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SUMMARY

Deletion of the obsessive-compulsive disorder (OCD)-associated gene SAP90/PSD-95-associated 

protein 3 (Sapap3), which encodes a postsynaptic anchoring protein at corticostriatal synapses, 

causes OCD-like motor behaviors in mice. While corticostriatal synaptic dysfunction is central 

to this phenotype, the striatum efficiently adapts to pathological changes, often in ways that 

expand upon the original circuit impairment. Here, we show that SAPAP3 deletion causes 

non-synaptic and pathway-specific alterations in dorsolateral striatum circuit function. While 

somatic excitability was elevated in striatal projection neurons (SPNs), dendritic excitability was 

exclusively enhanced in direct pathway SPNs. Layered on top of this, cholinergic modulation was 

altered in opposing ways: striatal cholinergic interneuron density and evoked acetylcholine release 
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were elevated, while basal muscarinic modulation of SPNs was reduced. These data describe 

how SAPAP3 deletion alters the striatal landscape upon which impaired corticostriatal inputs 

will act, offering a basis for how pathological synaptic integration and unbalanced striatal output 

underlying OCD-like behaviors may be shaped.

Graphical Abstract

In brief

Malgady et al. show that deleting the OCD-associated gene Sapap3 in mice leads to both elevated 

acetylcholine release and cell-specific attenuation of cholinergic signaling in output neurons of the 

dorsolateral striatum. This occurs alongside pathway-specific alterations in dendritic excitability 

that are expected to promote action initiation.

INTRODUCTION

The compulsive motor symptoms of obsessive-compulsive disorder (OCD) have been 

attributed to abnormal activity of the cortex-basal ganglia-thalamus-cortex loop.1–5 The 

striatum, the main input nucleus of the basal ganglia, is considered to play an especially 

central role given that (1) it receives inputs from multiple cortical regions implicated in 

OCD,1 (2) it is overactive in patients,6,7 and (3) its normal function involves selecting and 

setting the urgency of competing motor commands,8–10 processes that are impaired in OCD. 

The striatum is composed of two types of striatal projection neurons (SPNs), which provide 
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the structure’s sole output to other nuclei of the basal ganglia: direct pathway SPNs (dSPNs) 

and indirect pathway SPNs (iSPNs).8,9 While action selection involves coordinated activity 

of both pathways, engagement of dSPNs is associated with action initiation and engagement 

of iSPNs with action suppression.11,12 Accordingly, circuit models of OCD posit that 

information flow through the basal ganglia is biased toward the direct pathway.6,7,13

Mounting evidence suggests that glutamatergic signaling is impaired in OCD.7,14–16 

In fact, numerous genes associated with OCD encode proteins that shape postsynaptic 

glutamate responses, and deletion of these genes in mice induces robust OCD-like motor 

behaviors such as excessive grooming.17–20 Among these OCD-associated genes is SAP90/

PSD-95-associated protein 3 (SAPAP3), which encodes a postsynaptic scaffolding protein 

enriched at corticostriatal synapses.4,21–24 SAPAP3 knockout (KO) mice display impaired 

corticostriatal synaptic function, including reduced AMPA-receptor-mediated postsynaptic 

responses and elevated surface expression of and signaling through metabotropic glutamate 

receptor 5 (mGluR5) in SPNs.20,25,26 While there is ample evidence for input specificity of 

corticostriatal synaptic alterations,27–30 evidence for pathway (dSPN vs. iSPN) specificity 

of synaptic impairments is scant.29 This is especially surprising considering that cortically 

driven striatal activity is pathologically biased toward the direct pathway in SAPAP3 KOs,31 

and pathway-specific optogenetic or chemogenetic manipulation of SPN activity can rescue 

compulsive grooming behavior in mice lacking either SAPAP3 or its postsynaptic binding 

partner Shank3.32,33

Given the extensive overlap of cortical inputs to dSPNs and iSPNs, it is unclear how deletion 

of SAPAP3 leads to relative changes in striatal output pathway activity. One clue comes 

from the finding that blocking mGluR5 signaling can “re-balance” the relative cortically 

evoked engagement of dSPNs vs. iSPNs in SAPAP3 KOs.31 Though the mechanism 

underlying this pathway re-balancing is unclear, given that pathological mGluR5 signaling is 

observed in both dSPNs and iSPNs,25,26 it raises the possibility that abnormal glutamatergic 

signaling induces additional local circuit alterations.31 Here, we show that constitutive 

deletion of SAPAP3 leads to intrinsic alterations in SPN excitability and neuromodulation. 

While the somatic excitability of both dSPNs and iSPNs increased in the dorsolateral 

striatum of symptomatic mice, dendritic excitability was exclusively enhanced in dSPNs, 

shifting the normal balance away from the indirect pathway and toward the direct pathway. 

In addition to changes in intrinsic SPN excitability, we found that SAPAP3 deletion 

induces a hypercholinergic state in the dorsal striatum, as measured by increases in striatal 

cholinergic interneuron (CIN) density, basal CIN firing rate, and evoked acetylcholine (ACh) 

release. The elevation in cholinergic tone was paralleled by decreased responsivity of 

SPNs to ACh, in pathway-specific ways, as well as augmented muscarinic modulation of 

presynaptic glutamate release. Together, these data suggest that deletion of SAPAP3 induces 

intrinsic alterations in striatal circuitry that will shape how it responds to impaired cortical 

input.
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RESULTS

Constitutive deletion of SAPAP3 leads to pathway-specific changes in striatal SPN 
intrinsic excitability

To determine whether deletion of SAPAP3 leads to non-synaptic pathway-specific 

alterations in SPNs, we generated a conditional variant of the SAPAP3 KO mouse 

(referred to here as SAPAP3 conditional knockin [cKI]−/−) that constitutively lacks SAPAP3 

expression and displays robust compulsive grooming behaviors beginning at ~3 months of 

age (Figure S1). Consistent with the previously reported SAPAP3 KO mouse model,20 these 

mice also display elevated anxiety-like behavior (Figures S1G–S1I). We focused our study 

on striatal output neurons residing in the dorsolateral striatum, the region of the striatum 

most closely associated with habit learning and habitual behaviors in mice34–38 and known 

to contain corticostriatal synaptic deficits in SAPAP3 KO mice.20,26,30 To identify dSPNs 

and iSPNs, we crossed SAPAP3 cKI−/− mice with either drd1-tdTomato or drd2-EGFP 

mice39,40 to label dSPNs and iSPNs, respectively. Unlike the central “associative” striatum, 

where deletion of SAPAP3 has no effect on SPN somatic excitability,28 deletion of SAPAP3 

significantly enhanced SPN excitability in the dorsolateral striatum (Figure 1). Both dSPNs 

and iSPNs displayed increased intrinsic somatic excitability, as measured by steeper current-

voltage (IV) relationships (Figures 1A and 1B; two-way repeated measures ANOVA; dSPN 
p < 0.0001, F(32,320) = 6.715, wild type [WT] n = 18, SAPAP3 cKI−/− n = 16; iSPN 
p < 0.0001, F(32,320) = 6.677, WT n = 15, SAPAP3 cKI−/− n = 19); increased firing 

frequencies in response to depolarizing current injections (Figure 1C; two-way repeated 

measures ANOVA; dSPN p < 0.0001, F(28,280) = 14.20, WT n = 19, SAPAP3 cKI−/− n 

= 12; iSPN p < 0.0001, F(39,390) = 11.37, WT n = 22, SAPAP3 cKI−/− n = 19); lower 

rheobase currents (Figure 1D; Mann-Whitney; dSPN p = 0.0014, WT n = 15, SAPAP3 

cKI−/− n = 21; iSPN p = 0.0024, WT n = 13, SAPAP3 cKI−/− n = 24); and higher input 

resistances (Figure 1E; Mann-Whitney; dSPN p < 0.0001, WT n = 15, SAPAP3 cKI−/− n 

= 21; iSPN p = 0.0007, WT n = 13, SAPAP3 cKI−/− n = 21). In addition, dSPNs also 

exhibited a more depolarized resting membrane potential (Figure 1F; Mann-Whitney; dSPN 
p = 0.001, WT n = 16, SAPAP3 cKI−/− n = 21; iSPN p = 0.2665, WT n = 21, SAPAP3 

cKI−/− n = 27) and decreased capacitance (Figure 1G; Mann-Whitney; dSPN p = 0.0392, 

WT n = 15, SAPAP3 cKI−/− n = 20; iSPN p = 0.1047, WT n = 9, SAPAP3 cKI−/− n = 

20), adding a layer of pathway specificity to the observed changes in somatic excitability. 

Along with capacitance, somatic area and total dendritic length were selectively reduced in 

dSPNs (Figure S2), suggesting that anatomical alterations may contribute to the increased 

excitability of SPNs in the direct pathway. Altogether, these changes are consistent with 

increased SPN firing rates as described above and observed in SAPAP3 KOs in vivo.27

While deletion of SAPAP3 increased the excitability of SPN soma, it is their dendrites 

that contain the SAPAP3-enriched postsynaptic densities that are targeted by corticostriatal 

synapses20,30 and directly shape synaptic integration.41–43 We measured the degradation 

of backpropagating action potential (bAP)-evoked local Ca2+ transients, from proximal to 

distal dendrites, as a surrogate marker of dendritic excitability in SAPAP3 cKI−/− mice44,45 

(Figure 2A). bAP-evoked Ca2+ transients were significantly larger in the distal dendrites 

of dSPNs in SAPAP3 cKI−/− mice, suggesting enhanced dendritic excitability (Figures 2B 
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and 2C; Mann-Whitney; p = 0.021, WT n = 31, SAPAP3 cKI−/− n = 31). The dendritic 

excitability of iSPNs, however, was unaltered (Figures 2B and 2C; Mann-Whitney; p = 

0.7424, WT n = 30, SAPAP3 cKI−/− n = 32). This pathological enhancement of dSPN 

dendritic excitability (and lack of change in iSPNs) was also observed in response to 

sustained bursts of bAPs mimicking ongoing activity (Figures 2D and 2E; Mann-Whitney; 

dSPN p = 0.0036, WT n = 34, SAPAP3 cKI−/− n = 42; iSPN p = 0.7488, WT n = 29, 

SAPAP3 cKI−/− n = 39). Thus, constitutive deletion of SAPAP3 triggers pathway-specific 

adaptations in the anatomy and intrinsic excitability of SPNs that are consistent with biased 

striatal output toward the direct pathway.

Constitutive deletion of SAPAP3 generates a hypercholinergic state in the dorsal striatum

While striatal output is driven by synaptic inputs to SPNs, it is profoundly shaped by 

non-synaptic processes such as the intrinsic excitabilities of SPNs (above) and intrastriatal 

release of neuromodulators.8,9 Among the most influential of these neuromodulators are 

monoamines (such as dopamine and serotonin) and ACh. There is evidence for abnormal 

monoaminergic signaling in both patients with OCD and animal models of OCD,3,17,46,47 

and experimental manipulation of striatal Ach can promote tic- and OCD-like behavioral 

stereotypies in rodents.48–50 While the sources of monoamines are extrastriatal, the 

predominant source of striatal ACh is from CINs residing within the striatum itself.8,9,51 

Furthermore, like SPNs, CINs robustly express SAPAP3.52 We therefore investigated 

the impact of constitutive SAPAP3 deletion on striatal cholinergic signaling. Choline 

acetyltransferase (ChAT) immunohistochemistry was performed to visualize and quantify 

striatal CIN soma density in the precommissural striatum of WT and symptomatic SAPAP3 

cKI−/− mice (Figure 3). Strikingly, we found that the density of striatal ChAT-positive soma 

was increased in SAPAP3 cKI−/− mice (Figures 3A and 3B; Mann-Whitney; p = 0.0048; WT 

N = 10, SAPAP3 cKI−/− N = 11). The increase in CIN density was restricted to the dorsal 

striatum (Figure 3B; Figure S3A; Mann-Whitney; dorsal p = 0.0021; WT N = 10, SAPAP3 

cKI−/− N = 11) and displayed a slight caudal to rostral gradient (Figure 3C; mixed-effects 

analysis; p = 0.0033, F(1,19) = 11.27; WT N = 10, SAPAP3 cKI−/− N = 11).

Does the increase in CIN density in SAPAP3 cKI−/− mice translate functionally to an 

increase in ACh release? To test this, we infected the dorsal striatum with the genetically 

encoded ACh sensor GRABACh3.0 (ACh3.0)53 and used 2-photon laser scanning microscopy 

(2PLSM) to measure electrically evoked ACh release in acute brain slices (Figure 3D). 

Electrically evoked ACh3.0 fluorescence signals were significantly larger in SAPAP3 cKI−/− 

mice across a large range of stimulus intensities (Figures 3E and 3F; Mann-Whitney; 0.01 

mA p = 0.1716, 0.05 mA p = 0.0067, 0.1 mA p = 0.0019, 0.2 mA p = 0.0048, 0.3 mA p = 

0.0017; WT n = 17, 2 mice, SAPAP3 cKI−/− n = 19, 3 mice). Specificity of the fluorescence 

signal as an indicator of sensor-ACh binding was confirmed using the muscarinic ACh 

receptor antagonist scopolamine hydrobromide (10 μM) (Figures S3B and S3C). In addition 

to enhanced evoked ACh release, basal firing rates of CINs were also elevated in SAPAP3 

cKI−/− mice, as revealed by cell-attached recordings (Figures 3G and 3H; Mann-Whitney; p 

= 0.0103; WT n = 28, SAPAP3 cKI−/− n = 20).
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Constitutive deletion of SAPAP3 attenuates cholinergic signaling in striatal SPNs

Although striatal levels of ACh may be higher in SAPAP3 cKI−/− mice, it is not clear 

how SPNs perceive such an increase. SPNs express type 1 and 4 muscarinic receptors 

(M1 and M4, respectively) but not nicotinic receptors.54–56 Muscarinic receptors modulate 

a constellation of conductances that ultimately regulate SPN somatic and dendritic 

excitability.45,55,57,58 Importantly, while both dSPNs and iSPNs express M1 receptors, 

dSPNs also abundantly express M4 receptors: the unique linkage of M1 and M4 receptors 

to Gα and Gi/o G proteins, respectively, sets the stage for pathway-specific (and opposing) 

cholinergic modulation of SPNs.45,55,56,59 While a global increase in muscarinic signaling 

itself would not readily explain the dSPN-specific enhancement in dendritic excitability 

described above, alterations in the responses to ongoing ACh release via muscarinic 

receptors may provide further insight. We therefore measured SPN dendritic excitability in 

ex vivo brain slices from WT and SAPAP3 cKI−/− mice before and after bath application of 

the muscarinic antagonist atropine (10 μM). Atropine reduced dendritic excitability in both 

dSPNs and iSPNs from WT mice but not SAPAP3 cKI−/− mice (Figures 4A and 4B; pre- vs. 

postatropine: Wilcoxon matched pairs; WT dSPN p = 0.0305, n = 17, SAPAP3 cKI−/− dSPN 

p = 0.2734, n = 13, WT iSPN p = 0.0105, n = 13, SAPAP3 cKI−/− iSPN p = 0.2069, n = 17; 

WT vs. SAPAP3 cKI−/−: Mann-Whitney; dSPN p = 0.016, iSPN p = 0.0512).

In the above experiments, dendritic excitability was estimated from the relative decrement 

of bAP-evoked Ca2+ transients measured along SPN dendritic shafts. In addition to somatic 

excitability and bAP propagation, muscarinic receptors modulate local Ca2+ influx and 

mobilization from intracellular stores.60–63 We therefore measured the modulatory effect 

of atropine on evoked Ca2+ transients within SPN distal dendritic spines, as an additional 

readout of muscarinic signaling. Atropine significantly reduced spinous Ca2+ transients 

evoked by bursts of bAPs in both dSPNs and iSPNs from WT mice. This modulation, 

however, was significantly attenuated in SPNs from SAPAP3 cKI−/− mice (Figures 4C–4E; 

pre- vs. postatropine: Wilcoxon matched pairs; WT dSPN p = 0.0208, n = 18, SAPAP3 cKI−/

− dSPN p > 0.9999, n = 15, WT iSPN p = 0.0002, n = 14, SAPAP3 cKI−/− iSPN p = 0.0001, 

n = 20; WT vs. SAPAP3 cKI−/−: Mann-Whitney; dSPN p = 0.3376, iSPN p = 0.0009). While 

muscarinic signaling was reduced in both SPN types in SAPAP3 cKI−/− mice, this occurred 

in different ways. In iSPNs, the overall percentage of change in Ca2+ transients induced by 

atropine was reduced across the population of measured spines in the mutants. In dSPNs, 

however, the proportion of spines in which atropine increased vs. decreased Ca2+ transients 

was enlarged (Figures 4E and 4F; Fisher’s exact; dSPN p = 0.0332, WT n = 31 spines, 

SAPAP3 cKI−/− n = 24 spines; iSPN p = 0.7238, WT n = 22 spines, SAPAP3 cKI−/− n 

= 35 spines). Further analysis of the atropine-sensitive component of spine Ca2+ transients 

revealed an activity-dependent aspect of muscarinic modulation: both normal muscarinic 

signaling and impairment of muscarinic signaling in SAPAP3 cKI−/− mice become more 

prominent as spiking activity continues (Figure 4G; Mann-Whitney; dSPN WT n = 18, 

SAPAP3 cKI−/− n = 16; iSPN WT n = 14, SAPAP3 cKI−/− n = 20), suggesting that deletion 

of SAPAP3 may impair the striatum’s ability to effectively modulate extended bouts of 

striatal activity.
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While SPNs exclusively express M4 and/or M1 muscarinic receptors, the striatum is 

richly endowed with other types of ACh receptors as well, many of which are located 

on presynaptic corticostriatal axon terminals. For example, activation of presynaptic M2 

muscarinic receptors or α7-containing nicotinic ACh receptors (nAChRs) can reduce 

or augment corticostriatal glutamate release, respectively.54,55 Blockade of muscarinic 

receptors with atropine (10 μM) increased both the amplitude of evoked excitatory 

postsynaptic currents (EPSCs) and the frequency of spontaneous EPSCs (sEPSCs) 

measured in SPNs in SAPAP3 cKI−/− mice but not WT mice; blockade of nAChRs with 

mecamylamine (10 μM) had no effect on evoked EPSC amplitude or sEPSC frequency 

in either WT (consistent with previous reports64) or SAPAP3 cKI−/− mice (Figure S4). 

This suggests that not only is signaling through presynaptic muscarinic receptors on 

glutamatergic afferents intact, but tonic muscarinic suppression of synaptic glutamate 

release is unmasked in mutant mice, likely a consequence of elevated CIN firing and ACh 

release described above. Unlike presynaptic muscarinic modulation, presynaptic nicotinic 

modulation of glutamate release is not augmented or unmasked under basal conditions in 

SAPAP3 cKI−/− mice, suggesting that the net presynaptic effect of elevated basal ACh on 

glutamatergic synaptic release in mutants is inhibitory.

Basal modulation of SPNs by endogenously released ACh is attenuated in SAPAP3 cKI−/− 

mice; if this impairment is due to diminished muscarinic receptor function, then responses 

to an exogenous muscarinic receptor agonist should also be attenuated. To address this 

question, we examined how the muscarinic receptor agonist muscarine (3 μM) modulates 

AP-evoked dendritic Ca2+ transients. Similar to atropine, the effects of muscarine were 

attenuated in both dSPNs and iSPNs of SAPAP3 cKI−/− mice (Figures 4H and 4I; H: pre- 

vs. postmuscarine: Wilcoxon matched pairs; WT dSPN p < 0.0001, n = 21, SAPAP3 cKI−/− 

dSPN p = 0.3642, n = 20; WT iSPN p = 0.0060, n = 21, SAPAP3 cKI−/− p = 0.1722, 

n = 21). Notably, dSPNs and iSPNs responded to muscarine in opposite ways (muscarine 

reduced Ca2+ transients in WT dSPNs and increased them in iSPNs), a finding consistent 

with the pathway-specific expression patterns of M1 and M4 muscarinic receptors.56,59 As 

with atropine, both the effects of muscarine in WT mice and the impairment in muscarinic 

modulation of Ca2+ transients in SAPAP3 cKI−/− mice become more prominent as spiking 

continues (Figure 4J; Mann-Whitney; dSPN WT n = 21, SAPAP3 cKI−/− n = 19; iSPN WT n 

= 17, SAPAP3 cKI−/− n = 25).

DISCUSSION

This study reveals that deletion of the OCD-associated synaptic gene SAPAP3, which 

causes corticostriatal synaptic dysfunctions and compulsive overgrooming, results in broad 

alterations in striatal neuronal excitability and neuromodulation. This includes a general 

increase in SPN somatic excitability, pathway-specific augmentation of dSPN dendritic 

excitability, hypercholinergic tone, and impaired muscarinic signaling. Together, these data 

describe how manipulation of a single postsynaptic risk gene can lead to widespread 

alterations in intrinsic striatal function that will, ultimately, change the landscape upon 

which impaired corticostriatal synapses act. It also highlights the role of the cholinergic 

system as a potential target for therapeutic intervention in OCD.

Malgady et al. Page 7

Cell Rep. Author manuscript; available in PMC 2024 February 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



We restricted our study to the dorsolateral striatum for several reasons: (1) it has been 

proposed that compulsions may represent exaggerated habits,2,5 (2) habit learning is 

dysregulated in SAPAP3 KO mice,65,66 (3) habit learning has been linked to activity 

in the dorsolateral striatum of mice,34–38,67,68 and (4) corticostriatal synapses within 

the dorsolateral striatum are impaired in SAPAP3 KO mice.20,26,30 Unlike the central 

“associative” striatum of SAPAP3 KO mice (which also displays corticostriatal synaptic 

impairments),28 we found that somatic excitability is elevated in both dSPNs and iSPNs 

in the dorsolateral striatum. This is consistent with observations that baseline firing rates 

of SPNs are increased in the striatum of SAPAP3 KOs27,69 and that striatal activity is 

elevated in patients with OCD.6 In contrast to somatic excitability, dendritic excitability 

was exclusively enhanced in dSPNs. As all cortical inputs to SPNs target dendrites,8 and 

as dendritic excitability profoundly shapes how SPNs respond to convergent corticostriatal 

inputs,42,70 this pathway-specific augmentation of dendritic excitability could help explain 

how cortically evoked synaptic activity is biased toward the direct pathway in SAPAP3 KO 

mice.31

Why does deletion of a synaptic gene cause cell-wide changes in excitability? One 

possibility is that the changes in excitability represent homeostatic adaptations to 

impaired excitatory drive.71 Another (non-mutually exclusive) possibility is that normal 

neuromodulatory processes are altered. ACh, via muscarinic receptors, modulates K+ and 

voltage-gated Ca2+ channels that regulate SPN somatic and dendritic excitability.55,61 

Though acute blockade of muscarinic receptors did not normalize dSPN dendritic 

excitability in SAPAP3 cKI−/− mice, pathway-specific adaptations to chronically attenuated 

muscarinic signaling would be consistent with the opposing effects of ACh on dSPN and 

iSPN excitability. While pathological dopamine signaling has been observed in patients 

with OCD and mouse models of OCD,3,17,46,47 the fact that dendritic excitability was 

unchanged in D2-dopamine-receptor-expressing iSPNs, which are exquisitely sensitive to 

changes in dopaminergic signaling, makes altered dopaminergic modulation an unlikely 

culprit in this instance.45,71 One other possibility is that changes in excitability may involve 

pathologically elevated mGluR5 signaling.25,26 Indeed, mGluR5 receptors can modulate 

somatic excitability and SPN dendritic Ca2+ signaling,43,72 and blockade of mGluR5 

receptors normalizes imbalanced cortically driven striatal output in SAPAP3 KO mice.31 

It is unclear how elevated mGluR5 signaling might lead to pathway-specific changes in 

dendritic excitability though, given that both dSPNs and iSPNs are hyper-responsive to 

mGluR5 activation in SAPAP3 KO mice.25,26

Strikingly, constitutive deletion of SAPAP3 led to an increase in dorsal striatum CIN 

density and evoked ACh release. This is intriguing in light of two lines of evidence. First, 

recent studies have discovered that children with pediatric autoimmune neuropsychiatric 

disorder associated with streptococcus (PANDAS), a condition associated with early-onset 

OCD symptoms, exhibit immunoglobulin G (IgG) antibodies that bind to and decrease 

the activity of CINs.73,74 Second, both ablation of striatal CINs and augmentation of 

striatal ACh release (by overexpression of the vesicular ACh transporter) accentuate 

stress- and/or psychostimulant-evoked stereotypies in mice, with CIN ablation leading to 

tic-like stereotypies or extending cocaine-induced stereotypies and elevated ACh release 

exacerbating psychostimulant-induced stereotypies.48–50 Why would both elevations and 
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presumed decreases in striatal ACh release enhance behavioral stereotypies? One possibility 

is that there is simply an optimal level of ACh release for normal striatal function, with 

deviations too far above or below leading to pathological behavior. But the answer may 

be more nuanced, as implied by our observations of both hyper- and hypo-cholinergic 

pathologies in SAPAP3 cKI−/− mice: while evoked ACh release is elevated, signaling 

through muscarinic receptors is attenuated in SPNs. Thus, the complex and paradoxical 

consequences of CIN dysfunction on repetitive behaviors are likely due to the rich milieu 

of muscarinic (and nicotinic) AChRs located throughout the striatum. While muscarinic 

signaling in SPNs is impaired, other receptors (or downstream signaling arms of the 

same receptors) may track changes in ACh very differently.54,55,75 Indeed, the muscarinic 

receptors controlling glutamatergic synaptic release do not appear to be impaired, resulting 

in enhanced basal cholinergic suppression of glutamatergic synaptic transmission in 

SAPAP3 null mice.

Taken together, the alterations in SPN excitability and cholinergic signaling described here 

suggest a scenario where pathological ACh release may exacerbate previously described 

corticostriatal synaptic deficits20,25,26,28,29 by attenuating presynaptic glutamate release, 

while impaired postsynaptic muscarinic signaling and cell-type-specific changes in dendritic 

excitability would bias the striatal response to these inputs toward the direct pathway.

Limitations of the study

This study describes opposing alterations in cholinergic signaling in the SAPAP3 cKI−/− 

mouse model of OCD: (1) increased striatal CIN density and evoked ACh release and (2) 

decreased basal ACh signaling through muscarinic receptors on SPNs. How striatal CIN 

density is enhanced is not clear, though we note that CINs are not the only class of striatal 

interneurons whose numbers are impacted by deletion of SAPAP3.27 While CINs are the 

major source of ACh in the dorsal striatum, and they are even more abundant after the loss 

of SAPAP3, they are not the only source. It remains to be determined if ACh release from 

other sources, such as the pedunculopontine nucleus,76 is augmented as well. We also note 

that this study focused on functional alterations in the dorsolateral striatum, for reasons 

outlined above. Counterintuitively, optogenetic inhibition of iSPNs (but not dSPNs) in the 

dorsomedial striatum has been shown to decrease grooming events in Sapap3 KO mice,32 

a likely reflection of the regional diversity of the striatum in shaping complex behaviors.34–

38,67 Finally, the focus of this study is on the basal changes in excitability and modulation 

of SPNs that emerge in a mouse model of OCD. While basal muscarinic signaling in 

SPNs is attenuated and spontaneous CIN firing rates are elevated in SAPAP3 cKI−/− mice, 

limitations in ACh sensor sensitivity under our experimental conditions preclude the ability 

to accurately estimate basal levels of ACh in ex vivo brain slices from WT and mutant mice.

STAR★METHODS

Detailed methods are provided in the online version of this paper and include the following:
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RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents may 

be directed to and will be fulfilled by Lead Contact, Joshua L. Plotkin, Ph.D., 

(joshua.plotkin@stonybrook.edu).

Materials availability—Mouse lines generated in this study will be made available upon 

request.

Data and code availability

• Detailed datasets supporting the current study are available from the 

corresponding author upon request.

• This paper does not report any original code.

• Any additional information required to reanalyze the data reported in this paper 

is available from the lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animal subjects—All experimental procedures were performed in accordance with the 

United States Public Health Service Guide for Care and Use of Laboratory Animals 
(Institute of Laboratory Animal Resources, National Research Council), and were approved 

by the Institutional Animal Care and Use Committee at Stony Brook University. Animals 

were housed 2–5 per cage in an environmentally controlled room (20°C–23°C, 30–70% 

humidity, 12h light/dark cycles) with food and water available ad libitum, and cages were 

cleaned once per week. Due to tendency of mutant animals to develop facial and bodily 

lesions, enhanced animal welfare care was deemed necessary and topical treatments with 

triple antibiotic ointment were administered by veterinary staff as needed. All experiments 

were performed in 3- to 7-month-old male and female SAPAP3 null mice (conditional 

knock-in, generated by Dr. Qiangge Zhang and Dr. Guoping Feng; see Figure S1) or their 

WT controls, crossed with 1 of 3 BAC transgenic lines that express fluorescent reporters 

either under the D1 (drd1-tdTomato) or D2 (drd2-eGFP) dopamine receptor promoter or 

ChAT (ChAT-tauGFP) promoter (to target dSPNs, iSPNs and CINs, respectively)39,40,77; all 

mice were on the C57BL/6 background. Experiments performed on SAPAP3−/− mice were 

carried out after the onset of compulsive grooming and matched alongside wildtype controls 

of a comparable age.

METHOD DETAILS

Generation of SAPAP3 cKI−/− mice—SAPAP3 conditional knock-in (cKI−/

−) mice were generated using a similar strategy described previously.78,79 

Specifically, three exons (Ensemble ID: ENSMUSE00001223455, ENSMUSE00000400411, 

ENSMUSE00000335250) and the introns between those exons of the Sapap3 gene were 

inverted and cloned into the FLEX targeting vector.78 This design allows for Cre-dependent 

rescue of SAPAP3 expression. Mouse R1 ES cells were used to generate the clones 

that contain the correct targeting allele. One of those ES clones was implanted into C57 

blastocysts to produce the chimeric founder, which was crossed with betaActin-FLP mice 
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(The Jackson Laboratory, stock#005703) to generate the SAPAP3 cKI−/− mouse line. Those 

mice were backcrossed to C57BL/6J (The Jackson Laboratory, stock #000664) for >5 

generations before use in experiments. In the absence of Cre recombinase, the inverted 

exons and introns would introduce a reading frameshift and cause degradation of Sapap3 
transcripts. Throughout this study, mice designated as WT were offspring of Sapap3 
heterozygous crosses that contained two unaltered Sapap3 alleles and mice designated as 

cKI−/− were offspring that contained two altered Sapap3 alleles (and hence no SAPAP3 

protein). No obvious adverse phenotypes were observed – other than compulsive grooming 

and elevated anxiety-like behavior – as a result of this breeding scheme (see Figure S1).

Behavioral analyses—For the assessment and quantification of grooming behavior, 

experimental subjects were habituated to a 13cm diameter acrylic cylinder for 10 min 

daily, 3 days prior to video acquisition (10 min on the fourth day). Grooming behavior was 

manually analyzed based on Welch et al. 2007,20 to confirm overgrooming in SAPAP3 cKI−/

− mice. (see Figure S1). Open field measurements were carried out in a 43 cm2 arena and 

video acquisitions were analyzed autonomously using EthoVision XT software (grooming 

behavior in the open field arena was calculated manually as above, also using EthoVision 

XT). Behavioral tests were carried out no more than 24 h prior to electrophysiology and 

imaging experiments.

Ex vivo slice electrophysiology—Acute parasagittal slices (275μm) containing the 

dorsolateral striatum were obtained from mice following anesthetization with ketamine/

xylazine (100 mg/kg/7 mg/kg) and transcardial perfusion with ice-cold artificial cerebral 

spinal fluid (ACSF) containing (in mM): 124 NaCl, 3 KCl, 1 CaCl2, 1.5 MgCl2, 26 

NaHCO3, 1 NaH2PO4, and 14 glucose, continuously bubbled with carbogen (95% O2 and 

5% CO2). Slices were cut using a VT-1000 S vibratome (Leica Microsystems, Buffalo 

Grove, IL) and transferred to a holding chamber where they were incubated at 32°C for 45 

min in ASCF containing (in mM) 2 CaCl2 and 1 MgCl2, after which they were removed 

and acclimated to room temperature (~21°C) for 15 min before recording. Using a Bruker 

2-photon imaging system with integrated electrophysiological capabilities, SPNs were 

identified via tdTomato or eGFP fluorescence and patch-clamped for whole-cell recordings 

using electrodes pulled from borosilicate glass (3.5–5MΩ). Current clamp recordings were 

performed with an internal solution containing (in mM): 135 KMeSO4, 5 KCl, 10 HEPES, 

2 ATP-Mg2+, 0.5 GTP-Na+, 5 phosphocreatine-tris, 5 phosphocreatine-Na+, 0.1 Fluo-4 

pentapotassium salt, and 0.05 Alexa Fluor 568 hydrazide Na+ salt. Fluo-4 precluded the 

need for EGTA in Ca2+ imaging experiments and Alexa 568 was used to visualize cell 

bodies, dendrites, and spines. Voltage-clamp recordings were performed with an internal 

solution containing (in mM): 120 CsMeSO3, 5 NaCl, 10 TEA-Cl (tetraethylammonium-Cl), 

10 HEPES, 5 Qx-314, 4 ATP-Mg2+, 0.3 GTP-Na+, and 0.25 EGTA. Electrophysiological 

recordings were digitally sampled at 30kHz and filtered at 1kHz using a Multiclamp 700B 

amplifier (Molecular Devices, San Jose, CA). Input resistance and membrane capacitance 

were measured in voltage-clamp mode (Vhold = −70mV) from single 20ms, 5mV 

depolarizing steps. Current-voltage (IV) curves, induced firing frequencies and rheobase 

measures were made in current-clamp mode while injecting minimal current (0–75pA) to 

maintain all SPNs at equivalent membrane potentials (~−81 mV), since group differences 
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in Vrest were observed. Cell attached recordings from CINs were performed in voltage 

clamp mode to quantify baseline firing rates. sEPSCs were recorded in voltage-clamp mode 

(Vhold = −70mV) for 180s before and after bath applying drug. Local electrical stimulation 

was evoked using a concentric bipolar stimulation electrode (FHC, Inc., Bowdoin, ME) at 

an amplitude of 1–3mV (tuned to evoke EPSCs ~100pA). EPSCs were averaged from 10 

sweeps, each separated by 10s; sweeps included 2 pulses (20Hz); all data presented were 

obtained from the first pulse. CIN firing rates, electrical stimulation and sEPSC experiments 

were performed at 26°C–29°C; all other experiments were performed at 21±°C.

2-Photon Ca2+ laser scanning microscopy, Ca2+ imaging and ACh sensor 
measurements—dSPNs and iSPNs were identified via somatic tdTomato and enhanced-

GFP 2-photon excited fluorescence using an Ultima Laser Scanning Microscope System 

(Bruker Nano, Inc., Middleton, WI) equipped with an Olympus 60X/1.0 water-dipping 

lens (Olympus, Center Valley, PA). For simultaneous electrophysiological and 2-photon 

Ca2+ imaging experiments, green and red fluorescent signals were obtained using 810nm 

pulsed light excitation (90MHz) (Chameleon Ultra II, Coherent, Inc., Santa Clara, CA) and 

top-mounted external detectors with 607/45 nm and 525/70 nm emission filters (Hamamatsu 

Corp., Bridgewater, NJ). Patched SPNs were allowed to equilibrate to the internal recording 

solution prior to any experimental imaging for a minimum of 15 min after patch rupture 

to ensure adequate filling of distal dendrites. Ca2+ imaging: Dendritic Ca2+ transients were 

measured using Fluo-4.45 Line scans of green (G) and red (R) fluorescence were acquired 

at proximal (45μm–60μm) and distal (90μm–130μm) adjacent dendritic spines and shafts at 

5.342ms and 512 pixels per line with 0.0776μm2 pixels at 10μs dwell. Ca2+ transients were 

expressed as ΔG/R, and dendritic indexes were quantified as distal Ca2+ transient area (ΔG/

R•ms) divided by the largest proximal Ca2+ transient area (for single bAPs) or the average 

of 2–5 proximal Ca2+ transient areas (for bAP bursts), all acquired from dendritic shafts.44 

Single bAPs were generated by a somatic current injection (2nA, 2ms) and bursts of bAPs 

were delivered at 5Hz, each burst containing 3 bAPs at 50Hz (20ms interval).43 Line scans 

began 300ms before stimuli and continued for 698ms (for single bAPs) or 1670ms (for bAP 

theta bursts) after the stimuli ended. All drugs were dissolving in the external ACSF and 

bath applied for a minimum of 10 min prior to comparative experimentation. ACh sensor 
measurements: To evoke ACh release, a concentric stimulating electrode (FHC) powered 

by an ISO-Flex Stimulus Isolator (Microprobes for Life Science) was centered on the 

y-plane and placed just outside of the objective field. Spiral line scans (920nm, 21.2ms 

with 0.0776μm2 pixels and 10μs dwell) were placed over infected neuropil and acquired 

sequentially, at least 5 s apart, while delivering single 1ms electrical stimuli of increasing 

intensities. Line scans began 1000ms before stimuli and continued for 4000ms after the 

stimuli ended.

Surgical procedures—All mice subjected to surgical procedures were induced and 

maintained under anesthesia via inhalation of vaporized isoflurane (3% for induction and 

1%–2% for maintenance during surgery) and administered a post-operative analgesic, 

Meloxicam (5 mg/kg), via subcutaneous injection as needed. Prior to any surgical 

procedure, complete sedation was confirmed via tail pinch, animals were placed in a 

stereotaxic apparatus, the scalp was shaved and disinfected, and eyes were covered with 
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an eye-protective gel (Puralube Ophthalmic Ointment, Dechra Veterinary Products). A 

1μL Hamilton Neuros micro-volume syringe was used for unilateral dorsolateral striatum 

injections (−2.20 mm ML, 0.62mm AP, −2.80mm DV) and manipulated via a motorized 

stereotaxic injector (Quintessential Stereotaxic Injector QSI, Stoelting Co.) controlled by 

Angle Two software (Leica Biosystems). 200nL of AAV5-hSyn-ACh3.0(ACh.4.3) (ACh3.0; 

titer: ≥1•1013vg/ml)53 were injected over 5 min and a further 5 min was allowed for 

diffusion before slowly withdrawing the needle. All subjects were monitored daily for pain 

for 72h and sacrificed for experimentation after a postoperative period of 3–4 weeks.

Immunohistochemistry—Experimental subjects were anesthetized by isoflurane 

inhalation before transcardial perfusion with PBS, then 4% paraformaldehyde (PFA) 

(Electron Microscopy Sciences) before brain extraction (note that all IHC dilutions are in 

1x phosphate-buffered saline [PBS]). Extracted brains were fixed in 4% PFA for a further 

12 h at 4°C, then cryopreserved with 30% sucrose in 1x PBS for 48 h at 4°C. Fixed brain 

tissue was frozen in O.C.T. (Fisher) and sliced coronally at 50μm thickness using a cryostat 

(Leica). For antibody labeling, brain slices were blocked for 2h at room temperature (3% 

normal donkey serum [Sigma D9663], 0.1% Triton X-), stained with primary antibody 

for 12 h at 4°C (EMD Millipore [ab144P, RRID: AB_2079751] goat anti-ChAT, 1:500 

dilution), washed 3 × 10 min (0.5% NDS, 0.1% Triton X-), stained with secondary antibody 

for 2 h at room temperature (Abcam [ab150132, RRID: AB_2810222] donkey anti-goat 

Alexa Fluor 594, 1:2000 concentration), then washed 3 × 10 min as above before placing 

in PBS and mounting onto microscope slides with Fluoromount-G (SouthernBiotech). 

Another antibody combination was used alongside ChAT labeling (rabbit anti-μOR [Abcam 

[ab10275, RRID: AB_2156356]] and donkey anti-rabbit 488 [Invitrogen [A-21206, RRID: 

AB_2535792]]), but not analyzed as part of this study. Coronal sections were collected 

from the pre-commissural striatum and binned at 200μm increments (1.25mm–1.05mm to 

0.45mm–0.25mm bregma).

Immunohistochemistry image acquisition & analysis—Images were obtained using 

a VS.120-S6-W virtual slide microscope (Olympus) at 20x magnification. Images were 

composed of 30 1μm z-planes. Image analysis was performed by two blinded investigators 

using ImageJ80 (Fiji [RRID: SCR_002285]). The 15 most in-focus planes in the z-stacks 

were max-projected and thresholded. Semi-automated quantification of ChAT-positive cell 

bodies was performed using ImageJ’s80 Particle Analysis function. Identified cells were 

manually checked for accuracy. Striatal regions were manually outlined using the lateral 

ventricles, callosum, and a straight line from the inferior ventricular apex to the inferomedial 

corner of the piriform cortex to reproducibly demarcate the striatum. Dorsal and ventral 

striatal domains were established by a horizontal partition dividing the entire striatum into 

two equal areas.

SPN dendritic anatomy analysis—Sholl analyses were performed on z-stacks of Alexa 

Fluor 568-filled SPNs resliced to the appropriate voxel length; dendritic arbors were 

manually traced using neuTube81 and individually processed in ImageJ80 Simple Neurite 

Tracer’s Sholl analysis function.
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QUANTIFICATION AND STATISTICAL ANALYSES

Electrophysiological recordings and Ca2+ transients were analyzed using Igor Pro 

(WaveMetrics, Inc., Lake Oswego, OR [RRID: SCR_000325]). Statistical differences 

were examined using 2-sided Mann-Whitney U, Wilcoxon signed-rank (for paired 

comparisons), two-way ANOVA (for grouped comparisons) followed by Bonferroni’s 

multiple comparisons test, or Fisher’s exact tests. Differences were considered to be 

statistically significant if p < 0.05. All statistical tests were performed in GraphPad Prism 

v10 (GraphPad Software, La Jolla, CA [RRID: SCR_002798]) following a Grubb’s test for 

outliers (alpha = 0.05), also in Prism. Typically no more than 1 outlier was identified and 

removed from any given dataset, with a maximum of 2 outliers identified and removed in 

rare instances. The Shapiro-Wilk test for normality was used to confirm the appropriateness 

of parametric statistics. Boxplots were generated in Prism using the Tukey method. All 

statistical details can be found in the Results section as well as in the figure legends.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

• SPNs in the dorsolateral striatum are hyperexcitable in Sapap3−/− mice

• Sapap3 deletion selectively elevates dendritic excitability in the direct 

pathway

• Evoked acetylcholine release in the dorsal striatum is elevated in Sapap3−/− 

mice

• Cholinergic signaling is differentially attenuated in both SPN populations
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Figure 1. Increased somatic excitability of dSPNs and iSPNs in the dorsolateral striatum of 
SAPAP3 cKI−/− mice.
(A) Example anatomical reconstructions (left) and current-voltage (IV) traces (right) of WT 

(top; black) and cKI−/− (bottom; blue) dSPNs (left) and iSPNs (right).

(B) Quantification of steady-state voltage response to increasing subthreshold current 

injections in WT and cKI−/− dSPNs (left; WT n = 18, cKI−/− n = 16) and iSPNs (right; 

WT n = 15 cells, cKI−/− n = 19). *p < 0.05, two-way repeated measures ANOVA with 

Bonferroni’s multiple comparisons test.

(C) Quantification of AP firing frequency in response to increasing current injections in WT 

and cKI−/− dSPNs (left; WT n = 19, cKI−/− n = 12) and iSPNs (right; WT n = 22 cells, 

cKI−/− n = 19). **p < 0.01, ***p < 0.001, and ****p < 0.0001, two-way repeated measures 

ANOVA with Bonferroni’s multiple comparisons test.

(D) Boxplots showing rheobase currents in WT and cKI−/− SPNs. dSPN: WT n = 15 

cells, cKI−/− n = 21; iSPN: WT n = 13, cKI−/− n = 24. **p < 0.01 and ***p < 0.001, 

Mann-Whitney.

(E) Boxplots showing input resistance in WT and cKI−/− SPNs. dSPN: WT n = 15 cells, 

cKI−/− n = 21; iSPN: WT n = 13, cKI−/− n = 21. **p < 0.01 and ****p < 0.0001, 

Mann-Whitney.
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(F) Boxplots showing resting membrane potential in WT and cKI−/− SPNs. dSPN: WT n = 

16 cells, cKI−/− n = 21; iSPN: WT n = 21, cKI−/− n = 27. **p < 0.01, ns, not significant, 

Mann-Whitney.

(G) Boxplots showing capacitance in WT and cKI−/− SPNs. dSPN: WT n = 15 cells, cKI−/− 

n = 20; iSPN: WT n = 9, cKI−/− n = 20. *p < 0.05, ns, not significant, Mann-Whitney.

All error bars are SEM. All boxplots are presented in Tukey style.

See also Figure S2.
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Figure 2. Dendritic excitability of dSPNs is increased in the dorsolateral striatum of SAPAP3 
cKI−/− mice.
(A) 2-photon maximum intensity projection of a filled dSPN in a SAPAP3 cKI−/− × drd1-

tdTomato mouse (scale bar: 20 μm); high-magnification images of proximal and distal 

dendrite line scan sites (yellow bars) are shown to the right (scale bar: 2 μm).

(B) Average proximal and distal dendritic Ca2+ transients with overlaid exponential fits 

(difference shaded) from WT (top; black) and cKI−/− (bottom; blue) dSPNs (left) and iSPNs 

(right) in response to single somatic bAPs (shown time-locked below traces).

(C) Boxplots of SPN dendritic indexes (ratio of distal:proximal bAP-evoked Ca2+ transients) 

in WT and SAPAP3 cKI−/− mice. dSPN: WT n = 31 dendrites, cKI−/− n = 31; iSPN: WT n = 

30, cKI−/− n = 32. *p < 0.05, ns, not significant, Mann-Whitney.

(D) Average proximal and distal dendritic Ca2+ transients recorded from WT and SAPAP3 

cKI−/− dSPNs and iSPNs in response to bursts of bAPs. Stimulus protocol eliciting bAPs 

shown time-locked below traces.

(E) Boxplots of SPN dendritic indexes in response to bursts of bAPs in WT and SAPAP3 

cKI−/− dSPNs and iSPNs. dSPN: WT n = 34 dendrites, cKI−/− n = 42; iSPN: WT n = 29, 

cKI−/− n = 39. **p < 0.01, ns, not significant, Mann-Whitney.

All boxplots are presented in Tukey style.
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Figure 3. CIN density and evoked ACh release are increased in the dorsal striatum of SAPAP3 
cKI−/− mice.
(A) Representative images showing choline acetyltransferase (ChAT) staining in the 

dorsolateral striatum of WT (left) and SAPAP3 cKI−/− (right) mice (scale bar: 50 μm).

(B) Bar graphs showing CIN soma densities in the entire striatum (left) and dorsal striatum 

(right) of WT (black; N = 10 mice) and SAPAP3 cKI−/− (blue; N = 11) mice. **p < 0.01, 

Mann-Whitney. Error bars are SEM.

(C) Line graphs showing CIN soma densities in the dorsal striatum of WT (black) and 

SAPAP3 cKI−/− (blue) mice binned rostro-caudally from bregma 1.25–0.25 mm. WT N = 10 

mice, cKI−/− N = 11. *p < 0.05 and **p < 0.01, two-way repeated measures ANOVA with 

Bonferroni’s multiple comparisons test.

(D) Schematic of experimental design used in (E) and (F) (scale bar: 100 μm).

(E) Average line scans measuring changes in ACh3.0 fluorescence in dorsal striatum 

neuropil of WT (black) and SAPAP3 cKI−/− (blue) mice in response to increasing electrical 

stimuli.

(F) Line graphs showing evoked ACh3.0 fluorescence amplitudes (calculated from 

exponential fits) at increasing stimulus intensities in WT (black) and SAPAP3 cKI−/− (blue) 

mice. WT n = 17 slices, cKI−/− n = 19. **p < 0.01, multiple Mann-Whitney tests.

(G) Representative cell-attached recordings of CIN pacemaking activity in the dorsal 

striatum of WT (black, left) and SAPAP3 cKI−/− (blue, right) mice.

(H) Boxplots of average ongoing CIN firing frequencies in the dorsal striatum of WT (black; 

n = 28 cells) and SAPAP3 cKI−/− (blue; n = 20) mice. *p < 0.05, Mann-Whitney.

All error bars are SEM. All boxplots are presented in Tukey style.
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See also Figure S3.
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Figure 4. Muscarinic signaling is impaired in dSPNs and iSPNs of SAPAP3 cKI−/− mice.
(A) 2-photon maximum intensity projection of a filled dSPN (scale bar: 10 μm); sites of 

proximal and distal Ca2+ line scans are shown (yellow bars).

(B) Boxplots showing changes in SPN dendritic indexes (measured in response to bursts of 

bAPs) induced by atropine (10 μM) in WT and SAPAP3 cKI−/− mice. dSPN: WT n = 13 

dendrites, cKI−/− n = 17; iSPN: WT n = 17, cKI−/− n = 13. A hash symbol (#) indicates a 

statistically significant difference between pre- and postatropine application; an asterisk (*) 

indicates a statistically significant difference between genotypes. #p < 0.05 and *p < 0.05, 

ns, not significant, Wilcoxon matched pairs.

(C) 2-photon maximum intensity projection of a filled dSPN dendrite (top; scale bar: 10μm). 

Arrow indicates location of high-magnification image (bottom; scale bar: 1 μm) of a distal 

dendritic spine and corresponding Ca2+ line scan (yellow bar).
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(D) Average Ca2+ transients (evoked by bursts of bAPs) recorded from distal dendritic 

spines of WT and SAPAP3 cKI−/− dSPNs and iSPNs before (artificial cerebrospinal fluid 

[ACSF]) and after bath application of 10 μM atropine (ATR).

(E) Boxplots showing atropine-induced changes in Ca2+ transient areas (evoked by bursts of 

bAPs) in distal dendritic spines of WT and SAPAP3 cKI−/− dSPNs and iSPNs. dSPN: WT n 

= 18 spines, cKI−/− n = 15; iSPN: WT n = 14, cKI−/− n = 20. A hash symbol (#) indicates a 

statistically significant difference between pre- and postatropine application; an asterisk (*) 

indicates a statistically significant difference between genotypes. #p < 0.05, ###p < 0.001, 

and ***p < 0.001, ns, not significant, Wilcoxon matched pairs.

(F) Bar graphs showing fractions of total imaged spines whose bAP burst-evoked Ca2+ 

transients were increased (purple) or decreased (gray) by atropine. dSPN: WT n = 31, cKI−/− 

n = 24; iSPN: WT n = 22 spines, cKI−/− n = 35. *p < 0.05, Fisher’s exact test.

(G) Line graphs showing the cumulative atropine-sensitive components of dendritic spine 

Ca2+ transients (post-minus preatropine traces) evoked by 5 successive bursts of bAPs. 

Integrated Ca2+ transients were divided into segments corresponding to each of the 5 

successive bursts (diagrammatically shown in register below). The y axis is reported as 

absolute values of positive areas (indicating a net atropine-induced decrease; gray) and 

negative areas (indicating a net atropine-induced increase; purple). dSPN: WT n = 18 spines, 

cKI−/− n = 15; iSPN: WT n = 14, cKI−/− n = 20. *p < 0.05, **p < 0.01, Mann-Whitney.

(H) Boxplots showing muscarine-induced changes in Ca2+ areas (evoked by bursts of bAPs) 

in distal dendritic spines of WT and SAPAP3 cKI−/− dSPNs and iSPNs. A hash symbol (#) 

indicates a statistically significant difference between pre- and postmuscarine application. 

dSPN: WT n = 21 spines, cKI−/− n = 20; iSPN: WT n = 21, cKI−/− n = 21. #p < 0.05 and 

####p < 0.0001, ns, not significant, Wilcoxon matched pairs.

(I) Averaged muscarinic components (post-minus premuscarine traces) of Ca2+ transients 

evoked by bAP bursting. Areas shaded to zero (red).

(J) Line graphs showing the cumulative muscarine-sensitive components of dendritic spine 

Ca2+ transients (post-minus premuscarine traces) evoked by 5 successive bursts of bAPs. 

Integrated Ca2+ transients were divided into segments corresponding to each of the 5 

successive bursts (diagrammatically shown in register below). The y axis is reported as 

absolute values of positive areas (indicating a net muscarine-induced decrease; gray) and 

negative areas (indicating a net muscarine-induced increase; purple). dSPN: WT n = 21 

spines, cKI−/− n = 19; iSPN: WT n = 17, cKI−/− n = 25. *p < 0.05, Mann-Whitney.

All error bars are SEM. All boxplots are presented in Tukey style.

See also Figure S4.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat anti-ChAT EMD Millipore ab144P; RRID: AB_2079751

Donkey anti-goat Alexa Fluor™ 594 Abcam ab1501132; RRID: AB_2810222

Rabbit anti-μ-opioid receptor Abcam ab10275; RRID: AB_2156356

Donkey anti-rabbit 488 Invitrogen A-21206; RRID: AB_2535792

Rabbit anti-SAPAP3 G. Feng https://doi.org/10.1002/cne.20060

Mouse anti-β-actin Sigma A5441; RRID: AB_476744

Bacterial and virus strains

AAV5-hSyn-ACh3.0(ACh4.3) WZ Biosciences https://www.wzbio.com/aavGrab.php?
pid=4&id=4&cid=90&page=11

Chemicals, peptides, and recombinant proteins

Alexa Fluor™ 568 Hydrazide Invitrogen https://www.thermofisher.com/order/catalog/product/A10437

Atropine sulfate Sigma-Aldrich CAS# 5908–99-6

Fluo-4 pentapotassium salt Invitrogen https://www.thermofisher.com/order/catalog/product/
F14200?SID=srch-srp-F14200

Mecamylamine hydrochloride Sigma-Aldrich, TOCRIS CAS# 826–39-1

Muscarine chloride Sigma-Aldrich CAS# 2303–35-7

Muscarine iodide TOCRIS CAS# 24570–49-8

Scopolamine hydrobromide TOCRIS CAS# 114–49-8

Isoflurane Covetrus CAS# 26675–46-7

Meloxicam Covetrus CAS# 71125–38-7

Experimental models: Organisms/strains

Mouse: B6.Cg-Tg(Drd1a-tdTomato)6Calak/J Jackson Laboratories RRID: IMSR_JAX:016204

Mouse: B6; Tg(Drd2-eGFP) S118Gsat/Mmnc GENSAT RRID: MMRRC_000230-UNC

Mouse: Tg(Chat-tau/EGFP)#Svj (Grybko et al.)77 MGI: 5605267

Mouse: C57BL/6J Jackson Laboratories RRID: IMSR_JAX:000664

Mouse: B6.Cg-Tg(ACTFLPe)9205Dym/J Jackson Laboratories RRID: IMSR_JAX:005703

Mouse: B6 SAPAP3 cKI−/− G. Feng and Q. Zhang N/A

Software and algorithms

Adobe Illustrator Adobe
RRID: SCR_010279
https://www.adobe.com/products/illustrator.html

EthoVision XT
Noldus Information 
Technology

RRID: SCR_000441
https://www.noldus.com/ethovision-xt

GraphPad Prism v10 GraphPad Software
RRID: SCR_002798
https://www.graphpad.com/how-to-buy/

Igor Pro WaveMetrics, Inc.
RRID: SCR_000325
https://www.wavemetrics.com/products/igorpro

ImageJ (Schneider et al.)80 RRID: SCR_003070https://fiji.sc
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REAGENT or RESOURCE SOURCE IDENTIFIER

MATLAB R2023b MathWorks

RRID: SCR_001622
https://www.mathworks.com/products/matlab.html?
s_tid=hp_products_matlab

Mini Analysis Synaptosoft RRID: SCR_002184

neuTube (Feng et al.)81 https://neutracing.com

Prairie View v5.4 Bruker Nano, Inc. RRID: SCR_017142

Angle Two™ Leica Biosystems https://www.leicabiosystems.com/sites/default/
files/media_product-download/2021-02/
Leica_Angle_Two_User_Manual.pdf

Other

VT1000 S vibrating blade microtome Leica Biosystems RRID: SCR_016495

MultiClamp 700B microelectrode amplifier Molecular Devices, LLC RRID: SCR_018455

Concentric bipolar electrode FHC https://www.fh-co.com/product/concentric-bipolar/

ISO-Flex stimulus isolator
Microprobes for Life 
Sciences RRID: SCR_018945

Bruker Ultima laser scanning microscope Bruker Nano, Inc. RRID: SCR_019800

VS.120-S6-W virtual slide microscope EVIDENT/Olympus RRID: SCR_018411

Angle Two™ stereotaxic instrument Leica Biosystems https://www.leicabiosystems.com/us/research/neuroscience/
angle-two-small-animal-stereotaxic-instrument/

Quintessential stereotaxic injector (QSI™) Stoelting Co. https://stoeltingco.com/Neuroscience/Stoelting-
Quintessential-Stereotaxic-Injector-QSItm~9751?
navigate_from_document = 1022&navigated_from_object 
= 3840

Artificial tears lubricant ophthalmic ointment Covetrus NDC: 11695–6832-1

Fluoromount-G SouthernBiotech RRID: SCR_015961
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