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Acetylcholine (ACh), the first identified neurotransmitter, mediates 
cell-to-cell communication in the central and peripheral nervous sys-
tems, as well as non-neuronal systems1–7. Cholinergic projection neu-
rons within the mammalian brain originate primarily in three major 
nuclei, including the basal forebrain, the brainstem pedunculopontine, 
and laterodorsal tegmental nuclei in the brainstem. Cholinergic neu-
rons within these groups project widely throughout the cortical and 
subcortical domains, consistent with their involvement in complex 
brain functions, including attention, perception, associative learn-
ing, and sleep/awake balancing1–5. Additional smaller populations 
of cholinergic neurons scatter throughout other brain areas (e.g., the 
medial habenula (MHb) and the striatum), contributing to behaviors 
related to motion, motivation, and stress1,3,8. Dysregulation of central 
cholinergic transmission is linked to a number of brain disorders, 
including Alzheimer’s disease, addiction, epilepsy, Parkinson’s disease, 
schizophrenia, and depression9,10. In the peripheral nervous and non-
nervous systems, ACh is released by both neurons and non-neuronal 
cells to relay fast transmission at neuromuscular junctions and to 
regulate functions of a variety of other tissues and organs, including 
the heart, liver, and pancreas5–7. Dysregulation of peripheral and non-
neuronal cholinergic signals is associated with multiple pathological 

states, including cardiovascular disease, diabetes, immune deficiency, 
and cancer11,12.

Despite the significance of ACh signals in many fundamental 
aspects of our physiology, cholinergic transmission in the major-
ity of tissues and organs remains poorly understood, due prima-
rily to the limitations of tools available for the direct measurement 
of ACh1,5,13. Microdialysis, an established method for monitoring 
extracellular ACh14, is less frequently used because of its poor spa-
tial and temporal resolution. Patch-clamp recordings have excellent 
sensitivity and temporal resolution, but the approach is limited by 
the number of cells that can be recorded simultaneously and the 
prominent desensitization of cholinergic currents3. Similarly, ACh 
amperometry has millisecond temporal resolution, yet its techni-
cally challenging enzymatic coating procedure limits its stability 
and reproducibility15. While the TANGO assay has unparalleled 
sensitivity, the time-consuming transcriptional and translational 
amplification processes prevent its use for real-time ACh measure-
ments16. Recently developed FRET sensors and cell-based fluores-
cent sensors (CNiFERs) for ACh have attractive real-time imaging 
features, but they are limited by either the low sensitivity17,18 or the 
dependence on invasive cell transplantation19,20. These fluorescent 
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sensors, nevertheless, inspired us to engineer more user-friendly and 
broadly applicable genetically encoded ACh sensors19,21.

Here, we report a family of genetically encoded G-protein-cou-
pled receptor activation-based sensors for ACh (GACh). Our GACh 
sensors were initially constructed by coupling a circular permutated 
green fluorescent protein (cpGFP) into a muscarinic acetylcholine 
receptor (MR), with subsequent improvements via large-scale, site-
directed mutagenesis and screening. The sensitivity and utility of 
GACh sensors were validated in cultured HEK293T cells, in cultured 
cortical neurons, in tissue slices prepared from multiple brain regions 
and peripheral organs, in the olfactory system of living Drosophila, 
and in the visual cortex of freely behaving mice in vivo. Our data indi-
cate that GACh sensors have the sensitivity (EC50 �y1 �MM), specificity 
(comparable to endogenous MRs), signal-to-noise ratio (SNR �y14), 
kinetics (�Ton/off �y 200–800 ms) and photostability (�q1–4 h) suitable 
for precise and convenient real-time assays of ACh signals.

RESULTS
Development and optimization of GACh sensors
We first inserted a conformationally sensitive cpGFP into the third 
intracellular loop (ICL3) of five subtypes of human muscarinic ace-
tylcholine receptors (M1–5Rs) (Fig. 1a and Supplementary Fig. 1). 
ICL3 was chosen because it links the transmembrane helices 5 and 6 
of MRs and may undergo a large conformational change upon ACh 
binding22. We replaced ICL3 of M1–5Rs with a shorter 54-amino acid 
ICL3 modified from the structurally well-characterized �B2 adrener-
gic receptor (�B2AR)23 to avoid creating a lengthy cpGFP-containing 
ICL3 that may hinder the expression and trafficking of the proteins 
(Supplementary Fig. 1a). Cells expressing the M3R chimera showed 
excellent membrane expression in HEK293T cells and increased 
fluorescence responses (�$F/F0) (by ~30%) to bath application of  
ACh (Fig. 1b and Supplementary Fig. 1a). In contrast, cells express-
ing the other four MR chimeras all exhibited poor membrane  
expression and no detectable �$F/F0 upon ACh application 
(Supplementary Fig. 1b–d).

To improve this new ACh sensor (named GACh1.0), we used 
site-directed mutagenesis to create a library of 723 randomized 
point mutations at the N terminus two-amino acid and C termi-
nus five-amino acid linkers that connect cpGFP and M3R (Fig. 1c 
and Supplementary Fig. 2). When expressed in HEK293T cells, we 
found variants with one or multiple single-point mutations on the 
seven linker residues (total 18 hits) produced relatively larger �$F/F0 
responses, with the best variant (named GACh1.5) producing a ~70% 
increase in �$F/F0 (Fig. 1c,d and Supplementary Fig. 2). In a second 
round of site-directed mutagenesis and screening, we used combina-
tions of single top hits on N terminus linker residues (i.e., GG) and 
two to four top hits on C terminus linker residues, and found one 
variant (named GACh2.0) out of 23 combinatorial variants with the 
best �$F/F0 (Fig. 1c and Supplementary Fig. 2). GACh2.0 had the 
same expression and membrane trafficking properties and enhanced 
dynamic range (by 2.5-fold) compared to GACh1.0 (Fig. 1e-g and 
Supplementary Movie 1), and ~20-fold larger peak signal responses 
and ~60-fold higher signal-to-noise ratio (SNR) compared to M1R-
based FRET sensor18 (Fig. 1h–j  and Supplementary Fig. 3).

Characterization of GACh sensors in cultured cells
Next, we measured the response kinetics of GACh2.0 (Fig. 2a,b). 
High-speed imaging showed that rapid local perfusion of agonist 
ACh or antagonist tiotropium (Tio) elicited increases or decreases in 
fluorescence intensity of GACh2.0, with average activation (on) and 
inactivation (off) time constants of 280 �o 32 ms and 762 �o 75 ms,  

respectively (Fig. 2b,c). These values were likely overestimated 
due to the slow drug application/perfusion system (~80 ms delay, 
Supplementary Fig. 4). Moreover, confocal imaging indicated that 
GACh sensors had a photostability comparable to or better than 
GCaMP6s and EGFP (Supplementary Fig. 5). Altering extracellular 
pH with buffers (pH 5–9) resulted in modest fluorescence changes in 
GACh-expressing cells (Supplementary Fig. 6a,b), suggesting a weak 
pH dependency. In the permeabilized condition, the fluorescence of 
GACh sensors exhibited larger pH dependency with a pKa close to 7 
(Supplementary Fig. 6c,d).

To measure the sensitivity of GACh2.0, we progressively 
increased ACh from 10 nM to 100 �MM, which increased the fluo-
rescence intensity in GACh2.0-expressing cells, yielding an EC50 
(concentration for 50% maximal effect) of ~0.7 �MM (Fig. 2d,e), 
a value comparable to wild-type M3Rs24. ACh-induced fluores-
cence signals were completely blocked by co-application of 20 �MM  
AF-DX 384, another muscarinic antagonist25, indicating specific 
responses. We also characterized the downstream signaling of GACh 
sensors. GACh2.0-expressing cells exhibited less receptor internaliza-
tion in the presence of ACh, as well as reduced TANGO assay signal 
(�B-arrestin-dependent) compared to wild-type M3Rs-expressing cells 
(Supplementary Fig. 7a,b). Moreover, the coupling efficiency from 
GACh2.0 to the Gq-dependent calcium signaling was about sevenfold 
smaller compared to wild-type M3Rs (Supplementary Fig. 7c–e), and 
there was no detectable coupling of GACh2.0 to the Gs-dependent 
signaling pathway (Supplementary Fig. 7f–h).

We next verified several properties of GACh sensors in cultured rat 
cortical neurons (Fig. 2f–j). Approximately 48 h after transfection, 
GACh1.0 and GACh2.0 were expressed throughout the neuronal mem-
brane, with the majority of sensors delivered to the neurites (Fig. 2f). 
ACh enhanced the fluorescence intensity of GACh1.0 and GACh2.0 by 
~30% and ~90%, respectively (Fig. 2g and Supplementary Movie 2), 
validating their functionality in neurons. Varying ACh concentration 
in the bath solution from 10 nM to 100 �MM progressively increased the 
fluorescence intensity in GACh2.0-expressing neurons, with an EC50 
of ~2 �MM (Fig. 2h). In contrast, bath application of nicotine, choline, 
glycine, serotonin (5-HT), epinephrine, GABA, glutamate, dopamine, 
norepinephrine, histamine, and adenosine did not induce any detect-
able fluorescence responses. Moreover, ACh-induced fluorescence 
responses were blocked by bath-applied Tio (Fig. 2i,j). Finally, we 
noted no alteration in membrane fluorescence intensity in GACh2.0 
-expressing neurons during a 30-min bath application of 100 �MM ACh 
(Supplementary Fig. 8a–c), consistent with the minimal arrestin-
dependent internalization (Supplementary Fig. 7a,b).

Validation of GACh sensors in cultured brain slices 
To generalize the applicability of GACh sensors, we expressed them in 
CA1 pyramidal neurons in cultured mouse hippocampal slices. Two-
photon imaging showed that GACh1.0, GACh1.5, and GACh2.0 were 
expressed throughout CA1 pyramidal neurons by the lentiviral system, 
with evident fluorescence signals at the plasma membrane of somata, den-
drites, and spines, sites of excitatory synapses (Supplementary Fig. 9). 
Next, we chose the Sindbis viral expression system that permitted a more 
rapid (~18 h) and robust expression of GACh sensors (Supplementary 
Figs. 10a and 11a). Fluorescence responses captured by an epifluores-
cence microscope showed that a brief 500-ms puff application of ACh or 
the muscarinic agonist oxotremorine24 evoked fluorescence responses 
in CA1 neurons expressing GACh1.0, GACh1.5, or GACh2.0, whereas 
puff application of a nicotinic receptor agonist, nicotine, or control bath 
solution ACSF induced no responses in same neurons (Supplementary  
Figs. 10b–d and 11b and Supplementary Movies 3 and 4).
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Figure 1  Development of GACh sensors. (a) Schematic drawing shows the principle of the GACh sensor. (b) Membrane expression of the different MR-
based candidate GACh sensors in HEK293T cells. The red arrow heads indicate membrane-localized signals. (c) Schematic drawing illustrates variants 
with one or multiple single-point mutations on the seven linker residues (total 18 hits). (d) Fluorescence responses of HEK293T cells expressing one of 
~750 candidate GACh sensors harboring either randomized point or combinatorial mutations to the bath application of 100 �MM ACh. Note �$F/F0 of the 
combinatorial mutation-harboring GACh2.0 to be ~100% and data points are averaged responses of 2–10 cells. (e) Fluorescence responses of GACh1.0- 
and GACh2.0-expressing cells to the bath application of ACh. (f,g) �$F/F0 of GACh1.0- and GACh2.0-expressing cells to ACh application (GACh1.0: 
24.6 �o 1.5%, n = 19 cells from five cultures, GACh2.0: 90.1 �o 1.7%, n = 29 cells from eight cultures, U = 551, P = 6.72 × 10–9). (h) Fluorescence 
responses of HEK293T cells expressing either GACh2.0 or M1R-based FRET sensor to the application of ACh (100 �MM). (i,j) Averaged �$F/F0 or �$FRET 
ratio (GACh2.0: 94.0 �o 3.0%, n = 10 cells from two cultures; FRET: 6.61 �o 0.4%, n = 10 cells from two cultures, U = 100, P = 1.09 × 10–5) and SNR 
(GACh2.0: 60.0 �o 5.4, n = 10 cells from two cultures; FRET: 1.12 �o 0.21, n = 10 cells from two cultures, U = 100, P = 1.83 × 10–4) of GACh2.0 and 
M1R-based FRET-sensor-expressing cells to ACh application. Data are shown as mean �o s.e.m., with error bars indicating s.e.m. Experiments in b and e 
were repeated independently for more than five cultures with similar results. ***P < 0.001 (Mann–Whitney Rank Sum non-parametric tests, two-sided). 
All scale bars, 10 �Mm.
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Focusing on GACh2.0, which produces the largest �$F/F0, we 
found that repetitive puffs induced the same fluorescence responses 
in GACh2.0-expressing CA1 neurons (Supplementary Fig. 12),  

indicating robust photostability. As a control, bath application of 1 �MM 
atropine, a muscarinic antagonist25, but not 2,2,6,6-tetramethylpipe-
ridin-4-yl heptanoate (TMPH), a nicotinic antagonist26, completely 
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P = 2.81 × 10–5; Ade: –2.23 �o 1.05%, n = 16 ROIs, U = 224, P = 3.57 × 10–6. Data are shown as mean �o s.e.m., with error bars indicating s.e.m.  
*P < 0.05; **P < 0.01; ***P < 0.001; n.s., not significant (Mann–Whitney Rank Sum non-parametric tests, two-sided). All scale bars, 10 �Mm.



nature biotechnology  advance online publication	 �

A rt i c l e s

blocked ACh-induced fluorescence responses in GACh2.0-express-
ing neurons (Supplementary Fig. 12). Simultaneous patch-clamp 
recordings showed that the resting membrane potential, input 
resistance, membrane time constant and average spiking frequency 
of GACh2.0-expressing CA1 neurons were not different from nearby 
control non-expressing neurons (Supplementary Fig. 13a–d), sug-
gesting GACh2.0 expression had no effect on basic membrane prop-
erties. Moreover, AMPA, NMDA, and GABAergic responses, as well 
as paired pulse facilitation of AMPA responses in GACh2.0-express-
ing neurons, remained unchanged (Supplementary Fig. 13e–h), 
indicating GACh2.0 expression did not alter synaptic transmission. 
Collectively, these results are consistent with the finding that GACh2.0 
is a selective, photostable ACh sensor with minimal perturbation on 
cellular physiology.

To compare GACh2.0 imaging with patch-clamp recordings, 
we simultaneously made whole-cell recordings and fluorescence 
imaging from pairs of neighboring GACh2.0-expressing and non-
expressing CA3 pyramidal neurons, which performed robust current 
response to cholinergic stimulation in cultured mouse hippocampal 
slices27(Fig. 3a). A 500-ms ACh puff evoked a brief, large inward 
current followed by a prolonged, small inward current in both 
GACh2.0-expressing and non-expressing neurons, presumably rep-
resenting activation of endogenous nicotinic and muscarinic recep-
tors, respectively3 (Fig. 3b,d). A concurrent fluorescence signal was 
observed only in GACh2.0-expressing neurons, but not in control 
non-expressing CA3 neurons (Fig. 3b,c). The latencies of cholinergic 
currents and fluorescence responses were the same in GACh2.0-
expressing neurons (Fig. 3b,e), indicating that GACh2.0 detected 
ACh as fast as endogenous cholinergic receptors. SNR of GACh2.0 
fluorescence responses (~14) seemed to be smaller than that of the 
fast nicotinic-like cholinergic currents (~35), but larger than that 
of the slow muscarinic-like cholinergic currents (~8) (Fig. 3b,f), 
indicating a relatively comparable sensitivity for GACh2.0 to elec-
trophysiological recording in monitoring cholinergic signals. The 
second ACh puff evoked same fluorescence responses, but smaller 
cholinergic currents (reduced by ~40%) in GACh2.0-expressing 
neurons compared to the first ACh puff (Fig. 3b,g,h), due presum-
ably to the desensitization of endogenous receptors3. There was no 
difference in the amplitude, latency, or SNR of cholinergic currents 
in GACh2.0-expressing and non-expressing neurons (Fig. 3b-f), fur-
ther confirming that expression of GACh2.0 had little non-specific 
effect on CA3 neurons.

GACh sensors in acute brain slices
We next imaged the fluorescence response of GACh2.0 in acute slices 
of distinct neuronal preparations, including layer 2 (L2) stellate neu-
rons and L1 interneurons in the medial entorhinal cortex (MEC), 
L5 pyramidal neurons in the barrel cortex of mice, GABAergic tha-
lamic reticular neurons, and glutamatergic thalamocortical neurons 
in the ventral basal nucleus of rats. Approximately 18 h after in vivo 
Sindbis viral expression and acute slice preparation, we measured 
�$F/F0 responses to a brief puff application of ACh (Supplementary  
Fig. 14a). ACh and oxotremorine, but not nicotine or control bath 
solution ACSF, evoked robust fluorescence increases in GACh2.0-
expressing neurons in all the preparations (Supplementary Fig. 14).

To further test whether GACh2.0 can report endogenously released 
ACh, we measured �$F/F0 responses of GACh2.0-expressing entorhi-
nal L2 stellate neurons to electrical stimulation of MEC L1 (Fig. 4a), a 
layer that is densely innervated by cholinergic fibers originating from 
the basal forebrain28,29. In GACh2.0-expressing neurons, 20 pulses at 
2-Hz evoked robust fluorescence responses in GACh2.0-expressing 

neurons (Fig. 4b and Supplementary Movie 5), and repeated electri-
cal stimuli delivered every 8 min induced the same �$F/F0 responses in 
GACh2.0-expressing neurons (Fig. 4c,d), indicating the suitability of 
GACh2.0 in monitoring ACh signals over long periods. Systematically 
varying the stimulation frequency revealed that low-frequency stimuli 
(0.5−2 Hz) evoked large, plateau-like fluorescence responses, inter-
mediate-frequency stimuli (4−12 Hz) elicited more rapidly rising but 
briefer fluorescence responses, while high-frequency stimuli (�q32 Hz)  
induced minor fluorescence responses (Fig. 4e–g). Given that basal 
forebrain cholinergic neurons in behaving animals prefer low fre-
quency (~0.5−2 Hz) tonic firing and theta rhythmic (~4−12 Hz) 
phasic firing30,31, these results suggest that these two preferred firing 
patterns generate distinct sustained or transient ACh release. Further 
altering the number of electrical pulses delivered at 2 Hz showed that 
single pulses elicited detectable �$F/F0 responses, whereas multiple 
pulses induced enhanced �$F/F0 responses (Fig. 4h–j), suggesting 
the possible scaling of amount of released ACh by the number of 
presynaptic action potentials. Of note, adding 20 �MM (5R,6R)6-(3-
propylthio-1,2,5-thiadiazol-4-yl)-1-azabicyclooctane (PTAC), an 
antagonist of M1,3,5Rs32, to the bath solution blocked the electrically 
evoked �$F/F0 responses (Supplementary Fig. 15), indicating the 
detection of cholinergic signals.

We noted that at times, the minimal electrical-stimulation-evoked 
fluorescence responses exhibited obvious spatial heterogeneity across 
subcellular regions of GACh2.0-expressing L2 stellate neurons. 
Analysis of the evoked fluorescence responses revealed one or a few 
subcellular hot spots, or regions of interest (ROIs), with the larg-
est �$F/F0 responses, whereas other ROIs had smaller or undetect-
able changes in �$F/F0 (Fig. 4l–n), suggesting the spatially restricted 
release and clearance of ACh. Plotting �$F/F0 responses at all ROIs 
against the distance from the ROI with the largest �$F/F0 responses 
yielded a volume transmission spread-length constant of 9.0 �Mm 
for MEC L2 stellate neurons (Fig. 4n). To verify this surprisingly 
small cholinergic volume transmission, we examined the minimal 
electrical-stimulation-evoked local fluorescence responses along the 
somatodendritic axis of GACh2.0-expressing hippocampal CA1 neu-
rons (Supplementary Fig. 16a). Consistent with previous studies27, 
we found that electrical stimuli of the stratum-oriens and pyrami-
dale were most likely to elicit cholinergic responses in CA1 neurons 
(Supplementary Fig. 16b,c). The largest fluorescence responses were 
typically observed at one or a few subcellular ROIs in the soma of 
GACh2.0-expressing neurons, whereas fluorescence responses at 
other ROIs in the soma and dendrite of the same neurons were much 
smaller or undetectable (Supplementary Fig. 16b,c). Similar analysis 
gave a volume transmission spread-length constant of 15.6 �Mm for 
CA1 neurons (Supplementary Fig. 16d). Bath application of ACh, as 
a control, induced similar �$F/F0 responses along the somatodendritic 
axis of GACh2.0-expressing CA1 neurons (Supplementary Fig. 16e), 
ruling out the non-specific effect of unequal expression.

To determine whether GACh sensors may report other ACh release 
modes, we studied neurons in the medial habenula (MHb), which poten-
tially release ACh during high-frequency firing8,33. GACh2.0 sensors 
were successfully expressed in interpeduncular nucleus (IPN) by adeno-
associated virus (AAV), and in close proximity with MHb cholinergic 
fibers, verified by post hoc ChAT immunostaining (Supplementary  
Fig. 17a-c). Two-photon imaging of GACh2.0-expressing neurons 
showed that brief 1-, 10-, 20-, or 50-Hz 5-s electrical stimuli evoked 
no detectable fluorescence changes, whereas 100-Hz stimuli elicited 
small �$F/F0 responses (Supplementary Fig. 17e,g). Bath applica-
tion of GABA or GABAB receptor agonist baclofen enhanced �$F/F0 
responses in a frequency-dependent manner, consistent with our 
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Figure 3  GACh2.0 detects rapid ACh application in brain slices. (a) Schematic drawing of the design of simultaneous imaging and electrophysiological 
recording experiments in mouse cultured hippocampal slice preparation. Left insets show transmitted light (top), fluorescence microscopic (bottom) images 
of a pair of simultaneously recorded GACh2.0-expressing and neighboring control non-expressing CA3 neurons. Right insets show the biocytin-filled and 
reconstructed GACh2.0-expressing and non-expressing CA3 neurons. (b) Left, simultaneous fluorescence and current responses of the pair of GACh2.0-
expressing and neighboring control non-expressing CA3 neurons to a brief puff (500 ms) application of 100 mM acetylcholine (ACh). Right, the responses in 
the left rectangle box are shown again on an expanded time scale. (c) Values for the cholinergic fluorescence responses of GACh2.0-expressing CA3 neurons 
compared to non-expressing neurons (GACh2.0: 0.68 �o 0.08%; Ctrl: 0.14 �o 0.01%; Z = 4.015; P = 0.0005; n = 21 neurons from nine animals).  
(d) Values for the amplitudes of fast cholinergic current responses (GACh2.0: 180.9 �o 30.8 pA; Ctrl: 181.2 �o 28.4 pA; Z = –0.037; P = 0.97; n = 21 from 
nine animals) and slow cholinergic current responses (GACh2.0: 76.2 �o 15.9 pA; Ctrl: 76.8 �o 17.0 pA; Z = 0.896; P = 0.37; n = 21 neurons from nine 
animals) in GACh2.0-expressing CA3 neurons compared to non-expressing neurons. (e) Values for the latencies of cholinergic current responses in non-
expressing CA3 neurons (Ctrl: 611 �o 10 ms; Z = 0.523; P = 0.60) and GACh2.0-expressing (GACh2.0: 622 �o 12 ms; Z = 0.485; P = 0.62) compared to 
those of fluorescence responses of GACh2.0-expressing neurons (GACh2.0: 580 �o 9 ms; n = 21 neurons from nine animals). (f) Values for the signal-to-noise  
ratio of cholinergic fluorescence responses of GACh2.0-expressing compared to non-expressing CA3 neurons (GACh2.0: 14.0 �o 1.5; Ctrl: 1.0 �o 0.1;  
Z = 3.408; P = 0.001; n = 15 neurons from six animals), and that of fast (GACh2.0: 36.2 �o 7.7; Ctrl: 34.6 �o 5.7; Z = 0.170; P = 0.86; n = 15 neurons 
from six animals) and slow (GACh2.0: 7.5 �o 1.0; Ctrl: 9.0 �o 1.0; Z = -0.852; P = 0.39; n = 15 neurons from six animals) cholinergic current responses of 
GACh2.0-expressing compared to non-expressing CA3 neurons. Note that SNR of cholinergic fluorescence responses of GACh2.0-expressing CA3 neurons is 
smaller than fast (GACh2.0: Z = 2.242; P = 0.015; Ctrl: Z = 3.124; P = 0.002), but larger than slow (GACh2.0: Z = –2.840; P = 0.005; Ctrl: Z = –2.669;  
P = 0.008) cholinergic current responses of GACh2.0-expressing compared to non-expressing CA3 neurons. I, the cholinergic current recorded. (g) Values for 
the two fluorescence responses of non-expressing (1st: 0.11 �o 0.01%; 2nd: 0.11 �o 0.01%; Z = -0.142; P = 0.89; n = 17 neurons from nine animals) and 
GACh2.0-expressing (1st: 1.01 �o 0.11%; 2nd: 0.94 �o 0.09%; Z = –1.138; P = 0.26; n = 17 neurons from nine animals) CA3 neurons. (h) Values for the 
two fast cholinergic current responses in non-expressing (1st: 190.9 �o 26.1 pA; 2nd: 124.1 �o 20.4 pA; Z = –3.296; P = 0.001; n = 17 neurons from nine 
animals) and GACh2.0-expressing (1st: 203.8 �o 34.9 pA; 2nd: 119.3 �o 18.6 pA; Z = –2.856; P = 0.004; n = 17 neurons from nine animals) CA3 neurons, 
and values for the two slow cholinergic current responses of non-expressing (1st: 56.4 �o 13.4 pA; 2nd: 39.0 �o 5.7 pA; Z = –2.166; P = 0.003; n = 17 
neurons from nine animals) and GACh2.0-expressing (1st: 41.6 �o 4.5 pA; 2nd: 41.7 �o 6.8 pA; Z = 0.940; P = 0.93; n = 17 neurons from nine animals) CA3 
neurons. Data are shown as mean �o s.e.m., where large black dots indicate mean response, error bars indicate s.e.m. *P < 0.05 (Wilcoxon tests, two-sided).
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