimics the effects of voluntary disengagement in terms of behavior and place cell metrics

(A) Three example linear track navigation recording sessions from mice administered a high dose of scopolamine (1 mg/kg), a low dose of scopolamine
(0.5 mg/kg), or saline as control.

(B) Plot of mouse speed vs. position (left) and licking vs. position (right) around the reward location for high scopolamine, low scopolamine, and saline sessions.
Averaged over all mice and sessions (saline: N = 4 mice, 17 sessions; high sco: N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions).
(C) ACh release vs. speed relationship for high scopolamine, low scopolamine, and saline sessions, representing the exemplary session shown in (A).

(legend continued on next page)
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that of the voluntary disengaged states described above
(Figure 4). Scopolamine has been shown to block GRAB-ACh
signals at very high concentrations (5-20 mg/kg).° We observed
a dose-dependent decrease of GRAB-ACh4l AF/F (Figure 5C)
with systemic administration, which suggested scopolamine
reached the hippocampus and was active in a dose-dependent
manner (Figure 5D; mean amplitude of GRAB-ACh4l AF/F, sa-
line, 5.92% =+ 0.27% AF/F; high scopolamine (sco), 4.96% =+
0.27% AF/F; low sco, 5.43% = 0.48% AF/F; Kruskal-Wallis
test with post-hoc pairwise comparisons, Kruskal-Wallis test
p value = 0.02; post-hoc p value for saline and high sco = 0.02;
p value for saline and low sco = 0.43; p value for low and high
sco = 0.37).

Given that the effects of scopolamine mimicked the effects of
voluntary disengagement in terms of behavior, we then asked
whether and how the place code in CA1 was affected by scopol-
amine. When we separately identified place cells in the three
experimental conditions (high scopolamine, low scopolamine,
and saline), we found a significant reduction in the percentage
of place cells in both the high and low scopolamine conditions,
with the high scopolamine condition having a significantly larger
effect (Figure 5F; mean percentage of place cells per session, sa-
line, 63.35% =+ 2.08%; high sco, 22.51% =+ 3.70%; low sco,
556.27% =+ 4.17%; Kruskal-Wallis test with post-hoc pairwise
comparisons, Kruskal-Wallis test p value = 5.88 x 10~'; post-
hoc p value for saline and high sco = 4.59 x 10~7; p value for sa-
line and low sco = 1; p value for low and high sco = 0.01). Place
cells in the high scopolamine condition were also less reliable
trial-to-trial (Figure 5G; mean trial-trial correlation per session,
saline, 0.58 + 0.01; high sco, 0.41 + 0.02; low sco, 0.51 + 0.02;
Kruskal-Wallis test with post-hoc pairwise comparisons,
Kruskal-Wallis test p value = 5.14 x 10~7; post-hoc p value for
saline and high sco = 2.29 x 10~7; p value for saline and low
sco = 0.10; p value for low and high sco = 0.25) and carried
less spatial information compared to the saline condition
(Figure 5H; mean spatial information of place cells per session,
saline, 1.93 + 0.03 bits/AP; high sco, 1.62 + 0.11 bits/AP; low
sco, 1.88 = 0.04 bits/AP; Kruskal-Wallis test with post-hoc pair-
wise comparisons, Kruskal-Wallis test p value = 0.02; post-hoc
p value for saline and high sco = 0.02; p value for saline and
low sco = 1; p value for low and high sco = 0.45). Lastly, we per-
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formed Bayesian decoding to quantify the accuracy of popula-
tion spatial coding and found that high scopolamine drastically
increased population decoding errors, and low scopolamine re-
sulted in similar decoding errors compared to the saline condi-
tion (Figures 51 and 5J; mean absolute decoding error per ses-
sion, saline, 23.03 + 2.22 cm; high sco, 90.97 + 4.02 cm; low
sco, 37.05 = 6.02; Kruskal-Wallis test with post-hoc pairwise
comparisons, Kruskal-Wallis test p value = 2.34 x 1077; post-
hoc p value for saline and high sco = 1.34 x 10~"; p value for sa-
line and low sco = 0.71; p value for low and high sco = 0.02).
Taken together, systemic scopolamine administration mimicked
the effects of voluntary disengagement in terms of behavior and
hippocampal CA1 place cell metrics.

DISCUSSION

Our study leverages a genetically encoded ACh sensor, GRAB-
ACh4l, combined with multiplane and dual-color two-photon im-
aging to investigate the spatiotemporal pattern of ACh release in
CA1 of mice performing a spatial navigation task. We found that
ACh release dynamics are largely spatially homogeneous within
hippocampal layers SO, SR, and SP (Figure 1). Previous
research imaging cholinergic axonal calcium transients in mouse
CA1 during fear learning found relatively homogeneous re-
sponses across different axons of the same imaging field, but
the population of axons responded more to aversive air-puff
stimuli than other types of stimuli (tone, light).* Here, we were
able to directly measure mean changes in ACh release in the
extracellular space, which comprised ACh from both synaptic
(“wired”) and non-synaptic (“volume”) transmission.®” Our re-
sults provide a view of ACh release on a spatial and temporal
scale not previously described and indicate that the change of
extracellular ACh release is highly homogeneous on the sub-
seconds scale and down to ~3 pm resolution. While this homo-
geneity supports the concept of volume transmission,®°® we are
not able to rule out the possibility of more heterogeneous synap-
tic ACh release® occurring below our spatial resolution. More
localized ACh changes within synaptic clefts may occur but likely
would not be resolved with sufficient signal-to-noise in our mea-
surements. We did not observe consistent spatial hotspots of
ACh release, though again this could be due to limitations in

(D) Each point represents the magnitude of ACh release across the speed range (ACh release at 50cm/s to ACh release at 2.5cm/s) for each session of high
scopolamine, low scopolamine, or saline conditions. (saline: N = 4 mice, 17 sessions; high sco: N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions). Box
whisker plot for each condition: mean + SEM; ***p < 0.01; Kruskal-Wallis test.

(E) Mean jJRGECO1a AF/F vs. track position for all place cells during high scopolamine, low scopolamine, and saline sessions (cross-validated; saline: N = 4 mice,
17 sessions; high sco: N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions).

(F) Each point represents the percentage of JRGECO1a ROlIs identified as place cells for each high scopolamine, low scopolamine, or saline session (saline: N = 4
mice, 17 sessions; high sco: N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions). Box whisker plot for each condition: mean + SEM; ***p < 0.01; n.s., not
significant; Kruskal-Wallis test.

(G) Spatial correlation between the spatial firing pattern on each trial to the average over all trials (place cell firing reliability) for every place cell (center, with
cumulative sum at right) or averaged across all place cells in each high scopolamine, low scopolamine, or saline session (left; mean + SEM). (saline: N = 4 mice, 17
sessions; high sco: N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions; **p < 0.01; n.s., not significant; Kruskal-Wallis test).

(H) Same as (G) but for spatial information.

(I) Three example plots of Bayesian decoded position vs. time showing actual position (black) and decoded position (colors) for a high scopolamine, low
scopolamine, or saline session (saline: N = 4 mice, 17 sessions; high sco: N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions).

(J) Left, decoding position error vs. track position averaged across all high scopolamine, low scopolamine, or saline sessions; right, each point represents mean
absolute decoding error averaged across track position for each high scopolamine, low scopolamine, or saline session (saline: N = 4 mice, 17 sessions; high sco:
N = 4 mice, 17 sessions; low sco: N = 2 mice, 6 sessions); Box whisker plot for each condition: mean + SEM; *p < 0.05; ***p < 0.01; n.s., not significant; Kruskal-
Wallis test.
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temporal and spatial resolution rather than absence of local het-
erogeneity. We also observed that ACh release between CA1
layers SO, SP, and SR are highly temporally correlated
(Figure 1). This was surprising given that previous studies estab-
lished that cholinergic inputs from the MS and VDB have laminar-
specific anatomical projection patterns. Thus, although ACh
input to CA1 arrives from different nuclei, the signaling patterns
across these nuclei show a high level of coordination, at least
for the hippocampal projecting subpopulations.

Similar to previous studies that used photometry to either re-
cord GRAB-ACh3 expressed by CA1 neurons'? or record cal-
cium transients in cholinergic axons in CA12° in freely behaving
mice, we found that ACh release in CA1 of mouse hippocampus
is positively correlated with mouse running speed in the virtual
linear track (Figure 2). This correlation between ACh release
and running speed has also been shown in other brain regions,
such as the visual,”°? somatosensory,?> and motor®® cortex,
indicating that basal forebrain cholinergic neurons are activated
by locomotion and broadcast a locomotive speed signal to
various brain regions by releasing ACh (though the basal fore-
brain also shows responses to reward, punishment, and associ-
ated cues”® and receives inputs from subcortical nuclei related
to motivation and stress”'). ACh release modulated by locomo-
tion has profound influence on neural circuit dynamics (such as
in medial entorhinal cortex*?) and thus the brain’s response to
external sensory inputs. For example, locomotion can strongly
enhance the visual response of primary visual cortex neurons
through activating disinhibitory VIP+ interneurons, which re-
quires nicotinic inputs from the basal forebrain.” In the hippo-
campus, ACh can depolarize CA1 pyramidal neurons and alter
their firing properties.*®> However, ACh can also alter the firing
patterns of various types of interneurons through muscarinic
and nicotinic receptors,** and these in turn can up- or down-
regulate the firing of CA1 pyramidal neurons. Thus, the net effect
of locomotion-induced ACh release on different types of CA1
neurons and the networks within the hippocampus as a whole
is still largely unknown and needs to be further investigated
(though see Wells et al.*%).

In addition to the positive correlation between ACh release and
running speed, we discovered that when mice were exposed to a
novel environment, there was a marked increase in overall
acetylcholine release that persisted for dozens of laps while
maintaining positive speed correlation (Figure 3). This may
have significant implications for understanding the signals that
allow for hippocampal memory formation since multiple lines
of evidence have suggested the essential role of ACh in spatial
memory formation in CA1. Place cells in CA1 undergo remapping
in response to changes in the animal’s environment,?”“® and this
is thought to be one of the brain’s mechanisms to form new
memory representations of novel experiences that can then be
decorrelated from previous experience representations.”” Early
studies using microdialysis had shown that transferring rats
into a novel environment leads to increases in extracellular
ACh in the hippocampus over the timescale of tens of minutes,
but this experience was also accompanied by increased motor
activity.® Since ACh release in the hippocampus is correlated
with motor activity, this posed a challenge to disambiguate
whether the previously observed increase of ACh release was
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due to environmental novelty, increased motor activity, or
both. Our experiments and analysis were able to resolve this am-
biguity and showed that the increase of ACh release during novel
environment exposure cannot be explained by changes in
running speed profiles. Instead, we establish that novel environ-
ment exposure causes an increase in ACh release on top of the
speed-modulated ACh release dynamics. We also noted that the
ACh release and speed still maintained a positive correlation in
the novel environment, though with a reduced slope compared
to the familiar environment. Interestingly, this is reminiscent of
differences in slope of theta frequency vs. running speed
observed with electrophysiology in novel versus familiar
environments.*

Our finding of an increase of ACh release in CA1 during novel
environment exposure has several implications for functional
changes in hippocampal circuitry during spatial memory forma-
tion. Slice physiology experiments showed that optogenetically
induced ACh release selectively enhances excitatory-inhibitory
balance and CA1 activation in the entorhinal cortex-CA1
pathway relative to the CA3-CA1 pathway, thus prioritizing novel
sensory information carried by entorhinal cortex inputs to CA1;
cholinergic modulation of presynaptic inhibition likely underlies
this differential effect.’**® Additionally, selective immunotoxic
lesioning of setpo-hippocampal cholinergic neurons affects the
formation of new representations (or place cell remapping) in a
novel environment, suggesting a role of the septo-hippocampal
projection in regulating the processing of novel sensory informa-
tion in the hippocampal network.'® Systemic administration of
scopolamine has been shown to attenuate the formation of
distinct representations of new environments in CA1 of rats.*°
As described above, ACh release also regulates interneuron
firing, which may reconfigure hippocampal network dynamics
for memory encoding. For example, during novel environment
exposure, CA1 pyramidal neurons’ dendritic inhibition (from
SOM+ interneurons) is transiently reduced, which is thought to
create plasticity windows where regenerative events such as
dendritic spikes become more prevalent and can drive synaptic
plasticity to form new place fields.?”-*" Interestingly, ACh release
onto VIP+ interneurons leads to their depolarization by musca-
rinic receptors.”” Since VIP+ interneurons can inhibit down-
stream SOM+ interneurons, one impact of ACh release in CA1
may be to decrease the level of dendritic inhibition of pyramidal
neurons® (i.e., VIP+ depolarization from muscarinic receptor
activation leading to indirect disinhibition of pyramidal neuron
dendrites via increased inhibition of SOM+ interneurons). How-
ever, SOM+ interneurons (including O-LM interneurons) are
thought to receive direct cholinergic inputs and express type 1
muscarinic (M1) receptors,® so it is unclear how this mechanism
for increased excitability might compete with the increased inhi-
bition effect from VIP+ interneurons. Thus, the net effects of
changes in Ach on hippocampal network activity and the under-
lying mechanisms are complicated but are an exciting area for
future studies to explore.

Finally, we discovered a connection between task engage-
ment and ACh signaling in hippocampus —when mice voluntarily
disengaged from the task, the magnitude of the speed-corre-
lated acetylcholine release decreased (Figures 4D, 4F, and
4G). ACh release has long been associated with attentional
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processing and is thought to support processing of extrinsic sig-
nals.>*° In the hippocampus, increased attentional demands to
the spatial context and higher task performance are correlated
with higher place field stability in mice, suggesting place repre-
sentations in the hippocampus are gated by top-down mecha-
nisms that depend on attention and task engagement.®® ACh is
a strong potential candidate for such a mechanism. Computa-
tional modeling also suggests that ACh can selectively gate
top-down versus bottom-up attentional processing.®” Our re-
sults add information to this line of reasoning by directly corre-
lating behavioral-state-induced changes in ACh release to
changes in place coding across the place cell population in
CA1 (Figures 4H and 4M).

Limitations of the study

With regard to the connection between task engagement and
ACh signaling in hippocampus, interestingly, we established
that systemic administration of scopolamine mimics the effects
of voluntary disengagement on both behavioral and place cell
metrics (Figure 5). Scopolamine administration has been shown
to induce attentional impairments and impact spatial navigation
capabilities.'®° Our results provide a potential explanation for
such impairments in spatial cognition—that the place code is
degraded by scopolamine administration. It is important to
keep in mind that this pharmacological manipulation affects
numerous brain regions in addition to hippocampus, and thus
it is not clear whether the reduced CA1 spatial coding is due to
direct effects of altered ACh modulation in the hippocampus,
in regions providing input to hippocampus, such as visual cortex
and somatosensory cortex, or both. However, the concentration
of scopolamine used here (0.5-1 mg/kg) is somewhat lower
compared to that of previous studies®®°® and is below the con-
centration that was previously found to lead to visual acuity im-
pairments.®® Regardless, our results highlight the importance
of muscarinic inputs to hippocampus for attentional processing
and task engagement, which are likely similarly broadcast to
other brain regions during spatial behavior.

While our GLM analysis provides insights into the behavioral
correlates of ACh signaling, such models have inherent limita-
tions. For example, our model does not account for the possi-
bility that the relationship between the predictors and ACh
may not be linear, and other non-linear analysis methods might
better capture interactions between continuous and binary var-
iables. While we have chosen reasonable predictors based on
known correlations of ACh to behavior, it is certainly possible
that other predictors (or predictor interactions) could improve
the model fit. For example, while variable time lags were
included for reward and licking behavior, time lags were not
included for running speed, nor were interaction terms between
predictors. Further, we did not explicitty model novelty or
engagement and only inferred the effects of these variables
through our GLM analysis.

One of our conclusions was that the magnitude of the speed
correlated acetylcholine release decreased during voluntarily
disengaged and that this was accompanied by a reduction in
the number (and precision) of place cells. It is important to
keep in mind that this finding is correlational. Future research
could address this (more specifically than our scopolamine ex-
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periments) by specifically manipulating ACh release in the hippo-
campus with optogenetics or chemogenetics and measuring
changes in behavior and place cell properties.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

AAV9-hSyn-GRAB-ACh4| (GRAB-ACh4l also WZ Biosciences YLOO1010-AV9

known as GRAB-ACh3.5)

AAV9-hSyn-GRAB-ACh3.0-mut WZ Biosciences YLO01004-AV9-PUB

AA1-CAG-Flex-NES-jRGECO1a-WPRE-SV40 Addgene 100852-AAV1

AA1-CamKIl 0.4-Cre-SV40 Addgene 105558-AAV1

Experimental models: Organisms/strains

C57BL/6J mice Jackson Lab RRID: IMSR_JAX:000664

Software and algorithms

MATLAB MathWorks https://www.mathworks.com

Scanimage 5.1 MBF Bioscience https://www.mbfbioscience.com/
products/scanimage

Clampex 10.3 Moleular Devices https://www.moleculardevices.com/

Suite2P Harris Lab https://github.com/MouselLand/suite2p

VIRMEn Tank Lab https://github.com/Tank-Lab/ViRMEn

Deposited data

Raw and analyzed data, including This paper Available upon request

Imaging and behavioral data

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

All experiments were approved by the Northwestern University Animal Care and Use Committee. Male C57BL/6J mice (~9 weeks old,
The Jackson Laboratory) were used in all experiments. The use of only male mice limits the interpretation of sex on the results found here.

METHOD DETAILS

Mouse surgery

Mice were anesthetized with ~1-2% isoflurane. A small (~0.5mm) craniotomy was made over the right dorsal hippocampus at
1.80 mm lateral, 2.30 mm caudal from bregma. For single-color population imaging of ACh release, GRAB-ACh4I (from Yulong Li
lab) virus (AAV9-hSyn-GRAB-ACh4I, from WZ Biosciences) was injected using a beveled glass micropipette at the depth of 1250 +
10 um below dura surface (1 injection of ~50nL, 3.3 x 10'? GC/mL). For control (mutant) sensor experiments, AAV9-hSyn-GRAB-
ACh3.0-mut was used.”® For dual-color population imaging of ACh release and place cell firing, a mixture of GRAB-ACh4l virus,
flexed-JRGECO1a virus (AA1-CAG-Flex-NES-JRGECO1a-WPRE-SV40, 4.0 x 10'2 GC/mL) and Cre virus (AA1-CamKIl 0.4-Cre-
SV40, 4.8 x 10'> GC/mL) were injected (two injections at 2.20 mm and 2.40 mm caudal from bregma, at 1250 + 10 um below dura
surface, ~30nL each site). Mice were subjected to water restriction (0.8-1.0 mL/day) two days after the virus injection surgeries till
the end of all experiments. After ~5-7 days following water restriction, hippocampal window cannula was implanted as previously
described®® to allow optical access to CA1. The hippocampal window cannula was composed of a 2.77 mm outer diameter and
2.31 mm inner diameter thin-walled stainless steel tube of length 1.5 mm with a 2.5-mm diameter round coverglass sealed to one
end. Mice then recovered in the home cage for a week before any training and imaging procedures began.

GRAB-Ach4l
GRAB-ACh4l was engineered from GRAB-ACh3.0 by Yulong Li's lab. GRAB-ACh4l has half maximum effective concentration
(EC-50) of 6.6pM and tau-on of ~0.06sec and tau-off of ~0.9 s.

Behavioral training and task in virtual reality

After recovery, mice were trained in the same head-fixed virtual reality system as described previously,?” consisting of a 5-panel
monitor setup, a cylindrical treadmill (read with a rotary encoder) and a water reward delivery spout. Mice traversed in a 3 m virtual
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linear track to collect a water reward (4 pL) at a certain location with 80% reward probability and were teleported back to the begin-
ning of the track after a 3 s delay at the end of the track. A training session usually lasted ~45 min for one session per day until the mice
reach well-trained criteria, which were (1) mice routinely ran along the track to receive >2 rewards/minute; (2) mice showed antici-
patory licking before reward delivery for at least 50% of all trials in a session. Mice usually met the criteria after 4-7 training sessions.

For an environment switching experiment session, well-trained mice first traversed the familiar environment (Fam1) that they were
trained in for at least 25 laps, and then the virtual environment was rapidly switched to a novel environment (Nov1) after they were
teleported back to the beginning of the Fam1 track. Mice then traversed the Nov1 track for at least 25 laps before the session ended.
For the following 3-5 days, mice were placed back into the familiar environment, Fam1, to perform the linear track task. Then the
second environment switching session was performed in the exact same way as before, except that mice were switched into a
different novel environment (Nov2). Data from the two novel environment switches were grouped together. No differences in the re-
sults reported here were observed between the first switch and the second switch as previously reported.?”

For voluntary disengagement experiments, mice were given 10 pL of water reward (instead of regular 4 pL) for each trial to induce
the state of satiation and disengagement within a practical time period (usually 60-90 min) in VR. For scopolamine experiments, mice
were intraperitoneally injected with saline or scopolamine and allowed to rest 15 min in home cages before experiments began.
Though the mice used for the voluntary disengagement group were largely the same as the scopolamine group, the imaging datasets
were acquired from different fields of view over different days, precluding paired comparisons within each mouse.

Two-photon imaging

A customized Moveable Objective Microscope (Sutter Instruments) with a resonant scanning module (Sutter Instruments) was used
for imaging experiments.””*° A 40x/0.6 NA air objective (LUCPLFLN40x, Olympus) and 40x/0.8 NA water immersion objective
(LUCPIanFL N, Olympus) were used for dual-color imaging and multiplane imaging, respectively. Excitation was provided by fixed
wavelength Coherent lasers AXON 1064-3 TPC and AXON 920-2 TPC with ~90-130 mW of average power out of the objective. Emis-
sion light was split by a 560 longpass dichroic (FF560-Di01, Semrock) and filtered into red (FF01-620/52, Semrock) and green (FFO1-
510/84, Semrock) channels before being detected by a pair of GaAsP PMTs (H10770PA-40, Hamamatsu Photonics). Imaging was
controlled by Scanimage software (Vidrio). A frame sync signal was sent to the data acquisition card (National Instruments) on the VR
computer.

For multiplane recordings, an electric lens (EL-10-30-C-VIS-LD, Optotune; f = —100 mm offset lens) was used to switch rapidly
between different focal planes. The electric lens was mounted in close proximity to the microscope back aperture and the focal plane
was rapidly switched after each collected image of the time-series by changing the applied steady-state current (LD1255R current
driver, Thorlabs). Images (512 X 256 pixels) in each plane were acquired at 10.4 Hz for 3-plane acquisitions. The resulting co-ac-
quired time-series movies contain interleaved frames fast enough to provide sufficient sampling of transients in each plane.

Image processing
For GRAB-ACh4l multi-plane recording, time-series movies were acquired using interleaved frames, such that every third frame cor-
responded to the same plane during 3-plane imaging. The electric lens settling time of ~5 ms between focal planes created distor-
tions in the first few lines of each frame of the movie; these lines were therefore removed before subsequent analysis. Each multi-
plane time-series was then split into separate time-series movies, one for each acquired plane. Each single-plane time-series was
then independently motion corrected using whole frame cross-correlation, as described previously.?**° Our motion correction algo-
rithm uses whole frame cross-correlation and works well so long as there is structure present across the field of view. The GRAB-AChHI
datasets here had significant structure, mostly in the form of blood vessels, but also heterogeneity in indicator expression intensity
across the fluorescent neurons (Movies S1 and S2).

For dual-color imaging of GRAB-ACh4l and jJRGECO1a, registered (motion correction) of time-series movies and raw fluorescence
extraction of putative ROIs were performed using Suite2P,°® with the parameters listing below.

Nplanes 1 nimg_init 300 max_overlap 0.75
nchannels 2 batch_size 500 max_iterations 20
functional_chan 2 smooth_sigma 1.15 high_pass 100
tau 0.6 smooth_sigma_time 0 anatomical_only 0

fs 30.0 maxregshift 0.1 diameter 0
do_bidiphase 0 th_badframes 1 neuropil_extract 1
bidiphase 0 keep_movie_raw 0 allow_overlap 0
multiplane_parallel 0 two_step_registration 0 inner_neuropil_radius 2
ignire_flyback -1 nonridgid 1 min_neuropil_pixels 350
preclassify 0 block_size 32, 64 soma_crop 1

(Continued on next page)
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Continued

Nplanes 1 nimg_init 300 max_overlap 0.75
save_mat 1 snr_thresh 1.2 spikedetect 1
save_NWB 0 maxregshiftNR 5.0 win_baseline 60
combined 1 1Preg 0 sig_baseline 10
reg_rig 1 spatial_hp_reg 42.0 neucoeff 0.7
reg_tif_chan2 1 pre_smooth 0 - -
aspect 1 spatial_taper 40.0 - -
delete_bin 0 roidetect 1 - -
move_bin 0 denoise 1 = =
do_registration 1 spatial_scale 0 - -
align_by_chan 2 threshold_scaling 2.0 - -

GRAB-ACh signal analysis

After motion correction, time-series movies of GRAB-ACh4l fluorescence were analyzed in two main ways. For spatial heterogeneity
analysis (Figure 1), each imaging field was divided into a grid of smaller subregions (ROIs) at different resolutions (4 x 4, 12 x 12,
60 x 60, and 124 x 124), and average AF/F signals were computed for each subregion. Prior to analysis, dim pixels were excluded
by thresholding: only pixels with intensity above the 30th percentile of the whole-field intensity distribution were retained. For each
grid size, an ROl was included in subsequent distance vs. correlation analyses only if it contained a sufficient proportion of non-dim
pixels—specifically, >50% for 4 x 4 and 12 x 12 grids, >75% for 60 x 60, and 100% for 124 x 124.

For population-level signal dynamics (Figures 2, 3, 4, 5), whole-frame average GRAB-ACh4l signals were computed from each
frame of the time-series movie. For Figures 2 and 3, AF/F traces were generated using the median fluorescence across the entire
session as the baseline (Fo). For Figures 4 and 5, AF/F traces were computed separately for each condition (e.g., engaged vs. dis-
engaged, saline vs. high/low scopolamine), with Fy defined as the median fluorescence value for each condition-specific trace. This
was done to account for any slow changes in baseline that could occur across the long time experiments across conditions. To avoid
introducing artifacts, no additional fitting or baseline correction algorithms were applied. The same image processing, intensity
thresholding, and signal extraction procedures were applied to the control sensor datasets (e.g., GRAB-ACh mut) to allow for direct
comparisons across conditions.

Deconvolution of GRAB-ACh signals

To estimate the underlying acetylcholine (ACh) release dynamics from GRAB-ACh4l fluorescence signals (from in vivo measure-
ments), we performed Wiener deconvolution using a bi-exponential impulse response model that accounts for both the sensor’s
rise and decay kinetics. The impulse response kernel was defined as

1 _ _

k(t) = (e t/f'Jff — e t/Ton)
Toff — Ton

Where 7., and 7. are the rise and decay time constants of the sensor, respectively. The kernel was normalized to unit area under its

curve and used in the frequency domain to perform Wiener deconvolution. Specifically, the deconvolved signal X(f) was computed

as:

Ry = YO0
[H(F) P2

where Y(f) and H(f) are the Fourier transforms of the raw fluorescence signal and the kernel, respectively, H*(f) is the complex con-
jugate of H(f), and 1 is a regularization parameter that was optimized by minimizing the reconstruction error between the raw and
re-convolved signal. The final deconvolved trace was smoothed using a Gaussian filter (100 ms window) to reduce high-frequency
noise. GRAB-ACh4l fluorescence vs. time traces were deconvolved using a bi-exponential kernel with time constants ., =0.06 s and
Toff = 1 8; these deconvolved traces were used for all figures and analysis after Figure 1.

GLM analysis
To model the contributions of behavior to acetylcholine (ACh) dynamics, we used a ridge-regularized generalized linear model (GLM)
applied to deconvolved GRAB-ACh AF/F signals. Prior to modeling, raw fluorescence signals were deconvolved using a bi-exponen-
tial kernel with time constants 1, = 0.06 s and 7o = 1 s to approximate the underlying ACh concentration dynamics.

The design matrix of predictors was constructed as follows.
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(1) Continuous running speed was included as both a linear and quadratic term to account for potential nonlinear modulation of
ACh by speed.

(2) Binary speed was calculated as a thresholded version of running speed (1 if speed >0.5 cm/s, otherwise 0) to capture engage-
ment in locomotion vs. immobility.

(3) Reward timing was included by appending a series of lagged binary impulse vectors (from 0 to 2 s in 100 ms steps), represent-
ing recent reward delivery history.

(4) Licking behavior was similarly represented by time-lagged lick vectors over the same 2-s (100 ms step) window

All predictors were z-scored before model fitting. We used a 10-fold cross-validation procedure to evaluate performance and
selected the optimal ridge penalty A from a logarithmically spaced grid (1072 to 10%) based on mean squared error. For each ses-
sion, we computed the total explained variance (R?), and also calculated the variance explained by each predictor group by pro-
jecting the model weights onto the corresponding columns of the design matrix (i.e., speed, binary speed, reward history, and lick
history).

This modeling framework was applied to three experimental contexts.

(1) In the familiar environment, the model captured substantial trial-by-trial variance in ACh with speed being the dominant pre-
dictor (Figure 2).

(2) To test whether novelty-induced ACh increases could be explained by behavioral changes, we trained the model on the
familiar environment data before a VR environment switch and tested it on the novel environment data (Figure S4).

(3) In the engaged vs. disengaged analysis, we trained the model on the engaged periods and tested it on the disengaged pe-
riods, using the same procedure as for the novel vs. familiar environment analysis (Figure S5).

Place cell identification and analysis
Extracted calcium fluorescence traces were exported from suite2P and imported into MATLAB for identifying significant calcium
transients as described previously.>® Briefly, slow time-course changes in the fluorescence traces were removed by calculating
the distribution of fluorescence in a 20s time window around each time point and subtracting the 8th percentile value of the distri-
bution. The baseline subtracted traces were then subjected to the analysis of the ratio of positive-to negative-going transients of
various amplitudes and durations. This resulted in the identification of significant transients with less than 1% false positive rate.
The significant transients were left untouched while all other values in the trace were set to 0. The resulting traces of all ROIs
were used for further data analysis.

Fluorescence tuning maps were made by binning the position across the track into 60 bins (bin width = 0.05 m) and identifying the
mean fluorescence where the mouse was moving at least 0.1 cm/s. To test if a cell is a place cell, we computed the spatial information
I in bits per action potential for the fluorescence tuning map®':

I—12N:f-P (x;)lo f
= P imX\Ai 92 f

Where fis the mean fluorescence of the neuron across all time points of navigation, i is the spatial bin number, N is the total number
of spatial bins, f; is the mean fluorescence of the neuron in spatial bin i, and Px(x;) is the probability of the mouse occupying spatial
bin i.

To build a null distribution of information / for each neuron, we shuffled the fluorescence trace with regard to position and recalcu-
lated the tuning map 1000 times. A cell was a significant place cell if it had higher information than 99% of these shuffle epochs and
had an information of at least 0.5 bits per action potential.

For the analysis of the percentage of place cells, the same number of frames of the recorded movies among conditions (engaged
vs. disengaged, saline vs. high/low scopolamine) were used to identify place cells. The percentage of place cells varies widely across
studies, and our percentages are within the range from prior research.?®:°%¢2=%6 P|ace cell reliability was defined as the Pearson cor-
relation between the activity on each trial to the mean activity of the whole session.

|

Behavior analysis
Sessions were divided into engaged vs. disengaged periods based on behavioral criteria.

(1) Engaged: Speed reduction >50% in reward zone vs. track average, average of >2 anticipatory licks in 1s window before
reward

(2) Disengaged: Speed reduction <25% in reward zone, average of <1 anticipatory licks before reward.

(3) Sessions not meeting either criterion were excluded from disengaged state analysis.

Bayesian decoding

To quantify the accuracy of population coding of CA1 neurons under different experimental conditions (voluntary disengagement or
scopolamine administration), we used Bayesian reconstruction based on a method described previously.®” Decoding was performed
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on the likelihood that a significant transient occurred in a time frame during navigation, trained on all trials of the session except
one, and tested on the one trial that was left out. This process was repeated to test each trial. The session was divided into time
bins of At = 0.1 s. For each time bin n, the conditional likelihood that the mouse was in position bin x; (bin width = 0.10 m) given
the number of time points with significant transients in that bin was:

M . y
pxin) = Px(X;)(H)‘,]-)e l:zw

Where px(x;) is the probability that the mouse is in the ith spatial bin during a time sample, f; is the average rate of time points with
significant transients by the jth neuron in the ith spatial bin during a time sample, n; is the number of time points with significant tran-
sients observed during the time window in neuron j, and M is the total number of neurons. The decoded position was selected as the
one with maximum conditional likelihood. For the analysis of decoding error, the same number of frames of the recorded movies
among conditions (engaged vs. disengaged, saline vs. high/low scopolamine) were used.

QUANTIFICATION AND STATISTICAL ANALYSIS
All data were analyzed using custom MATLAB scripts.®'°®5° Sample sizes were not predetermined statistically, and the experi-
menter was aware of the experimental conditions. Non-parametric and parametric statistical tests were used as indicated in the

text and figure legends (Kruskal-Wallis test with post-hoc pairwise comparisons and Wilcoxon signed-rank test). Exact p values
are listed and *, *** in the figures refer to p < 0.05, p < 0.01 respectively; n.s. not significant.
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