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ABSTRACT: How neuromodulatory transmittersudie into the neG;f:faﬁrf:rll'qyneer:cszdnii <

. . . I . ™~
extracellular space remains an unsolved fundamental biologica ) Nanoscopic profiing of
question, despite wide acceptance of the volume transmiggifng ‘o 5 nedrotransmitier release & diiusion

model. Here, we report development of a method "?:'.;-';

genetically encodeduorescent sensors with high-resolutiofst
imaging and analysis algorithms which permitsrahelirect <

visualization of neuromodulatory transmittars@in at various
neuronal and non-neuronal cells. Our analysis reveals that |, .qing anaysis

acetylcholine and monoaminesusk at individual release site
with a spread length constant @75 m. These transmitters .
employ varied numbers of release sites, and when spatially

packed release sites coactivate they can spillover into |

subcellular areas. Our data indicate spatially restricted (i.e.,

nonvolume) neuromodulatory transmission to be a prominent intercellular communication mode, reshaping current thinking
control and precision of nheuromodulation crucial for understanding behaviors and diseases.

KEYWORDS:Acetylcholine, deconvolution microscopy, geneticallyosssmatedsensor, norepinephrine, synaptic transmission,
volume transmission

|

I t was proposed three decades ago that the synapticallyWe developed a method that combines genetically encoded
released, fast neurotransmitters glutamate and gammaerescent neuromodulator ser$or$ with imaging and
aminobutyric acid (GABA), caored presumably by glial cell analysis algorithms to evaluate spatiaidih of endogenously
barriers, typically mediate one-to-one synaptic transmissigsleased neuromodulatory transmitters, including ACh and
whereas extrasynaptically released neuromodulators, assumgtbigoamines. This analysis produced tsiedirect visual-

be less restrained in @sion and slower in uptake and ization of cholinergic and monoaminergic transmission. High-
degradation, mediate one-to-many volume transmissionyesolution imaging revealed, among other results, isolated
This theory postulates that the primary mode of intercellulgytative release sites presynaptic to neuronal (i.e., medial
neuromodulatory communication is the volume transmissiQthtorhinal stellate, amygdala, locus coeruleus, lateral geniculate,
that takes place among cells in general regions, rather thfy striatum neurons) and non-neuronal cells (i.e., medial
between sped cells that form direct circuits or contacts. gniorhinal astrocytes, and pancreatic and adrenal cells).

Specically, this model purports that acetylcholine (ACh) andy,antitative analysis yielded cholinergic and monoaminergic
monoamines diise into local areas,eating many derent tr

’3 . . .
awa)}._ Tﬁe volume transmission theory has gained acceptary Yt like fast transmitters glutamate and GABA, neuro-
over timé* despite lack of supporting evidence and results from
multiple combined experimental and simulation studies
implicating the contrary® Currently, directly examining how Received: November 24, 2019
endogenous neuromodulatory transmittensseliinto the ~ Revised: April 18, 2020
extracellular space under physiological conditions remains a
technical challenge, because existing imaging approaches do not
allow direct visualization of neuromodulatory transmitter release
and di usion at individual release sites.
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Figure 1.GACh2.0 spatiotemporally ges 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 entorhindD3dBieapgBots ofuorescence F/ F

responses (B), heatmap displays of time-dependent dgdtiedsponses (C), and three-dimensional spatiotemgoFapro ling (D) of a

GACh2.0 expressing entorhinal stellate cell in response to local electrical stimuli. Note one isolated release site indicated by thelfink arrow in pa
(E) Pixel-wise maximaHF F plot at the isolated release site indicated by the pink arrow in panel D. Fitting the data points in this plot with a single
exponential decay function (pink line) yields an estimated ACh spread length constant.off).86mmary plot of volume spread length
constants obtained from putative single release sites and the average volume spread length cos@hnofor@holinergic transmission at
entorhinal stellate neuroms<(16 from 6 neurons from 5 animals). Note the average single exponential decajtifugnctiove in black. (G)

Heatmap shapshots of time-dependent sp&tiBlresponses of a GACh2.0 expressing entorhinal stellate neuron in response to local electrical
stimuli in the normal bath solution and bath solution containimg 4@opine. (H) Heatmap displays of three-dimensional spatiotentpéral

pro ling of the same GACh2.0 expressing entorhinal stellate neuron in response to local electrical stimuli in the normal bath solution and bath sol
containing atropine. (l) Values of ped# F responses of putative single release sites measured in the normal bath solution and bath solutior
containing atropine (Control, 108.23.1%; Atropine, 21451.5%n = 27 from 6 neurons from 6 animals;S4.541p< 0.005). Large gray dots

indicate average responses and asterisk inuictés (Wilcoxon Rank Sum test).

modulatory transmitters use restricted nonvolume transmission RESULTS

. . L To pro le cholinergic transmission, we made Sindbis viral
as a prominent mode for intercellular communication. These P 9

expression of a G protein-coupled receptor-based genetically
insights into the control and precision of cholinergic an§ncoded uorescent ACh sensor, GACH?J&,Iayer 2 (L2)
stellate neurons of the medial entorhinal cortex (MEC) in intact
monoaminergic transmission have implications for mechanigtiéce and then prepared acute entorhinal slices¥8terofin
vivo expressionHgure A). In acute entorhinal slices, we
understanding of various behaviors and diseases. electrically stimulated MEC L1 that is densely innervated by
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Figure 2iAChSnFR spatiotemporally ges cholinergic transmission at MEC stellate cells. (A) Schematic drawing of the design of stimulation-
imaging experiments in acute mouse MEC slices. HP, hippocampus; MEC, medial entorhinBDycBieapsBots ofuorescence F/ F

responses (B), heatmap displays of time-dependent sg&tiasponses (C), and three-dimensional spatiotempbdFapro ling (D) of an

IAChSNnFR expressing entorhinal stellate neuron in response to local electrical stiomigddeteceF Fresponses imaged di80 nm/pixel

resolution (with 49 objective) in panelsSI® and one isolated release site indicated by pink arrow in panel D. (E) Pixel-wiseFhBpiiwtzt

the isolated release site indicated by pink arrow in panel D. Fitting the data points in this plot with a single exponential decay funi&ids (pink line) y
an estimated ACh spread length constant ofrh.qZ) Summary plot of volume spread length constants obtained from putative single release sites
and the average volume spread length constantf01082m for cholinergic transmission at entorhinal stellate nemroh® from 8 neurons

from 8 animals). Note the average single exponential decay ftthdi@nrve in black. (G) Summary plot of volume spread length constants
obtained from putative single release sites and the average ACh spread length constau@t2i0 88 cholinergic transmission at amygdalar
neuronsii= 12 from 4 neurons from 4 animals). Note the average single exponential decattifugictiore in black. (H) Heatmap snhapshots of
time-dependent spatidt/ F responses of an IAChSnFR expressing entorhinal stellate cell in response to local electrical stimuli in the normal bz
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Figure2. continued

solution and bath solution containingLTTX. (1) Heatmap displays of three-dimensional spatiotembdFabro ling of the same iIAChSnFR
expressing entorhinal stellate cell in response to local electrical stimuli in the normal bath solution and bath solution containing TTX. N
uorescenceF Fresponses with higher noise when imagetP@tnm/pixel resolution (with 8®bjective) in panels H and | and one isolated
release site indicated by the pink arrow in panel I. (J) Pixel-wise nmigbkiplalt at the isolated release site indicated by the pink arrow in panel I.
Fitting the data points in this plot with a single exponential decay function (pink line) yields an estimated ACh spread length comgtiéht of 1.03
Summary plot of volume spread length constants obtained from putative single release sites and the average ACh spread length.68nstant of 1.0¢
m for cholinergic transmission at entorhinal stellate nenrod4 from 7 neurons from 4 animals). Note the average single exponential decay
function tting curve in black. (L) Values of pe&kF responses measured in the normal ACSF bath solution and ACSF containing TTX (Control,
100.Qt 5.0%; TTX, 22.2 5.2%n = 11 from 4 animalg;= $3.059p = 0.002) or 0 mM C&/10 mM M¢?* ACSF (Control, 1008 8.4%; 0 mM
C&%10 mM Mg, 1.3+ 2.3%n = 10 neurons from 5 animalss $2.803p = 0.005). Large gray dots indicate average responses and asterisks
indicatep < 0.05 (Wilcoxon Rank Sum tests).

cholinergic bers originating from the basal forebtaind responses in IAChSnFR expressing entorhinal stellate neurons,
measureduorescence responseb/(F) of GACh2.0 express- yielding a similar ACh spread length constantldf m
ing neurons. Application of 20 pulses of electrical stimuli at 2 HEigure HSK; Movie S} The results rule out potential
induced robustF Fresponses in GACh2.0 expressing neuronartifacts that might be introduced during imaging analysis and
(Figure B). The F F responses ofuorescent transmitter reconstructiofi’ As a control, we analyzed F responses and
sensor expressing cells exhibited a weak correlation with thesal uorescendeand found only a weak correlation between
basaluorescence FF{gure S1A)BsuggestingF Fresponses  them (Figure S1E)Fsuggesting F/ F responses to be largely
to be largely independent of GACh2.0 expression levels (cf. iredlependent of IAChSnFR expression levels. Bath application of
12). We developed MATLAB-based signal-processing algtrodotoxin (TTX), which blocks action potential-evoked
rithms to analyze the evokeH F responses~gure CSD; synaptic release, diminished the evokéd responses in
Methods). The analysis revealed that the evoké# IAChSNnFR expressing entorhinal stellate netigns(PL).
responses were restricted to subcellularly isolated arel®reover, application of 0 mM A40 mM Mg?* bath
frequently forming clusters of individually isolated release siwslution, which suppresses all synaptic acti\étiesished the
(Figure D; Movie S). Pixel-wise maximalF Fplots at single  evoked FF responses in iIAChSnFR expressing entorhinal
isolated release sites revealed the spatial spread of cholinestgitate neurongigure 2), con rming the synaptic origin of
responsed-(gure E). Fitting with a single exponential decay signals (cf. refl4). Together, these results indicate that
function yielded an ACh spread length constarit.0f m at restricted transmission is a common feature of cholinergic
entorhinal stellate neuronBigure E). To conrm the signaling on neurons.
cholinergic nature ofF/ Fresponses at single release sites, we We then investigated ACh signals at astrocytes, which express
included atropine, an inhibitor of GACH2(@nd endogenous  high levels of muscarinic ACh receptors in theirdistal
muscarinic ACh receptors), in the bath solufigyute G). processes involved in tripartite synapsés.used a lentiviral
Bath application of atropine largely eliminaké& responses  vector carrying a glidrillary acidic protein (GFAP) promoter
at single release sitésg(re H,I), con rming the spatially to achieve targeted expression of iIAChSnFR in entorhinal
restricted uorescence responses to be cholinergic. astrocytes in micen vivofor 7 days and then imaged

We wished to independently verify the cholinergic nature @fectrically evokedH F responsesx vivan acute entorhinal
the evoked signals at entorhinal stellate neurons. Hence, lrain slicesHigure 3). Electric stimuli evoked robud¥ F
expressed a bacterial periplasmic binding protein-basexsponses in IAChSnFR expressing astrocytes, and individual,

genetically encodediorescent ACh sensor, iAChSHER isolated release sites with largéF responses were often

in L2 entorhinal stellate neurons in intact mice with Sindbisbserved at distal astrocytic proceBggs € B,C), illustrating
virus, and after 18 h ofin vivoexpression imaged F potent cholinergic transmission at astrocytic areas with the
responses in acutely prepared entorhinal dhicese( 2). highest muscarinic ACh receptor expressii®h released at

Delivering electrical stimuli at L1 elicitded F responses in  these individual sites also had an ACh spread length constant of
IAChSnFR expressing neurons with clustered isolated releade0 m (Figure €SE). Together, these results suggest
sites seen at subcellular regiBigie BSD; Movie S). The similarly restricted cholinergic transmission for intercellular
image results showed thaF/F responses were largely communication at both neurons and astrocytes.

independent of IAChSnFR expression leviglsré S1C.pP We then investigated cholinergic transmission at the pancreas
MATLAB-based algorithms revealed the spatially restricteshd adrenal gland, in which parasympathetic nerve terminals
di usion of ACh after releasting well to a single exponential release ACh to control insulin secretion and to regulate blood
decay function with a spread length constadt@fm (Figure ~ pressure and steroid release, respetiivee induced
2DSF), identical to the spread length constant determined witBindbis viral expression of GACh2.0 in the mouse pancreas and
GACh2.0. We nextimaged iIAChSnFR expressing neurons in gtrenal glanih vivoand imaged uorescence responses of

amygdala and found the same spread length consfiafit of GACh2.0 expressing cells in acute pancreatic and adrenal slices
at amygdalar neurorisdure %), suggesting a general spread after 18 h expressidrigure §). Electrical stimulation of local
length constant for ACh. parasympathetic cholinerdiers evoked F/ F responses in

To validate the analysis method, we performed contrédbACh2.0 expressing pancreatic and adrenal feellse(
experiments with the xOobjective replaced by a higher 3G,H), conrming our previous repdftAs with neurons and
magnication (6&) objective, which increased the imagingastrocytes, evoke&/ Fresponses exhibited clusters of isolated
resolution from 180 to 120 nm/pixel. Under these individual release sites at GACh2.0 expressingigells §1),
conditions, we again recorded the electrically evé#éd and analysis of transmittenuiion at these release sites gave a
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Figure 3.ACh sensors spatiotemporally leraholinergic transmission at non-neuronal cells. (A) Schematic drawing of the design of stimulation-
imaging experiments with iIAChSnFR in acute mouse MEC slices. HP, hippocampus; MEC: medial entorhinal cortex. (B, Qji3esqemods of

F/ F responses (B left panel), heatmap displays of time-dependentBpatsponses (B right panel), and three-dimensional spatiotemporal

F/ Fpro ling (C) of distal processes of an IAChSnFR expressing entorhinal astrocyte in response to local electrical stimuli. Note one isolated re
site indicated by the pink arrow in panel C. Note that the astrocytic cell body, localized below the image, was trimmed to highlight the respons
distal processes. (D) Pixel-wise maxiFi& plot at the isolated release site indicated by the pink arrow in panel C. Fitting the data points in this plot
with a single exponential decay function (pink line) yields an estimated ACh spread length constan{f)f $utmary plot of volume spread
length constants obtained from putative single release sites and the average volume spread length con8ta8t wf fbX0dholinergic
transmission at entorhinal astrocytesld from 8 neurons from 6 animals). Note the average single exponential decatfingctiore in black.
(F) Schematic drawing of the design of stimulation-imaging experiments with GACh2i®vismgalrexpression aimlvitromouse pancreatic
and adrenal slice preparations. Inserts show transmitted lighu@iefgcence microscopic (middle), and overlay (right) images of GACh2.0
expressing pancreatic and adrenal cells. (G,H) Heatmap snapsbmsadnceF Fresponses (G upper panel), time-dependent sl
responses (G lower panel), and three-dimensional spatiotem{fopab ling (H) of a GACh2.0 expressing pancreatic cell in response to local
electrical stimuli. Note one isolated release site indicated by the pink arrow in panel H. (1) Pixel-wide Fplihalthe isolated release site
indicated by the pink arrow in panel H. Fitting the data points in this plot with a single exponential decay function (pink line) yields an estimated A
spread length constant of 1.81. (J) Summary plot of spread length constants obtained from putative single release sites and the average volur
spread length constant of X807 m for cholinergic transmission at the pancreatic and adrermatddlf¢m 8 neurons from 8 animals). Note
the average single exponential decay furttitigrecurve in black. (K) Values for transmitter ACh spread length constants obtained with iIAChSnFR at
entorhinal stellate neurois< 115.0p = 0.859; see datafigure ), iIAChSnFR under 8@bjective at entorhinal stellate neurbhs74.0p=
0.505; see data iigure K), IAChSnFR at amygdalar neurons (8.98002 m; n= 12 from 4 neurons from 4 animéals; 121.0p = 0.225),
IAChSnFR at entorhinal astrocytés (124.0p = 0.633; see data in panel E), and GACh2.0 at pancreatic and adréhalle&9p = 0.462; see
data in panel J) compared to that obtained with GACh2.0 at entorhinal stellate neurSigHtteyrRank Sum tests; see dafagnre F).

spread length constant df.1 m at pancreatic and adrenal di erences in ACh spread length constants at neuronal and
cells fFigure BISJ). Collectively, these data showed nonon-neuronal cells measured with GACh2.0 and iIAChSnFR

E https://dx.doi.org/10.1021/acs.nanolett.9b04877
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Figure 4. GRAB1, Spatiotemporally pri@s adrenergic transmission at amygdalar neurons. (A) Schematic drawing of the design of stimulation:
imaging experiments in acute mouse amygdalar slices. LA, lateral arfSipdatap@hots ofiorescenceF Fresponses (B), heatmap displays

of time-dependent spatidt F responses (C), and three-dimensional spatiotempbFapro ling (D) of a GRARg;,, expressing amygdalar

neuron to local electrical stimuli. Note one isolated release site indicated by the pink arrow in panel D. (E) Pixel-Wisemlu itttz isolated

release site indicated by the pink arrow in panel D. Fitting the data points in this plot with a single exponential decay function (pink line) yields
estimated NE spread length constant of in28) Summary plot of volume spread length constants obtained from putative single release sites anc
the average NE spread length constant af D.0® m for adrenergic transmission at amygdalar nenroh& {rom 5 neurons from 5 animals).

Note the average single exponential decay funigtigreurve in black. (G) Values for monoaminergic transmitter spread length constants obtained
with NE sensor at amygdalar neurors§0.0p=0.175; see datafiigure E) and coerulear neurons (#8202 m;n=11from 6 neurons from 6

animalst) =113.0p=0.227), 5HT sensor at geniculate neurons¥MI® m;n= 10 from 7 neurons from 3 animidls;88.0p=0.693), and DA

sensor at striatal neurons (0007 m;n=11 from 6 neurons from 6 animbls; 95.0p = 0.748) compared to that obtained with GACh2.0 at
entorhinal stellate neurons (M&kvhitney Rank Sum tests; see dafagre F).

sensors at high resolution420 and 180 nm/pixel) Figure at amygdalar neuroriddure HSF), similar in size to spatially
3K), supporting the generalization of restricted cholinergigestricted postsynaptic adrenergic receptor expression hot
transmission as a major intercellular communication mode fepots:® To con rm the ndings, we imaged GRAR,
various cell types. expressing neurons in the locus coeruleus and found an NE
We next examined adrenergic transmission using a geneticgisead length constant @.9 m at coerulear neurori§gure
encoded uorescent sensor for norepinephrine (NE), 4G), suggesting a general spread length constar ain for
GRAB:1 > We employed Sindbis virusifoviveexpression  NE at di erent cell types.
of GRARg1in the mouse amygdala that is heavily innervated Finally, we used the sameivdSindbis viral expression inthe
by noradrenergicbers from the locus coerul&us\pprox- lateral geniculate nucleus and striatum, and subsequieot
imately 18 h later, we prepared acute amygdalar slices, loc#blamic and striatal brain slice preparations, to characterize the
delivered 20 pulses of 4 Hz electrical stimuli, and imagegbatial prdes of two other monoamine transmitters, serotonin
uorescence responses of GRABexpressing neurons (5HT) and dopamine (DA), with genetically encoded
(Figure A). Electric stimuli evoked slow F responses, uorescent 5SHT and DA sensors, respectv&lDur analysis
typically covering the entire somatic areas of RAB of electrically evokedF F responses showed that 5HT at
expressing amygdalar neurons, although individual isolatgshiculate neurons and DA at striatal neurons have the same
release sites were occasionally segr¢ BSD; Movie S) spread length constant df.0 m (Figure &). These data are
F/ F responses had only a weak correlation with the basabnsistent with the idea of restricted nonvolume monoaminer-
uorescencd, suggesting the responses to be largelgic transmission as a major intercellular communication mode

independent of GRAB,, expression levelBigure S1G,H for various neuromodulatory transmitters ateit cell types.

Spatial diusion analysis ofFH F responses at isolated single To correct for microscopic point-spread functiaaction

release sites produced an NE spread length constagt of e ects in recorded images, we obtained our microscopic point-
F https://dx.doi.org/10.1021/acs.nanolett.9b04877
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Figure 5Point spread function (PSF) of imaging setup. (A) Fluorescence image of a 23 nm green GATTA beadbjeitiva 4B) PSF of the

23 nm green GATTA bead shown in panel A obtained undektbbjd6tive. (C) Individual (light blue) and average (dark blue) PSFs of 23 nm
green GATTA beads £ 10) obtained under thexX@bjective. (D) Individual (light green) and average (dark green) PSFs of 23 nm green GATTA
beadsi{= 10) obtained under the60@bjective. (E) Full width at half maximums (fwhm) of PSFs of 23 nm green GATTA bd&jislbtained

under the 4% and 6& objectives (46, 0.996 0.021 m,n=10; 66: 0.95Q 0.027 m,n=10;U = 35.0, p = 0.273; MaSkVhitney Rank Sum

test). (F) Di usion spread length constants before and after deconvolution with measured PSFs @B6f068: Aftét, 0.74 0.03n=10,Z=

§2.803p = 0.005). Asterisk indicages 0.05 (Wilcoxon Rank Sum test).

spread functions with 23 nm green GATTA beads under botfrimarily on the notion that endogenously released neuro-
40x and 6& objectivesKigure ASE). Deconvolution based modulatory transmitters might behave similarly as exogenously
on the measured point-spread functions yielded the true spressplied ones (that dise more freely in the extrasynaptic
length constants of 0.240.03 m (n = 10 transmitters at  space), an assumption that has not yet been corroborated by any
various cells)Higure ¥), indicating 35% overestimation direct experimental evidefice.

before diraction correction. Over the years, researchers have strived to gauge neuro-
transmitter diusion in more quantitative ways. Although
DISCUSSION previous imaging techniques do not permit direct visualization

R gndogenous transmitter release angidn at individual
release sité$™ early studies ingeniously utilized mathematical
gp]odels to simulate evoked neuromodulatory releases, yielding

In this study, we have developed animaging and analysis met
that permits therst visualization of release andislon of
endogenous neuromodulatory transmitters and determinati L ) 9
of nanoscopic spatial dion proles of these transmitters. ©Xcellent estimations of transmitter spread areas1810.0
These results suggest that highly restricted, nonvolum& M (diameter>” However, these studies were under-
neuromodulatory transmission is a key mode for intercellul@PPreciated presumably due to indirect calculation approaches
communication between cells in neuronal and non-neuron@d/or dependence on simulation assumptions. Here, combin-
tissues: the ne control and precision of cholinergic and N9 Super-resolution microscopic analysis ,St'%ﬁggw
monoaminergic signals are likely to be essential for undéenetically encoded §ené@r’§, we directly visualized and
standing various neuromodulation-mediated behaviors aREeciSely measured usion spread length constants @f75
diseases. m for both ACh and monoamines, accounting roughly for the
Restricted versus Volume TransmissionVisualization of ~ Previous diusion area estimations of transmitters that were
highly restricted cholinergic and monoaminergic transmissié®leased presumably from both single and multiple closely
directly challenges the prevailing theory of volume transmissigaced release sites.These ndings support restricted
of neuromodulators. The volume transmission theory propose@nvolume neuromodulatory transmission.
that neuromodulatory transmitters readilyisgi over long Implications in Physiology. Our di usion spread con-
distances and ect many dierent types of nearby cells (in the Stants specify peak neuromodulatory transmitter concentrations
case of ACh and monoamines) and distant cells millimeteig drop by 98% at 5 m away from the release sites. Because
away (in the case of neuropeptid@sihree decades later, many genetically encoded neuromodulatory transmitter sensors
volume transmission remains the dominant theory for neurbave anities comparable to their primogenitors, or endoge-

modulatory transmissioh.However, the theory is based nous transmitter receptdfs:® neuromodulatory transmitters

G https://dx.doi.org/10.1021/acs.nanolett.9b04877
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released at single sites might induce negligiinéscent signals  Alzheimés drugs directly or indirectly inhibit acetylcholines-
and minimal postsynaptieets in distal areas of the same cellsterase to boost cholinergic signals. These medicines have limited
but not neighboring cells {5550 m away on average), e cacy in cognitive improvement and upon medication
expressing even highrity receptors (e.g.,,nmuscarinic  termination induce irreversible, accelerated deteridfation.
receptors). Indeed, attention-engaging visual stimulatiorOur new ndings can account for these clinical observations
typically induces reliable ACh release at a few sparse vissiate (1) acetylcholinesterase inhibitors could reduce physio-
cortical neurons, but not their neighbors, in awake"“mice,logical precision of cholinergic transmission (c& agi$9),
providingin vivoexperimental support. Interestingly, neuro-explaining the only modest cognitive improvement, and (2)
modulatory release sites frequently form well-ordered clustdesg-term application of acetylcholinesterase inhibitors could
mirroring presynaptic neuromodulatory bouton organiZation,homeostatically up-regulate acetylcholinesterase levels in
which may be important for superlinear signal sumrfation,Alzheimes patients and/or down-regulate presynaptic ACh
signal plasticifi7>*and/or ne-tuning of intercellular sigridls. releasé; explaining the accelerated deterioration upon
Obviously, as with the fast transmitters glutamate (e.g., wigedication termination. Similarly, impaired adrenergic trans-
NMDA receptoﬁaz??nd GABA (e.g., viasubunit-containing  mission often appears as thst patholo%ical correlate of
GABA, receptor¥), neuromodulatory transmitters may cognitive decline in Alzheirsediseas&:” Our results
employ high anity receptorS®’ and/or large clusters of underscore contributions ofe-tuned adrenergic transmission
release sitesigure €,D) to achieve certain volume trans- to molding of wakefulness and atterifiosptimization of
mission eects under physiological and pathological condibehavior in complex social and physical environfiieratsd
tions®?43839 |mportantly, neuromodulatory transmitter-re- impairment of complex mental tasks (e.g., reasoning and
leasing neurons routinety low-frequency action potentials of abstract thinking) in Alzheirsepatients? The new insights
0.058 Hz (with averagering rates 1 Hz) in intact into cholinergic and adrenergic transmission immediately
animal§®™** and they release transmitters with low releassuggest multiple regulatory mechanisms as potentietilyee
probabilities and/or strong depression (our unpublished data)jtervention targets and set the physiological transmission
indicating that under many physiological conditions, neurdaseline for future medication testing and development.
modulatory transmitter release is sparse and low-level. ThesBysregulation of central cholinergic and monoaminergic
results suggest that highly restricted transmission witfansmission is also linked to other maisor brain disorders,
subcellular signal precision is an important mode of neuriicluding addictior™® autisnf," epilepsy>>° Parkinsos
modulatory transmission. diseas&,°° and sleep disordersas well as a large group of
Nanoscale pre- and postsynaptic organization is a fundamanxiety and mood disordéf¥>® Moreover, defective chol-
tal determinant of transmission signal amplitude and reliabilitppergic and monoaminergic signals may underlie pathogenesis of
and across various synapses the amount of released transmigérgmber of non-neurological diseases, including cardiovascular
width of synaptic clefts, and location of postsynaptic transmitteisease, diabetes, immunecigacy, and tumorigenésts?®
receptors all seem to be optimized to maximize synaptiye expect our new method to lead to more comprehensive
e cacy'™*’ Here, our visualized spatialudion analysis understanding of fundamental properties and regulation of
reveals spread length constant©af5 m for ACh (released  cholinergic and monoaminergic transmission, which is essential
synaptically and extrasynaptitiynd monoamines at various for dissecting pathogenic mechanisms and develagitigee
celltypes. Interestingly, the same analysis made on é¥éked interventions for these diseases.
responses at iGluSNFBRxpressing amygdalar neurons yields a
spread length constant &.62 m for glutamate (unpublished ASSOCIATED CONTENT
data; see also #9), a slightly smaller value expected for thex  sypporting Information

negatively charged glutamate that can be electrophoreticatiye supporting Information is available free of charge at
in uenced by excitatory curretitsloreover, we see the same nps://pubs.acs.org/doi/10.1021/acs.nanolett. 9b04877
di usion spread length constant for an endogenously released

neuropeptide using a genetically encoded neuropeptide sensor Methods; Figures S1 and $2¢)

(unpublished data). The similar spread length constants Imaging endogenous acetylcholine release at an ento-
observed across various cell types for fast (e.g., glutamate) and rhinal stellate neuron with GACh22%/()

slow transmitters (e.g., ACh, monoamines, and neuropeptide) | ,4qing endogenous acetylcholine release at an ento-
raises the interesting possibility that transmittasidn is rhinal stellate neuron with IAChSnRR/l)

optimized across various synapses for transmissacy and i ]

precision. These results formulate a general concept that both  Imaging endogenous acetylcholine release at an ento-
fast (i.e., glutamate and GABA) and neuromodulatory trans-  rhinal stellate neuron with iAChSnFR (60x objective)
mitters utilize highly restricted transmission as a key mode of ~ (AVI)

intercellular communication with complementation provided by Imaging endogenous norepinephrine release at an
volume transmission under certain conditions. amygdalar neuron with GRAB{AVI)

Implications in Diseases. Highly restricted, nonvolume
neuromodulatory transmission explains some perplexing clinical
observations and suggests new potential therapF;utic ignterven-AUTHOR INFORMATION
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