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How neuromodulatory transmitters diffuse into the extracellular space remains an unsolved
fundamental biological question, despite wide acceptance of the volume transmission model. Here,
we report development of a method combining genetically encoded fluorescent sensors with high-
resolution imaging and analysis algorithms, which permits the first direct visualization of
neuromodulatory transm itter diffusion at various neuronal and non-neuronal cells. Our analysis
reveals that acetylcholine and monoamines diffuse at individual release sites with a spread length
constant of ~0.75 um. These transmitters employ varied numbers of release sites, and when
spatially close-packed release sites co-activate, can spillover into larger subcellular areas. Our data
indicate spatially restricted (i.e., non-volume) neuromodulatory transmission to be a prominent
intercellular communication mode, reshaping current thinking of control and precision of
neuromodulation crucial for understanding behaviors and diseases.
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It has been proposed three decades ago that the synaptically released, fast neurotransmitters
glutamate and gamma-aminobutyric acid (GABA), confined presumably by glial cell
barriers, typically mediate one-to-one synaptic transmission, whereas extrasynaptically
released neuromodulators, assumed to be less restrained in diffusion and slower in uptake
and degradation, mediate one-to-many volume transmission 2. This theory postulates that
the primary mode of intercellular neuromodulatory communication is the volume
transmission that takes place among cells in general regions, rather than between specific
cells that form direct circuits or contacts. Specifically, this model purports that acetylcholine
(ACh) and monoamines diffuse into local areas, affecting many different types of nearby
cells, with neuropeptides traveling even farther and influencing both local cells and distant
cells millimeters away? 3. The volume transmission theory has gained acceptance over
time3: 4, despite lack of supporting evidence and results from multiple combined
experimental and simulation studies implicating the contrary®=°. Currently, directly
examining how endogenous neuromodulatory transmitters diffuse into the extracellular
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space under physiological conditions remains a technical challenge, because existing
imaging approaches do not allow direct visualization of neuromodulatory transmitter release
and diffusion at individual release sites1® 11,

We developed a method that combines genetically encoded fluorescent neuromodulator
sensors12-18 with imaging and analysis algorithms to evaluate spatial diffusion of
endogenously released neuromodulatory transmitters, including ACh and monoamines. This
analysis produced the first direct visualization of cholinergic and monoaminergic
transmission. High-resolution imaging revealed, among other results, isolated putative
release sites presynaptic to neuronal (i.e., medial entorhinal stellate, amygdala, locus
coeruleus, lateral geniculate and striatum neurons) and non-neuronal cells (i.e., medial
entorhinal astrocytes, pancreatic and adrenal cells). Quantitative analysis yielded cholinergic
and monoaminergic transmitter spread length constants of ~0.75 gm, and defined nanoscopic
spatial diffusion profiles of these transmitters at both neuronal and non-neuronal cell sites.
These results illustrate that, like fast transmitters glutamate and GABA, neuromodulatory
transmitters use restricted non-volume transmission as a prominent mode for intercellular
communication. These insights into the control and precision of cholinergic and
monoaminergic transmission have implications for mechanistic understanding of various
behaviors and diseases.

RESULTS

To profile cholinergic transmission, we made Sindbis viral expression of a G protein-
coupled receptor-based genetically encoded fluorescent ACh sensor, GACh2.012, in layer 2
(L2) stellate neurons of the medial entorhinal cortex (MEC) in intact mice, and then
prepared acute entorhinal slices after ~18 hours of in vivo expression (Fig 1A). In acute
entorhinal slices, we electrically stimulated MEC L1, that is densely innervated by
cholinergic fibers originating from the basal forebrainl®, and measured fluorescence
responses (AF/F) of GACh2.0 expressing neurons. Application of 20 pulses of electrical
stimuli at 2 Hz induced robust AF/F responses in GACh2.0 expressing neurons (Fig 1B).
The AF/F responses of fluorescent transmitter sensor expressing cells exhibited a weak
correlation with the basal fluorescence F (Fig. SIA-B), suggesting AF/F responses to be
largely independent of GACh2.0 expression levels (cf.12). We developed MATLAB-based
signal-processing algorithms to analyze the evoked AF/F responses (Fig 1C-D; Methods).
The analysis revealed that the evoked AF/F responses were restricted to subcellularly
isolated areas, frequently forming clusters of individually isolated release sites (Fig 1D;
Movie S1). Pixel-wise maximal AF/F plots at single isolated release sites revealed the spatial
spread of cholinergic responses (Fig 1E). Fitting with a single exponential decay function
yielded an ACh spread length constant of ~1.0 zm at entorhinal stellate neurons (Fig 1F). To
confirm the cholinergic nature of AF/F responses at single release sites, we included
atropine, an inhibitor of GACh2.012 (and endogenous muscarinic ACh receptors), in the bath
solution (Fig 1G). Bath application of atropine largely eliminated AF/F responses at single
release sites (Fig 1H-I), confirming the spatially restricted fluorescence responses to be
cholinergic.
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We wished to independently verify the cholinergic nature of the evoked signals at entorhinal
stellate neurons. Hence, we expressed a bacterial periplasmic binding protein-based
genetically encoded fluorescent ACh sensor, iIAChSnFR13: 14 in L2 entorhinal stellate
neurons in intact mice with Sindbis virus, and after ~18 hours of /n7 vivo expression, imaged
AF/F responses in acutely prepared entorhinal slices (Fig 2A). Delivering electrical stimuli
at L1 elicited AF/F responses in iIAChSnFR expressing neurons, with clustered isolated
release sites seen at subcellular regions (Fig 2B-D; Movie S1). The image results showed
that AF/F responses were largely independent of iIAChSnFR expression levels (Fig. S1C-D).
MATLAB-based algorithms revealed the spatially restricted diffusion of ACh after release,
fitting well to a single exponential decay function with a spread length constant of ~1.0 ym
(Fig 2D-F), identical to the spread length constant determined with GACh2.0. We next
imaged iIAChSnFR expressing neurons in the amygdala, and found the same spread length
constant of ~1.0 zm at amygdalar neurons (Fig 2G), suggesting a general spread length
constant for ACh.

To validate the analysis method, we performed control experiments with the 40x objective
replaced by a higher magnification (60x) objective, which increased the imaging resolution
from ~180 nm/pixel to ~120 nm/pixel. Under these conditions, we again recorded the
electrically evoked AF/F responses in iIAChSnFR expressing entorhinal stellate neurons,
yielding a similar ACh spread length constant of ~1.1 ym (Fig 2H-K; Movie S3). The
results rule out potential artifacts that might be introduced during imaging analysis and
reconstruction20. As a control, we analyzed AF/F responses and basal fluorescence F and
found only a weak correlation between them (Fig. S1IE-F), suggesting AF/F responses to be
largely independent of iIAChSnFR expression levels. Bath application of tetrodotoxin (TTX),
which blocks action potential-evoked synaptic release, diminished the evoked AF/F
responses in iIAChSnFR expressing entorhinal stellate neurons (Fig 21, 2L). Moreover,
application of 0 Ca2*/10 mM Mg?2* bath solution, which suppresses all synaptic activities??,
abolished the evoked AF/F responses in iIAChSnFR expressing entorhinal stellate neurons
(Fig 2L), confirming the synaptic origin of signals (cf.14). Together, these results indicate
that restricted transmission is a common feature of cholinergic signaling on neurons.

We then investigated ACh signals at astrocytes, which express high levels of muscarinic
ACh receptors in their fine distal processes involved in tripartite synapses22. We used a
lentiviral vector carrying a glial fibrillary acidic protein (GFAP) promoter to achieve
targeted expression of iIAChSnFR in entorhinal astrocytes in mice /n vivo for ~7 days, and
then imaged electrically evoked AF/F responses ex vivo in acute entorhinal brain slices (Fig
3A). Electric stimuli evoked robust AF/F responses in iIAChSnFR expressing astrocytes, and
individual, isolated release sites with large AF/F responses were often observed at distal
astrocytic processes (Fig 3B—C), illustrating potent cholinergic transmission at astrocytic
areas with the highest muscarinic ACh receptor expression?2. ACh released at these
individual sites also had an ACh spread length constant of ~1.0 zm (Fig 3C-E). Together,
these results suggest similarly restricted cholinergic transmission for intercellular
communication at both neurons and astrocytes.

We then investigated cholinergic transmission at the pancreas and adrenal gland, in which
parasympathetic nerve terminals release ACh to control insulin secretion, and to regulate
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blood pressure and steroid release, respectively?3: 24, We induced Sindbis viral expression of
GACh2.0 in the mouse pancreas and adrenal gland /7 vivo, and imaged fluorescence
responses of GACh2.0 expressing cells in acute pancreatic and adrenal slices after 18 hours
expression (Fig 3F). Electrical stimulation of local parasympathetic cholinergic fibers
evoked AF/F responses in GACh2.0 expressing pancreatic and adrenal cells (Fig 3G-H),
confirming our previous report!2, As with neurons and astrocytes, evoked AF/F responses
exhibited clusters of isolated individual release sites at GACh2.0 expressing cells (Fig 3H),
and analysis of transmitter diffusion at these release sites gave a spread length constant of
~1.1 m at pancreatic and adrenal cells (Fig 3H-J). Collectively, these data showed no
differences in ACh spread length constants at neuronal and non-neuronal cells measured
with GACh2.0 and iAChSnFR sensors at high resolutions (~120 nm/pixel and ~180 nm/
pixel) (Fig 3K), supporting the generalization of restricted cholinergic transmission as a
major intercellular communication mode for various cell types.

We next examined adrenergic transmission using a genetically encoded fluorescent sensor
for norepinephrine (NE), GRABng1m®. We employed Sindbis virus for in vivo expression
of GRABNg1m in the mouse amygdala, that is heavily innervated by noradrenergic fibers
from the locus coeruleus?®. Approximately 18 hours later, we prepared acute amygdalar
slices, locally delivered 20 pulses of 4-Hz electrical stimuli, and imaged fluorescence
responses of GRABNg1m expressing neurons (Fig 4A). Electric stimuli evoked slow AF/F
responses, typically covering the entire somatic areas of GRABNg1m €xpressing amygdalar
neurons, although individual isolated release sites were occasionally seen (Fig 4B-D; Movie
S4). AF/F responses had only a weak correlation with the basal fluorescence F, suggesting
the responses to be largely independent of GRABNE1m expression levels (Fig. S1G-H).
Spatial diffusion analysis of AF/F responses at isolated single release sites produced an NE
spread length constant of ~1.2 ym at amygdalar neurons (Fig 4D-F), similar in size to
spatially restricted postsynaptic adrenergic receptor expression hot spots2®. To confirm the
findings, we imaged GRABNg1m €xpressing neurons in the locus coeruleus, and found an
NE spread length constant of ~0.9 zm at coerulear neurons (Fig 4G), suggesting a general
spread length constant of ~1.0 xm for NE at different cell types.

Finally, we used the same /n7 vivo Sindbis viral expression in the lateral geniculate nucleus
and striatum, and subsequent ex vivo thalamic and striatal brain slice preparations, to
characterize the spatial profiles of two other monoamine transmitters, serotonin (5HT) and
dopamine (DA), with genetically encoded fluorescent SHT and DA sensors,
respectively6-18, Qur analysis of electrically evoked AF/F responses showed that 5HT at
geniculate neurons and DA at striatal neurons had the same spread length constant of ~1.0
um (Fig 4G). These data are consistent with the idea of restricted non-volume
monoaminergic transmission as a major intercellular communication mode for various
neuromodulatory transmitters at different cell types.

To correct for microscopic point-spread function diffraction effects in recorded images, we
obtained our microscopic point-spread functions with 23 nm green GATTA beads under both
40x and 60x objectives (Fig 5A-E). Deconvolution based on the measured point-spread
functions yielded the true spread length constants of 0.74+0.03 t/m (=10 transmitters at
various cells) (Fig 5F), indicating ~35% overestimation before diffraction correction.
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DISCUSSION

In this study, we have developed an imaging and analysis method that permits the first
visualization of release and diffusion of endogenous neuromodulatory transmitters and
determination of nanoscopic spatial diffusion profiles of these transmitters. These results
suggest that highly restricted, non-volume neuromodulatory transmission is a key mode for
intercellular communication between cells in neuronal and non-neuronal tissues; the fine
control and precision of cholinergic and monoaminergic signals are likely to be essential for
understanding various neuromodulation-mediated behaviors and diseases.

Restricted vs. volume transmission

Visualization of highly restricted cholinergic and monoaminergic transmission directly
challenges the prevailing theory of volume transmission of neuromodulators. The volume
transmission theory proposes that neuromodulatory transmitters readily diffuse over long
distances and affect many different types of nearby cells (in the case of ACh and
monoamines) and distant cells millimeters away (in the case of neuropeptides)® 3. Three
decades later, volume transmission remains the dominant theory for neuromodulatory
transmission3 4. However, the theory is based primarily on the notion that endogenously
released neuromodulatory transmitters might behave similarly as exogenously applied ones
(that diffuse more freely in the extrasynaptic space), an assumption that has not yet been
corroborated by any direct experimental evidence$: °.

Over the years, researchers have strived to gauge neurotransmitter diffusion in more
quantitative ways. Although previous imaging techniques do not permit direct visualization
of endogenous transmitter release and diffusion at individual release sitesl® 11, early studies
ingeniously utilized mathematical models to simulate evoked neuromodulatory releases,
yielding excellent estimations of transmitter spread areas of ~5.0-10.0 zm in diameter>/.
However, these studies were underappreciated, due presumably to indirect calculation
approaches and/or dependence on simulation assumptions. Here, combining super-resolution
microscopic analysis strategies?’- 28 and genetically-encoded sensors12-18 we directly
visualized and precisely measured diffusion spread length constants of ~0.75 gm for both
ACh and monoamines, accounting roughly for the previously reported diffusion areas
estimated from both single isolated and multiple closely clustered release sites®’. These
findings support restricted non-volume neuromodulatory transmission.

Implications in physiology
Our diffusion spread constants specify peak neuromodulatory transmitter concentrations to
drop by ~98% at 5 xm away from the release sites. Because many genetically encoded
neuromodulatory transmitter sensors have affinities comparable to their primogenitors, or
endogenous transmitter receptors'2-18 neuromodulatory transmitters released at single sites
might induce negligible fluorescent signals and minimal postsynaptic effects in distal areas
of the same cells, but not neighboring cells (~15-50 gm away on average) expressing even
high-affinity receptors (e.g., m, muscarinic receptors29). Indeed, attention-engaging visual
stimulation typically induces reliable ACh release at a few sparse visual cortical neurons, but
not their neighbors, in awake micel2, providing in vivo experimental support. Interestingly,
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neuromodulatory release sites frequently form well-ordered clusters, mirroring presynaptic
neuromodulatory bouton organization3°, which may be important for super-linear signal
summation3?, signal plasticity32 33, and/or fine-tuning of intercellular signals34. Obviously,
as with the fast transmitters glutamate (e.g., via NMDA receptors3®) and GABA (e.g., via &
subunit-containing GABA, receptors3®), neuromodulatory transmitters may employ high
affinity receptors2% 37 and/or large clusters of release sites (Fig 4C-D) to achieve certain
volume transmission effects under physiological and pathological conditions®: 9 14, 38,39,
Importantly, neuromodulatory transmitter-releasing neurons routinely fire low-frequency
action potentials of ~0.02-8 Hz (with average firing rates <<1 Hz) in intact animals#0-44,
and they release transmitters with low release probabilities and/or strong depression (our
unpublished data), indicating that under many physiological conditions, neuromodulatory
transmitter release is sparse and low-level. These results suggest that highly restricted
transmission with subcellular signal precision is an important mode of neuromodulatory
transmission.

Nanoscale pre-post synaptic organization is a fundamental determinant of transmission
signal amplitude and reliability, and across various synapses, the amount of released
transmitters, width of synaptic clefts, and location of postsynaptic transmitter receptors all
seem to be optimized to maximize synaptic efficacy*>~*’. Here, our visualized spatial
diffusion analysis reveals spread length constants of ~0.75 xm for ACh (released
synaptically and extrasynaptically3”) and monoamines at various cell types. Interestingly, the
same analysis made on evoked AF/F responses at iGluSnFR*® expressing amygdalar neurons
yields a spread length constant of ~0.62 um for glutamate (unpublished data; see also??), a
slightly smaller value expected for the negatively charged glutamate that can be
electrophoretically influenced by excitatory currents®0. Moreover, we see the same diffusion
spread length constant for an endogenously released neuropeptide using a genetically
encoded neuropeptide sensor (unpublished data). The similar spread length constants
observed across various cell types for fast (e.g., glutamate) and slow transmitters (e.g., ACh,
monoamines and neuropeptide) raises the interesting possibility that transmitter diffusion is
optimized across various synapses for transmission efficacy and precision. These results
formulate a general concept that both fast (i.e., glutamate and GABA) and neuromodulatory
transmitters utilize highly restricted transmission as a key mode of intercellular
communication, with complementation provided by volume transmission under certain
conditions.

Implications in diseases

Highly restricted, non-volume neuromodulatory transmission explains some perplexing
clinical observations and suggests new potential therapeutic interventions. For example,
dysregulation of cholinergic transmission is seen in many neurological disorders, including
Alzheimer’s disease. In fact, the only available therapy for Alzheimer’s disease is based on
the finding of diminishing ACh release and deteriorating cholinergic neurons in Alzheimer’s
brains — the cholinergic hypothesis®L. Currently, all FDA-approved Alzheimer’s drugs
directly or indirectly inhibit acetylcholinesterase to boost cholinergic signals. These
medicines have limited efficacy in cognitive improvement, and upon medication termination,
induce irreversible, accelerated deterioration2 53. Our new findings can account for these
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clinical observations since: 1) acetylcholinesterase inhibitors could reduce physiological
precision of cholinergic transmission (cf.8 9), explaining the only modest cognitive
improvement; and 2) long-term application of acetylcholinesterase inhibitors could
homeostatically up-regulate acetylcholinesterase levels in Alzheimer’s patients and/or down-
regulate presynaptic ACh release®3, explaining the accelerated deterioration upon
medication termination. Similarly, impaired adrenergic transmission often appears as the
first pathological correlate of cognitive decline in Alzheimer’s disease®* 5. Our results
underscore contributions of fine-tuned adrenergic transmission to molding of wakefulness
and attention34, optimization of behavior in complex social and physical environments®®: 57,
and impairment of complex mental tasks (e.g., reasoning and abstract thinking) in
Alzheimer’s patients®8. The new insights into cholinergic and adrenergic transmission
immediately suggest multiple regulatory mechanisms as potentially effective intervention
targets and set the physiological transmission baseline for future medication testing and
development.

Dysregulation of central cholinergic and monoaminergic transmission is also linked to other
major brain disorders, including addiction®% 69, autism62, epilepsy®2 63, Parkinson’s
disease® %5, and sleep disorders®’, as well as a large group of anxiety and mood
disorders®6-68_ Moreover, defective cholinergic and monoaminergic signals may underlie
pathogenesis of a number of non-neurological diseases, including cardiovascular disease,
diabetes, immune deficiency and tumorigenesis®®-73. We expect our new method to lead to
more comprehensive understanding of fundamental properties and regulation of cholinergic
and monoaminergic transmission, which is essential for dissecting pathogenic mechanisms
and developing effective interventions for these diseases.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. GACh2.0 spatiotemporally profiles cholinergic transmission at MEC stellate neurons.
(A) Schematic drawing of the design of stimulation-imaging experiments in acute mouse
MEC slices. HP: Hippocampus; MEC: Medial entorhinal cortex.

(B-D) Snapshots of fluorescence AF/F responses (B), heatmap displays of time-dependent
spatial AF/F responses (C) and three-dimensional spatiotemporal AF/F profiling (D) of a
GACh2.0 expressing entorhinal stellate cell in response to local electrical stimuli. Note one
isolated release site indicated by pink arrow in D.

(E) Plot of relative maximal AF/F of each pixel against its distance to the pixel with largest
maximum AF/F at the isolated release site indicated by pink arrow in D. Fitting the data
points in this plot with a single exponential decay function (pink line) yields an estimated
ACh spread length constant of 0.76 m.

(F) Summary plot of volume spread length constants obtained from putative single release
sites and the average volume spread length constant of 0.95+0.07 um for cholinergic
transmission at entorhinal stellate neurons (/7= 16 from 6 neurons from 5 animals). Note the
average single exponential decay function fitting curve in black.
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(G) Heatmap snapshots of time-dependent spatial AF/F responses of a GACh2.0 expressing
entorhinal stellate neuron in response to local electrical stimuli in the normal bath solution
and bath solution containing 10 £M atropine.

(H) Heatmap displays of three-dimensional spatiotemporal AF/F profiling of the same
GACh2.0 expressing entorhinal stellate neuron in response to local electrical stimuli in the
normal bath solution and bath solution containing atropine.

(1) Values of peak AF/F responses of putative single release sites measured in the normal
bath solution and bath solution containing atropine (Control: 100.0+13.1%; Atropine:
21.5+1.5%; n= 27 from 6 neurons from 6 animals; Z=-4.541, p< 0.005). Large gray dots
indicate average responses and asterisk indicates p < 0.05 (Wilcoxon Rank Sum test).
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Figure 2. iIAChSnFR spatiotemporally profiles cholinergic transmission at MEC stellate cell.
(A) Schematic drawing of the design of stimulation-imaging experiments in acute mouse

MEC slices. HP: Hippocampus; MEC: Medial entorhinal cortex.

(B-D) Snapshots of fluorescence AF/F responses (B), heatmap displays of time-dependent
spatial AF/F responses (C) and three-dimensional spatiotemporal AF/F profiling (D) of an
iIAChSnFR expressing entorhinal stellate neuron in response to local electrical stimuli. Note
fluorescence AF/F responses imaged at ~180 nm/pixel resolution (with 40x objective) in B-
D and one isolated release site indicated by pink arrow in D.

(E) Plot of relative maximal AF/F of each pixel against its distance to the pixel with largest
maximal AF/F at the isolated release site indicated by pink arrow in D. Fitting the data
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points in this plot with a single exponential decay function (pink line) yields an estimated
ACh spread length constant of 1.02 tm.

(F) Summary plot of volume spread length constants obtained from putative single release
sites and the average volume spread length constant of 1.02+0.05 xm for cholinergic
transmission at entorhinal stellate neurons (r7= 17 from 8 neurons from 8 animals). Note the
average single exponential decay function fitting curve in black.

(G) Summary plot of volume spread length constants obtained from putative single release
sites and the average ACh spread length constant of 0.96+0.02 xm for cholinergic
transmission at amygdalar neurons (7= 12 from 4 neurons from 4 animals). Note the
average single exponential decay function fitting curve in black.

(H) Heatmap snapshots of time-dependent spatial AF/F responses of an iAChSnFR
expressing entorhinal stellate cell in response to local electrical stimuli in the normal bath
solution and bath solution containing 1 4M TTX.

(1) Heatmap displays of three-dimensional spatiotemporal AF/F profiling of the same
iIAChSnFR expressing entorhinal stellate cell in response to local electrical stimuli in the
normal bath solution and bath solution containing TTX. Note fluorescence AF/F responses
with higher noise when imaged at ~120 nm/pixel resolution (with 60x objective) in H-1 and
one isolated release site indicated by pink arrow in 1.

(J) Plot of relative maximal AF/F of each pixel against its distance to the pixel with largest
maximal AF/F at the isolated release site indicated by pink arrow in I. Fitting the data points
in this plot with a single exponential decay function (pink line) yields an estimated ACh
spread length constant of 1.03 .

(K) Summary plot of volume spread length constants obtained from putative single release
sites and the average ACh spread length constant of 1.06+0.09 xm for cholinergic
transmission at entorhinal stellate neurons (/7= 11 from 7 neurons from 4 animals). Note the
average single exponential decay function fitting curve in black.

(L) Values of peak AF/F responses measured in the normal ACSF bath solution and ACSF
containing TTX (Control: 100.0+5.0%; TTX: 22.245.2%; n= 11 from 4 animals; Z=
-3.059, p=0.002), or 0 mM Ca2+/10 mM Mg2+ ACSF (Control: 100.0+8.4%; 0 mM
Ca+/10 mM Mg?*: 1.3+2.3%; n= 10 neurons from 5 animals; 2= -2.803, p= 0.005).
Large gray dots indicate average responses and asterisks indicate p < 0.05 (Wilcoxon Rank
Sum tests).
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Figure 3. ACh sensors spatiotemporally profile cholinergic transmission at non-neuronal cells.
(A) Schematic drawing of the design of stimulation-imaging experiments with iAChSnFR in

acute mouse MEC slices. HP: Hippocampus; MEC: Medial entorhinal cortex.

(B-C) Snapshats of fluorescence AF/F responses (B left panel), heatmap displays of time-
dependent spatial AF/F responses (B right panel) and three-dimensional spatiotemporal AF/F
profiling (C) of distal processes of an iAChSnFR expressing entorhinal astrocyte in response
to local electrical stimuli. Note one isolated release site indicated by pink arrow in C. Note
that the astrocytic cell body, localized below the image, was trimmed to highlight the
responses at distal processes.

(D) Plot of relative maximal AF/F of each pixel against its distance to the pixel with largest
maximum AF/F at the isolated release site indicated by pink arrow in C. Fitting the data
points in this plot with a single exponential decay function (pink line) yields an estimated
ACh spread length constant of 1.01 xm.

(E) Summary plot of volume spread length constants obtained from putative single release
sites and the average volume spread length constant of 1.00+0.08 um for cholinergic
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transmission at entorhinal astrocytes (7= 14 from 8 neurons from 6 animals). Note the
average single exponential decay function fitting curve in black.

(F) Schematic drawing of the design of stimulation-imaging experiments with GACh2.0
using an /n vivo viral expression and /n vitro mouse pancreatic and adrenal slice
preparations. Inserts show transmitted light (left), fluorescence microscopic (middle) and
overlay (right) images of GACh2.0 expressing pancreatic and adrenal cells.

(G-H) Heatmap snapshots of fluorescence AF/F responses (G upper panel), time-dependent
spatial AF/F responses (G lower panel) and three-dimensional spatiotemporal AF/F profiling
(H) of a GACh2.0 expressing pancreatic cell in response to local electrical stimuli. Note one
isolated release site indicated by pink arrow in H.

() Plot of relative maximal AF/F of each pixel against its distance to the pixel with largest
maximum AF/F at the isolated release site indicated by pink arrow in H. Fitting the data
points in this plot with a single exponential decay function (pink line) yields an estimated
ACh spread length constant of 1.31 zm.

(J) Summary plot of spread length constants obtained from putative single release sites and
the average volume spread length constant of 1.13+0.07 gm for cholinergic transmission at
the pancreatic and adrenal cells (7= 16 from 8 neurons from 8 animals). Note the average
single exponential decay function fitting curve in black.

(K) Values for transmitter ACh spread length constants obtained with iIAChSnFR at
entorhinal stellate neurons (U= 115.0, p= 0.859; see data in Fig 2F), iAChSnFR under 60x
objective at entorhinal stellate neurons (U= 74.0, p= 0.505; see data in Fig 2K), iIAChSnFR
at amygdalar neurons (0.96+0.02 pm; /7= 12 from 4 neurons from 4 animals; U= 121.0, p=
0.225), iIAChSnFR at entorhinal astrocytes (U= 124.0, p= 0.633; see data in Fig 3E),
GACh2.0 at pancreatic and adrenal cells (U= 148.0, p= 0.462; see data in Fig 3J) compared
to that obtained with GACh2.0 entorhinal stellate neurons (Mann-Whitney Rank Sum tests;
see data in Fig 1F).
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Figure 4. GRABNEiIm spatiotemporally profiles adrenergic transmission at amygdalar neurons.
(A) Schematic drawing of the design of stimulation-imaging experiments in acute mouse
amygdalar slices. LA: Lateral amygdala.

(B-D) Snapshots of fluorescence AF/F responses (B), heatmap displays of time-dependent
spatial AF/F responses (C) and three-dimensional spatiotemporal AF/F profiling (D) of a
GRABNE1m expressing amygdalar neuron to local electrical stimuli. Note one isolated
release site indicated by pink arrow in D.

(E) Plot of relative maximal AF/F of each pixel against its distance to the pixel with largest
maximum AF/F at the isolated release site indicated by pink arrow in D. Fitting the data
points in this plot with a single exponential decay function (pink line) yields an estimated
NE spread length constant of 1.25 ym.

(F) Summary plot of volume spread length constants obtained from putative single release
sites and the average NE spread length constant of 1.15+0.09 gm for adrenergic transmission
at amygdalar neurons (7= 11 from 5 neurons from 5 animals). Note the average single
exponential decay function fitting curve in black.

(G) Values for monoaminergic transmitter spread length constants obtained with NE sensor
at amygdalar neurons (U= 60.0, p= 0.175; see data in Fig 3E), and coerulear neurons
(0.92+0.02 gm; n= 11 from 6 neurons from 6 animals; /= 113.0, p=0.227), 5HT sensor at
geniculate neurons (0.99+0.02 xm; n= 10 from 7 neurons from 3 animals; U= 88.0, p=
0.693), DA sensor at striatal neurons (1.00+£0.07 um; n= 11 from 6 neurons from 6 animals;
U=195.0, p=0.748) compared to that obtained with GACh2.0 at entorhinal stellate neurons
(Mann-Whitney Rank Sum tests; see data in Fig 1F).
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Figure 5. Point spread function of imaging setup.
(A) Fluorescence image of a 23-nm green GATTA bead under a 40x objective.

(B) Point-spread function (PSF) of the 23-nm green GATTA bead shown in (A) obtained
under the 40x objective.

(C) Individual (light blue) and average (dark blue) PSFs of 23-nm green GATTA beads (n7=
10) obtained under the 40x objective.

(D) Individual (light green) and average (dark green) PSFs of 23-nm green GATTA beads (7
= 10) obtained under the 60x objective.

(E) Full width at half maximums (FWHMSs) of PSFs of 23-nm green GATTA beads (/7= 10)
obtained under the 40x and 60x objectives (40x: 0.996+0.021 um, n = 10; 60x: 0.950+0.027
um, n=10; U=235.0, p=0.273; Mann-Whitney Rank Sum test).

(F) Diffusion spread length constants before and after deconvolution with measured PSFs
(Before: 1.01+0.03; After: 0.74+0.03; 7= 10, Z=-2.803, p=0.005). Asterisk indicates p <
0.05 (Wilcoxon Rank Sum test).
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