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Abstract
Hippocampal networks are particularly susceptible to dysfunction in many neurodegenerative dis-

eases and neuropsychiatric disorders including Alzheimer’s disease, Lewy body dementia, and

schizophrenia. CA1, a major output region of the hippocampus, receives glutamatergic input from

both hippocampal CA3 and entorhinal cortex, via the Schaffer collateral (SC) and temporoammonic

(TA) pathways, respectively. SC and TA inputs to CA1 are thought to be differentially involved in

the retrieval of previously stored memories versus the encoding of novel information, and switch-

ing between these two crucial hippocampal functions is thought to critically depend on

acetylcholine (ACh) acting at muscarinic receptors. In this study, we aimed to determine the roles

of specific subtypes of muscarinic receptors in mediating the neuromodulatory effects of ACh on

glutamatergic synaptic transmission in the SC and TA pathways of CA1. Using selective pharmaco-

logical activation of M1 or M4 receptors along with extracellular and intracellular electrophysiology

recordings from adult rat hippocampal slices, we demonstrate that activation of M1 receptors

increases spontaneous spike rates of neuronal ensembles in CA1 and increases the intrinsic excit-

ability of pyramidal neurons and interneurons. Selective activation of M4 receptors inhibits

glutamate release in the SC pathway, while leaving synaptic transmission in the TA pathway com-

paratively intact. These results suggest specific mechanisms by which M1 and M4 activation may

normalize CA1 circuit activity following disruptions of signaling that accompany neurodegenerative

dementias or neuropsychiatric disorders. These findings are of particular interest in light of clinical

findings that xanomeline, an M1/M4 preferring agonist, was able to improve cognitive and behav-

ioral symptoms in patients with Alzheimer’s disease or schizophrenia.
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1 | INTRODUCTION

Pyramidal neurons in the CA1 region of the hippocampus integrate glu-

tamatergic inputs from two distinct sources that play complementary

roles in the memory retrieval and encoding functions for which the hip-

pocampus is well known. Schaffer collateral (SC) inputs carry informa-

tion retrieved from the dentate-CA3 networks supporting pattern

separation and completion (Kesner, Kirk, Yu, Polansky, & Musso, 2016;

Knierim & Neunuebel, 2016; O’Reilly & McClelland, 1994; Myers &

Scharfman, 2011; Rolls & Kesner, 2006), whereas temporoammonic

(TA) inputs from the entorhinal cortex convey information related to

the animal’s current environment for encoding (Cutsuridis, Cobb, &

Graham, 2010; Hasselmo & Schnell, 1994; Hasselmo, Schnell, & Barkai,

1995; Hasselmo & Wyble, 1997; Knierim & Neunuebel, 2016). A long-

standing question is how the same hippocampal circuitry can support

memory retrieval and memory encoding processes without corruption

of either pre-existing or new information.

Cholinergic state switching is one proposed mechanism by which

these important functions may be spatially and temporally separated

within the hippocampal network (Hasselmo & Bower, 1992; Hasselmo
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& Schnell, 1994), and a large body of research has revealed several spe-

cific actions of ACh within the hippocampus that are thought to under-

lie the modulation of memory encoding versus retrieval processes.

High levels of ACh have been shown to suppress SC synaptic transmis-

sion (Dasari & Gulledge, 2011; Hounsgaard, 1978; Hasselmo & Schnell,

1994; Valentino & Dingledine, 1981) and enhance several forms of

synaptic plasticity (Drever, Riedel, & Platt, 2011; Teles-Grilo Ruivo &

Mellor, 2013), whereas low cholinergic tone has been shown to reacti-

vate the autoassociative dentate-CA3 network during memory consoli-

dation (Buzsaki, 1989; Deiana, Platt, & Riedel, 2011; Gais & Born,

2004; Hasselmo et al., 1995; Hasselmo, 1999). Furthermore, ACh has

been shown to differentially regulate SC and TA synapses (Hasselmo &

Schnell, 1994), strongly suppressing SC inputs to CA1 while sparing TA

inputs. Differential expression of presynaptic muscarinic receptors

(mAChRs) within the two pathways is one factor suggested to underlie

these effects (Cea-del Rio et al., 2010; Dasari & Gulledge, 2011;

Easton, Douchamps, Eacott, & Lever, 2012; Fernandez de Sevilla &

Buno, 2003; Hasselmo & Schnell, 1994; Leung & Peloquin, 2010;

Levey, Edmunds, Koliatsos, Wiley, & Heilman, 1995; Qian & Saggau,

1997; Shirey et al., 2008).

While it is clear that mAChRs modulate the learning and memory

functions of the hippocampus (Deiana et al., 2011; Thiele, 2013;

Wilson & Fadel, 2016), the contributions of specific mAChR subtypes

in mediating these effects remain unclear. Early immunohistochemical

(Hersch & Levey, 1995; Levey et al., 1995) and in situ hybridization

(Brann, Buckley, & Bonner, 1988; Buckley et al., 1988) studies showed

predominant M1, M2, and M4 mAChR protein and gene expression

within the hippocampus, with Gi/o-coupled M2 and M4 receptors

largely located presynaptically (Levey et al., 1995; Rouse, Edmunds, Yi,

Gilmor, & Levey, 2000), and Gq/11-coupled M1 receptors largely located

postsynaptically (Levey et al., 1995; Rouse et al., 2000; Volpicelli &

Levey, 2004). Across the five mAChR subtypes, the orthosteric ACh

binding pocket is highly conserved (Kruse et al., 2014; Lu, Saldanha, &

Hulme, 2002; ), making it very difficult to develop subtype-selective

activators and inhibitors. As a result, functional studies have largely

relied either on transgenic knockout animals susceptible to compensa-

tory receptor expression or on nonselective pharmacological manipula-

tions to identify the mechanisms underlying the actions of ACh on the

different mAChR subtypes within the hippocampus. These studies point

to the involvement of presynaptically expressed M4 receptors in ACh-

mediated SC suppression (Dasari & Gulledge, 2011; Sanchez et al.,

2009; Shirey et al., 2008), though M1 (Kremin et al., 2006; Leung &

Peloquin, 2010; Sheridan & Sutor, 1990), M2 (Seeger & Alzheimer,

2001), and M3 (de Vin, Choi, Bolognesi, & Lefebvre, 2015) receptors

have also been implicated in this effect. Activation of postsynaptic M1

receptors has been linked to long-term potentiation at SC synapses

(Boddeke, Enz, & Shapiro, 1992; Buchanan, Petrovic, Chamberlain, Mar-

rion, & Mellor, 2010; Dasari & Gulledge, 2011; Giessel & Sabatini,

2010), and to excitation of CA1 pyramidal cells (Dasari & Gulledge,

2011) and interneurons (Bell, Bell, & McQuiston, 2015a; Yi et al., 2014).

In light of clinical evidence suggesting that xanomeline, an M1/M4

preferring agonist, improves cognitive and behavioral symptoms in

patients with Alzheimer’s disease (Bodick et al., 1997) or schizophrenia

(Shekhar et al., 2008), it is of interest to clarify the effects of selective

pharmacological activation of M1 or M4 receptors on CA1 circuit func-

tion. Recently, significant progress has been made in developing selec-

tive agonists and positive allosteric modulators (PAMs) that target these

specific subtypes of mAChRs (Chan et al., 2008; Davie, Christopoulos,

& Scammells, 2013; Foster, Choi, Conn, & Rook, 2014; Ghoshal et al.,

2016; Wess, 2005), but these new tools have not yet been used to dis-

sect the contributions of mAChR subtypes to hippocampal circuit activ-

ity. In this study, we took advantage of three recently developed, highly

selective M4 activators and one highly selective M1 agonist. These

include two M4 PAMs derived from the previously published VU series

(Brady et al., 2008; Lindsley et al., 2013), an M4 bitopic agonist (Liver-

more, White, Congreve, Brown, & O’brien, 2014), and the recently pub-

lished M1 allosteric agonist GSK1034702 that was tested in a phase I

clinical trial (Budzik et al., 2010; Ridley, Pugh, Maclean, & Baker, 1999;

Nathan et al., 2013). We performed extracellular field recordings and

whole-cell patch clamp recordings in combination with bath application

of these selective compounds to demonstrate differential effects of M1

and M4 activation at SC and TA synapses. Activation of M1 receptors

enhanced the intrinsic excitability and spontaneous firing rates of CA1

pyramidal cells and interneurons, whereas activation of M4 receptors

strongly suppressed synaptic transmission in the SC, but not TA, path-

way. These findings support the role of M1 and M4 receptors as promi-

nent drivers of ACh-mediated modulation of CA1 circuits, each

independently contributing to the biasing of CA1 toward a network

state that could facilitate memory encoding.

2 | MATERIALS AND METHODS

Animals were handled and cared for according to the National Insti-

tutes for Health Guide for the Care and Use of Laboratory Animals,

and all procedures were performed with the approval of the Pfizer

Institutional Animal Care and Use Committee.

2.1 | Slice preparation

For whole-cell recording experiments and extracellular spike rate

recordings, adult (8–12 weeks) male Sprague Dawley rats were deeply

anesthetized with isofluorane and perfused transcardially with ice-cold

high-sucrose artificial cerebrospinal (ACSF) cutting solution containing

206 mM sucrose, 26 mM NaHCO3, 3 mM KCl, 1.25 mM NaH2PO4,

7 mM MgCl2, 0.5 mM CaCl2, 10 mM glucose, 1 mM sodium pyruvate,

and 0.89 mM sodium L-ascorbate, bubbled with 95% O2/5% CO2.

Brains were removed into ice-cold cutting ACSF and coronal hippo-

campal slices were made (300 lM) using a vibrating microtome. Slices

were incubated at 358C in recording ACSF (124 mM NaCl, 3 mM KCl,

1.25 mM NaH2PO4, 26 mM NaHCO3, 10 mM glucose, 1.3 mM MgCl2,

2 mM CaCl2, 1 mM sodium pyruvate, and 0.89 mM sodium L-ascor-

bate) bubbled with 95% O2/5% CO2 for 1–4 hr prior to recording. For

extracellular recordings with SC stimulation, rats were deeply anesthe-

tized with isofluorane and rapidly decapitated. All other slice prepara-

tion procedures were identical.
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2.2 | Whole-cell recordings

Intracellular recordings were performed at 358C in recirculating recording

ACSF bubbled with 95% O2/5% CO2. Cells in the CA1 pyramidal cell

layer were visualized using a Zeiss LSM 7MP microscope outfitted with a

DIR filter, projected to a television screen via a CCD camera and image

enhancing controller box (Hamamatsu, Japan). Recording pipettes were

filled with internal solution containing (in mM) 130 K-gluconate, 10

HEPES, 5 glutathione, 0.2 EGTA, 4 MgATP�2H2O, 0.4 Na3 GTP�2H2O, 7

Na2-phosphocreatine, 0.05 spermine, and 5 lM Alexa-594 (Molecular

Probes) for imaging and morphological confirmation of cell type. Synaptic

currents were measured in voltage clamp and stimulating current pulses

(30–200 lA) were delivered through bipolar electrodes (FHC, Bowdoin

ME) placed in stratum radiatum (SC stimulation) or stratum laculosum

moleculare (TA stimulation). All compounds were bath applied and

washed on for 10 min before recording. Evoked synaptic transmission

experiments were made up of 5 trials consisting of one single-pulse fol-

lowed by three paired-pulse stimuli with 20, 60, and 100 ms interpulse

intervals. Stimulation of SC and TA pathways was interleaved with a 5 s

interstimulus interval. Experiments were run using custom PClamp

(Molecular Devices, Sunnyvale CA) scripts, which controlled analog and

digital output channels of a daq card (National Instruments, Austin TX)

that interfaced with a MultiClamp 700B (Molecular Devices, Sunnyvale

CA) controlling current and voltage through the whole cell recording pip-

ette and two digital stimulus isolation amplifiers (Getting Instruments,

San Diego CA) controlling the delivery of SC and TA bipolar stimulation.

Cells with low and accommodating firing rates (< 50 Hz) in response to a

1200 pA, 500 ms current injection, and clear sag currents (>4% of

steady-state voltage) were classified as putative pyramidal neurons. Mor-

phology was confirmed following most pyramidal cell recordings using 2-

photon imaging of the Alexa-594 filled cells (excitation wavelength5

810 nm, power55%, gain5900). Cells with small sag currents (<4% of

steady-state voltage), narrow spike widths (< 650 ls), and high firing

rates (> 50 Hz in response to a 300 pA current step) were classified as

putative PV-positive (PV1) interneurons, and in all cases, nonpyramidal

morphology was confirmed with fluorescence imaging. Table 1 lists the

basic electrophysiological properties for the cells included in each data

set; current step responses were not recorded for all pyramidal cells.

2.3 | Extracellular recordings

Slices were placed onto MED-P515A 64-channel multielectrode arrays

(Alpha MED Scientific Inc., Osaka JP) with the CA1 pyramidal cell layer

positioned directly over the array contacts. Recordings were made at

308C in recirculating recording ACSF bubbled with 95% O2/5% CO2.

Spiking activity or evoked potentials were captured using MED64

hardware and Mobius software (MED64 system, Alpha MED Scientific

Inc., Osaka JP). Synaptic field potentials were evoked by stimulation of

the SC pathway at a contact located in stratum radiatum. Stimulus

intensity was determined prior to the start of the experiment as the

intensity that produced an evoked field response amplitude 60–80% of

the maximum response (10–130 lA, 0.2 ms).

2.4 | Test compounds

The M1 agonist GSK1034702 (Nathan et al., 2013; Ridler et al., 2014)

and M4 activators PT-1148 (5-amino-3,4-dimethyl-N-(1-(pyridin-3-yl)

azetidin-3-yl)thieno[2,3-c]pyridazine-6-carboxamide; Lindsley et al.

(2013)), PT-3763 (3-amino-4,6-dimethyl-N-(1-(pyridin-3-yl)azetidin-3-

yl)thieno[2,3-b]pyridine-2-carboxamide; Brady et al. (2008); Lindsley

et al. (2013)), and PT-6950 (ethyl 4-(4-(2-methoxypyridin-3-yl)piperi-

din-1-yl)azepane-1-carboxylate; Livermore et al. (2014)) were prepared

based on published methods by Pfizer World Wide Medicinal Chemis-

try. Other chemicals were obtained from Tocris (oxotremorine, picro-

toxin, VU0255035), Acros Organics (picrotoxin), and Fisher (DMSO).

Concentrated stock solutions (10 mM) were made by dissolving test

compounds in either H2O (pirenzipine) or DMSO (all other compounds)

and stored at 48C for up to 4 weeks. During experiments, small vol-

umes of stock solutions were diluted in the circulating recording ASCF

to the desired concentrations. For whole-cell experiments, picrotoxin

was dissolved directly in recording ASCF made fresh on the day of

recording.

2.5 | Data analysis

For extracellular MED64 recordings, evoked synaptic field potentials

(fSPs) or spontaneous spike rates were recorded from 16 channels

spanning stratum pyramidale and striatum radiatum of CA1. Data were

captured using MED64 hardware and Mobius software (MED64 sys-

tem, Alpha MED Scientific Inc.) and analyzed using custom Matlab

scripts (MathWorks Inc., Natick MA).

During fSP recording experiments, escalating concentrations of

compounds were bath applied to each slice and each concentration

was applied for at least 20 min. Dose-response curves for fSP

responses were constructed by first computing the amplitude of each

evoked fSP as the minimum voltage reached within 25 ms following

stimulus onset. The mean fSP amplitude for each channel was then

computed for the last 15 trials in the time window corresponding to

administration of each concentration of compound and normalized to

the mean fSP amplitude during an initial drug-free baseline period.

Mean normalized fSP amplitude for each concentration was computed

for each slice by averaging across all channels on which baseline fSPs

with amplitudes >200 lV were recorded. Statistical analysis was per-

formed in R (R Core Team, 2016) using the “drc” package (Ritz, Baty,

Streibig, & Gerhard, 2015). Mean data from each slice were used to

find the best fit to a four-parameter logarithmic function of the form

DR(x)5C1 (D2C)/(11 exp(B 3 (ln(x)2 ln(E))), for drug concentrations

x. Lower asymptote values (parameter C) were compared using pair-

wise t-tests and p values were corrected for multiple comparisons

using false discovery rate method. A significant difference is reported

for corrected p values <0.05.

For spontaneous spike recordings, data were captured in 30 s

epochs every 1.5 min. For each epoch, data were bandpass filtered

(600–9000 Hz), and spikes were identified at time points when the

voltage exceeded 5 standard deviations from the mean voltage for the

entire epoch. For each channel, the mean number of spikes per epoch

occurring during the administration of each concentration of com-

pound was calculated, and z-score normalized using the mean and

standard deviation of the number of spikes per epoch occurring during

the initial baseline period. For each slice, a mean z-score normalized
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response was calculated by averaging across all channels that demon-

strated a significant increase from baseline firing rate during any drug

administration epoch. For each compound tested, data from each slice

were used to find the best fit to a four-parameter dose response func-

tion as described above for fSP data. A drug-induced increase in spon-

taneous firing rates was considered significant if the upper asymptote

estimate was >0 with p<0.05. Upper asymptote values were com-

pared across drugs using pairwise t-tests, p values were corrected using

false discovery rate procedure, and differences are reported as signifi-

cant for corrected p values <0.05.

For whole-cell recordings of excitatory postsynaptic currents

(EPSCs), stimulation artifacts were removed, and data were smoothed

by lowpass filtering (cutoff: 500 Hz). Trials in which spikes occurred in

voltage clamp following electrical stimulation were discarded, and the

mean evoked response was computed across the remaining trials. The

maximum negative-going amplitude of the mean evoked EPSC was

found, and the initial slope of the EPSCs was defined as the change in

current in the initial 10 ms following stimulation. In text and figures, all

amplitude, slope, and paired pulse ratio (PPR) data are presented nor-

malized to responses recorded during baseline recording conditions

(ACSF1 100 lM picrotoxin) for each cell; raw amplitudes of the

evoked EPSCs for each recorded cell are presented in Tables 2 & 3.

Statistical analysis was performed in R using a linear mixed effects

model (Bates, Maechler, Bolker, & Walker, 2015) with bath, drug

TABLE 1 Electrophysiological characteristics of the pyramidal cells included in the M4 PAM whole cell experiments shown in Figure 3 (PT-
4811 and PT-3763), pyramidal cells included in the GSK1034702 experiments shown in Figure 5, and interneurons included in the
GSK1034702 experiments shown in Figure 5g

Vm

(mV)
RIN
(MX)

Sag @ 2200 pA
Minimum (mV)/
steady state (mV)

Sag @ 2200 pA
% ss voltage
(peak2 ss)/ss

Firing rate
@ 1200 pA (Hz)

Spike frequency
adaptation (ISI5/ISI1)

PT-4811 260.0 161.0

263.3 153.3

262.6 100.4

256.6 112.4

260.5 154.1

262.3 110.0

261.1 133.7 283.7/279.5 5.3 38 1.4

260.0 88.0

PT-3763 265.4 89.0

258.3 123.0 285.5/282.1 4.1 26 1.4

265.7 106.3 289.2/280.8 10.5 26 1.3

254.8 86.9 277.1/272.8 5.8 28 1.4

261.1 69.8 287.8/285.4 6.3 16 1.8

GSK1034702 262.9 194.5 296.8/285.7 12.9 28 1.6

260.4 178.4 299.4/293.8 5.9 32 2.2

258.9 134.5 280.3/276.5 4.9 24 3.3

260.8 225.6 2104.5/297.3 7.3 36 2.2

262.3 152.3 292.4/287.4 5.8 30 1.7

261.5 210.8 2101.9/295.4 6.8 42 2.3

265.0 178.1 294.5/289.4 5.7 36 1.4

263.0 159.1 289.2/284.4 5.6 26 4.4

259.3 165.6 292.8/286.4 7.4 32 2.3

260.5 163.9 289.4/280.8 10.7 34 2.7

Interneurons (putative PV1) 251.6 66.5 265.9/64.9 1.6 198 1.3

270.6 182.5 2110.7/2107.1 3.4 42 1.6

258.5 71 273.7/272.7 1.5 19 1.0

257.5 110.5 280.5/279.6 1.2 76 1.2
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treatment, and their interaction as fixed factors and cell number as ran-

dom factor. Least-squares means for specified factors were estimated

using the “lsmeans” library (Lenth, 2016). False discovery rate method

was used to correct for multiple hypothesis testing. All statistical tests

were performed two-tailed at a 5% level of significance.

Firing rates following current injections were determined using

standard threshold crossing method to detect evoked spikes and the

number of evoked spikes detected was then divided by the 0.5 s pulse

duration. For pyramidal cells, spike rates evoked by a 200 pA current

pulse were analyzed for all cells; for putative interneurons, the current

step used for analysis was determined separately for each cell as the

lowest step that evoked a firing rate of >30 Hz under baseline condi-

tions (step amplitudes5100–300 pA). For the pyramidal cells, spike

frequency adaptation was measured by first quantifying inter-spike

intervals (ISIs) for each action potential elicited by a 200 pA current

injection for each cell and bath condition. Table 1 presents the ratio of

the 5th ISI to the 1st ISI at baseline conditions for each cell. Statistical

analysis of the ISI growth curves was performed using a linear mixed

effects model in R, with spike number and bath as fixed factors and cell

number as the random factor. Post-hoc analyses were performed using

the same model to compare baseline to GSK1034702 and baseline to

pirenzipine conditions. Spike number, bath, and interaction terms were

considered statistically significant if false discovery rate adjusted

p<0.05.

TABLE 2 Raw maximum negative-going amplitudes of EPSCs (absolute change from prestimulus current value, in pA) evoked by Schaffer col-
lateral and temporoammonic stimulation for pyramidal neurons included in M4-PAM whole cell experiments shown in Figure 3

Schaffer collateral Temporoammonic

100 lM
Picrotox

120 nM
Oxotrem.

11 lM M4
PAM

13 lM
Pirenz.

100 lM
Picrotox

120 nM
Oxotrem.

11 lM M4
PAM

13 lM
Pirenz.

PT-1148 32.8 36.7 21.0

18.1 25.3 3.4 39.4 58.3 49.7

30.2 12.6 3.5 115.1 141.5 82.9

31.5 43.0 39.7 120.9 118.4 128.8

65.0 78.9 23.9 111.6 117.6 48.2

67.7 118.6 107.1 98.8 151.1 192.9

84.4 115.8 14.2 46.3 37.8 69.3 32.9 74.5

146.6 116.6 40.6 261.7 271.3 219.1

PT-3763 63.8 149.5 18.7 58.6 139.3 196.0 70.1 219.2

77.7 243.7 33.1 117.2 78.3 240.2 117.7 184.7

80.5 88.8 12.2 46.3 138.2 190.7 64.8 122.2

110.2 66.1 22.5 91.0 91.3 35.1 17.3 60.7

202.1 168.3 28.7 270.4 47.1 42.7 21.6 21.0

TABLE 3 Raw maximum negative-going amplitudes of EPSCs (absolute change from prestimulus current values, in pA) evoked by Schaffer
collateral and temporoammonic stimulation for pyramidal neurons included in the GSK1034702 experiments shown in Figure 5

Schaffer collateral Temporoammonic

GSK-702 100 lM Picrotox 1300 nM GSK 13 lM Pirenz. 100 lM Picrotox 1300 nM GSK 13 lM Pirenz.

71.7 88.8 105.0

65.8 61.9 46.7

102.4 59.4 82.3

56.3 79.6 40.0 83.0 93.2 73.8

58.4 121.4 41.3 38.7 61.0 80.8

64.0 71.0 39.2 40.9 72.6 103.7

61.5 77.6 139.8 56.3 89.1 188.8

78.1 71.1 30.8 56.8 81.4 68.1

102.6 80.7 98.1 42.7 25.2 48.8

121.9 92.8 69.2 119.2 139.5 134.5
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2.6 | In vitro muscarinic functional activity

To verify the selectivity of the muscarinic compounds used in this

study, we tested the functional activity of GSK1034702, PT-1148, PT-

3763, and PT-6950 in six different cell lines, each stably expressing a

different human muscarinic receptor subtype (hM1-hM5) or the rat M4

receptor (rM4). All selectivity screening was performed at Pfizer (La

Jolla, CA) and HD Biosciences Co., Ltd. (Shanghai, China). M2 and M4

mAChR activity was evaluated using GloSensorTM cAMP detection

technology (Promega, Madison, WI). hM2, hM4, and rM4 expressing

HEK293 stable cell lines were generated from a host cell line stably

expressing the GloSensorTM. M2 and M4 mAChRs are Gi/o-coupled

and their activation is associated with a decrease in cAMP (Wess,

1996). To elevate an otherwise low cellular cAMP level, cells were

treated with an EC80 concentration of isoproterenol (50 nM), which is

an agonist of endogenously expressed beta-2 adrenergic receptors, Gs-

coupled receptors known to raise intracellular cAMP (Rasmussen et al.,

2011).

M1, M3, and M5 mAChRs are Gaq-coupled GPCRs that activate

phospholipase C (PLC), which hydrolyzes phosphatidylinositol bisphos-

phate (PIP2) to form two second messengers: inositol 1,4,5-triphosphate

(IP3) and DAG. IP3 then activates the IP3 receptor on the endoplasmic

reticulum (ER) resulting in an elevation of intracellular Ca21 (Berridge,

1993). FLIPRTM (Molecular Devices, Sunnyvale, CA) was used to quantify

Ca21 release induced by the muscarinic compounds in CHO K1 cell lines

stably expressing hM1, hM3, or hM5 receptors.

In all plate-based experiments, the effect of each compound is

expressed as a percentage of the response generated by a saturating

concentration of ACh (10 mM) included on each plate. The PAMs PT-

1148 and PT-3763 were tested for functional activity in the presence

of an EC20 concentration of ACh, determined separately for each cell

line. The ACh EC20 values for each cell line were as follows: hM1:

5 nM; hM2: 3 nM; hM3: 0.8 nM; hM4: 15 nM; hM5: 2 nM; rM4:

0.8 nM. In vitro dose–response data from replicate experiments (n > 3)

was analyzed using GraphPad Prism to find the best fits to a four

parameter logistic function. For each compound and muscarinic recep-

tor subtype, EC50 and E-max values are reported along with 95% con-

fidence intervals (Table 4).

To further characterize the selectivity of each compound, additional

GloSensor, FLIPR, or MicroBeta radiometric (PerkinElmer, Waltham MA)

assays were run to quantify functional activity at a number of nonmus-

carinic receptors, amine transporters, ion channels, and phosphodiester-

ases. Significant nonmuscarinic activity was rarely found for the M1- and

M4-selective compounds used in this study, and where off-target activity

was observed, IC50 values are reported in the Results.

3 | RESULTS

3.1 | PT-1148, PT-3763, and PT-6950 are potent

and specific M4 activators

Three recently developed compounds were used in this study to selec-

tively activate M4 receptors, the first use of these compounds in native

tissue, to our knowledge. These included two PAMs, PT-1148 (Lindsley

et al., 2013) and PT-3763 (Brady et al., 2008; Lindsley et al., 2013), and

a putative bitopic agonist, PT-6950 (Livermore et al., 2014). Using Glo-

SensorTM and FLIPRTM assays, we tested the functional selectivity of

each of these compounds for the hM4 receptor compared to the other

mAChRs (Figure 1 and Table 4), and for activity at a number of non-

muscarinic receptors and phosphodiesterases (data not shown).

Because M4 receptors in rats and humans are known to differ in their

amino acid sequences and thus likely to interact differently with vari-

ous ligands, we additionally tested the functional activity of the com-

pounds at rM4 receptors. All three M4 activators were selective for

the hM4 and rM4 receptors over other neurotransmitter receptors and

phosphodiesterases (Table 4). PT-1148 exhibited the greatest selectiv-

ity, potently potentiating hM4 (PAM EC5053 nM) and exhibiting no

significant activation at any other receptors examined except hM2

(PAM EC5051,609 nM, 536-fold shift). PT-3763 was less selective

for hM4 over hM2, reaching half-maximal receptor potentiation at

TABLE 4 Selectivity of the M4 activators used in this study

PT-1148 PT-3763 PT-6950

EC50 (nM) E-max (%) EC50 (nM) E-max (%) EC50 (nM) E-max (%)

hM1 - - - - 312 [124–780] 8.1 [6.1–10.3]

hM2 1,609 [863–2,998] 100.1 [76.7–123.5] 1,277 [991–1,645] 206.1* [189.4–222.9] 2,879 [324–25,920] 107.2 [16.7–197.7]

hM3 - - - - - -

hM4 3.0 [1.74–5.01] 93.8 [91.4–96.2] 45 [39–50] 123.1* [120.2–126.0] 20 [16–25] 99.5 [96.0–102.9]

hM5 - - - - - -

rM4 0.46 [0.062–3.36 101.9 [99.54–104.3] 0.81 [0.007–9.2] 129.7* [111.8–147.5] 2.62 [2.24–3.06] 109.1 [107.9–110.3]

Compounds were tested for functional response at the five human muscarinic receptor subtypes (hM1–hM5) and at rat M4 (rM4) receptors. E-max val-
ues for each compound are expressed as a percentage of the response of a saturating concentration of ACh (10 lM). Assays were run using the com-
pound alone (agonist mode) for PT-6950 and in the presence of an EC20 of ACh (PAM mode) for PT-1148 and PT-3763. ACh EC20 values for
different cell lines were hM155 nM, hM253 nM, hM350.8 nM, hM4515 nM, hM552 nM, and rM45 0.8 nM. Dashes (-) denote E-max values
not significantly different from 0%, or EC50 values >10,000 nM; brackets contain 95% confidence intervals. * PT-3763 E-max results may be con-
founded by known antagonism of beta-2 adrenergic receptors, which were stimulated with isoproterenol to increase cAMP in M2 and M4 functional
selectivity experiments (see Methods)
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45 nM for hM4 and 1277 nM for hM2 (28-fold shift). PT-3763 also

antagonized beta-2 adrenergic receptors at higher concentrations

(IC50: 2,990 nM). The agonist PT-6950 was also highly selective for

hM4 receptors over other mAChRs. It acted as a potent full agonist at

hM4 (EC50520 nM), a much less potent full agonist at hM2

(EC5052,879 nM), and a very low partial agonist at hM1

(EC505312 nM, but maximal activation only 8% relative to ACh). This

compound was therefore 143-fold more potent at our hM4 cell line

compared to our hM2 cell line. When we account for the fact that our

hM2 cell line was 3 times more sensitive to ACh than our hM4 cell line

(ACh EC50 13 nM for hM2 compared to 40 nM for hM4), the cor-

rected hM4:hM2 selectivity ratio for PT-6950 is more than 400-fold

(Kenakin, Watson, Muniz-Medina, Christopoulos, & Novick, 2012). PT-

6950 also displayed some antagonist activity at A1a receptors (IC50:

552 nM) and 5HT2b receptors (IC50: 1,260 nM).

To compare the new M4 compounds to previously existing tools,

we evaluated the in vitro selectivity of the M4 PAM compounds

LY2033298 (Nawaratne et al., 2008) and VU152100 (Brady et al.,

2008). LY2033298 potentiated hM4 with an EC50 of 41 nM, and hM2

with an EC50 of 3,276 nM, an 80-fold difference. VU152100 was

much weaker in our assays and less selective (hM4EC50: 817 nM,

hM2EC50: 8,701 nM). The three newer compounds therefore exhibit

selectivity profiles comparable to or better than those of existing M4

activators. In addition, while LY2033298 is much weaker at the rat M4

receptor than the human (Chan et al., 2008), all three new M4 activa-

tors exhibited more potent activation of rM4 receptors compared to

hM4 receptors (PT-1148: rM4EC50: 0.46 nM; PT-3763: rM4EC50:

0.81 nM; PT-6950: rM4EC50: 2.62 nM), making them very good re-

search tools for use in rat studies.

We used the previously published compound GSK1034702 to

selectively activate M1 receptors for these experiments (Nathan et al.,

2013; Ridler et al., 2014). Using the same FLIPRTM and GloSensorTM

assays as above, we confirmed that this compound is reasonably selec-

tive for hM1 (Figure 1; EC50: 27 nM; E-max: 80.8% of ACh E-max)

over the other mAChRs, with hM4 being the next most activated (hM4

EC50: 1,427 nM; hM4 E-max: 122.4% of ACh E-max).

3.2 | M4 activation powerfully reduces glutamatergic

synaptic transmission in the SC pathway

Previous studies have shown that muscarinic activation dramatically

decreases synaptic transmission in the SC pathway (Cea-del Rio et al.,

2010; Dasari & Gulledge, 2011; Easton et al., 2012; Fernandez de Sev-

illa & Buno, 2003; Hasselmo & Schnell, 1994; Hounsgaard, 1978; Qian

& Saggau, 1997; Shirey et al., 2008; Valentino & Dingledine, 1981).

Consistent with these prior reports, the muscarinic agonist oxotremor-

ine dose dependently reduced field potentials evoked by electrical

stimulation of axons in the stratum radiatum (Figure 2a) to approxi-

mately 12% of their initial amplitude (12.268.2%, mean6 SEM).

Blocking M1 receptors with VU0255035 resulted in a small but

FIGURE 1 PT-1148, PT-3763, and PT-6950 selectively activate M4 receptors, and GSK1034702 (GSK) selectively activates M1 receptors.
(a–d) PT-1148 (a), PT-3763 (b), PT-6950 (c), and GSK1034702 (d) were tested for functional response at each of the human muscarinic
receptor subtypes utilizing FLIPRTM (for M1, M3, and M5) or GloSensorTM (for M2 and M4)-based assays to quantify muscarinic-mediated
increases in intracellular calcium or decreases in cAMP, respectively. Insets in (a–c) illustrate the chemical structures for previously unpub-
lished M4 compounds. Legend for all panels shown in (d). Positive allosteric modulators (PAMs) PT-1148 and PT-3763 were tested in the
presence of an EC20 concentration of ACh: EC20M155 nM, EC20M253 nM, EC20M350.8 nM, EC20M4515 nM, EC20M552 nM [Color
figure can be viewed at wileyonlinelibrary.com]
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significant reduction in the maximal suppression of the evoked field

potentials by oxotremorine (to 33.565.1%, OXO vs. OXO1

VU0255035: p50.034, false discovery rate corrected pairwise t-test).

To assess the involvement of M4 receptors in mediating this sup-

pression, we tested the effects of the selective M4 PAMs PT-1148 and

PT-3763 in the same assay. Because these compounds do not directly

activate the M4 receptor, but rather act at an allosteric site to potenti-

ate the binding of an orthosteric ligand, we tested these M4 PAMs in

the presence of an EC20 concentration of oxotremorine, which was

determined from the fitted dose–response curve shown in Figure 2a

(EC20oxo520 nM). To ensure that oxotremorine was not required for

the observed effects, the M4 agonist PT-6950 was additionally tested,

in the absence of oxotremorine. All three M4 activators strongly and

dose dependently reduced the amplitude of the evoked field response

(Figure 2b), though with a maximum reduction to approximately 40%

of baseline amplitudes (OXOEC201PT-3763: 39.965.0%;

OXOEC201PT-1148: 41.766.4%, PT-6950: 48.464.7%; mean6

SEM), the effect of M4 activation was not as powerful as that

observed for oxotremorine (OXOEC100 vs. OXOEC201PT-3763:

p5 .0054; OXOEC100 vs. OXOEC201PT-1148: .0054; OXOEC100 vs.

OXOEC201PT-6950: .0006; false discovery rate corrected pairwise t-

tests). The maximum reductions in fSP amplitude for the M4 PAMs PT-

1148 and PT-3763 are reported relative to the fSP amplitude following

the application of an EC20 of oxotremorine, and this reduced baseline

may contribute to an underestimation of the effect size for these two

compounds. However, a 20% lower baseline amplitude is unlikely to

fully account for the observed difference in maximal efficacy between

oxotremorine and the M4 PAMs.

By contrast to the M4 activators, the selective M1 allosteric ago-

nist GSK1034702 failed to reduce SC-evoked field potential ampli-

tudes at any concentration tested (Figure 2b). Combined, these results

suggest that activation of M4 receptors robustly reduces evoked syn-

aptic transmission in the SC pathway, though other mAChRs are likely

to additionally contribute to the suppression of SC synapses. In particu-

lar, while GSK1034702 did not significantly suppress SC-evoked field

potentials, we cannot rule out some involvement of M1 receptor acti-

vation in contributing to the suppressive effects of oxotremorine.

We next used whole-cell patch clamp recordings from single CA1

pyramidal neurons to examine the M4-mediated reduction in evoked

synaptic transmission in more detail, and to ask whether M4 activation

differentially affects transmission in the SC and TA pathways. For these

experiments, 100 lM picrotoxin was bath applied to block GABA-A

receptors and isolate synaptic activity in the excitatory pathways. The

effects of M4 activation were tested using both PT-3763 (1 lM) and PT-

1148 (1 lM) at concentrations that produced maximal responses in the

field potential studies. Using a linear mixed effects statistical model with

a fixed effect for the specific M4 PAM applied, no significant difference

between the effects of PT-3763 and PT-1148 on the amplitude or

slope of the SC or TA evoked EPSCs was found (pSC,amp5 0.658,

pSC,slope50.557, pTA,amp50.844, pTA,slope50.650). Thus, the data from

these two compounds were combined for all subsequent analyses.

In whole-cell recordings in the presence of picrotoxin (PTX, 100 lM)

and a low concentration of oxotremorine (OXO, 20 nM), M4 PAMs (M4,

1 lM) produced a dramatic reduction in the amplitude (to 43.2613.7%

of response in PTX alone, mean6SEM; PTX1OXO vs.

PTX1OXO1M4: p5 .0003, FDR-adjusted post-hoc pairwise compari-

son) and slope (to 16.663.6% of baseline, PTX1OXO vs.

PTX1OXO1M4: p5 .0006) of EPSCs evoked by SC stimulation (Figure

3a–c), and this effect was reversed by the application of the muscarinic

antagonist pirenzepine (3 lM). In the same cells, M4 activation also pro-

duced a significant decrease in TA-evoked EPSC amplitudes (to 83.86

13.7% of baseline; PTX1OXO vs. PTX1OXO1M4: p5 .0037) and

slopes (to 68.1612.3% of baseline; PTX1OXO vs. PTX1OXO1M4:

p5 .0004), but the magnitude of this decline was significantly smaller at

TA synapses than at SC synapses (BATH 3 PATHWAY interaction:

p50.047; SC vs. TA post-hoc comparison: p50.0172).

Consistent with a presynaptic decrease in neurotransmitter

release, M4 activation significantly increased paired pulse facilitation in

FIGURE 2 Selective activation of M4 ACh receptors strongly suppresses synaptic transmission in the SC pathway. (a) The pan-muscarinic
agonist oxotremorine (Oxo) produces a concentration-dependent reduction in the amplitude of extracellular field potentials evoked by elec-
trical stimulation of SC axons in the stratum radiatum, with a maximum reduction to approximately 12% of baseline amplitudes. Blocking
M1 receptors with VU0255035 (VU035, 1 lM) results in a small decrease in the maximum suppression produced by oxotremorine (to
33.5% of baseline). (b) The M4 PAMs PT-1148 and PT-3763, and the M4 agonist PT-6950, also produce a concentration-dependent reduc-
tion in SC stimulation evoked field potential amplitudes, with a maximum reduction to approximately 40% of baseline amplitudes. The M1
agonist GSK1034702 (GSK) has no significant effect on the amplitude of field potentials evoked by SC stimulation [Color figure can be
viewed at wileyonlinelibrary.com]
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the SC pathway to 156.8618.9% (mean6 SEM) of baseline values

(Figure 3d; PTX1OXO vs. PTX1OXO1M4: p5 .022, FDR-adjusted

post-hoc comparison). At TA synapses, activation of M4 receptors

again exhibited reduced effectiveness, producing a trend toward

increased PPRs (to 136.3612.6% of baseline, mean6 SEM) that failed

to reach statistical significance (p5 .068). Following the whole-cell

experiments with PT-3763, we verified that the recorded EPSCs were

driven by synaptically evoked glutamate release using the AMPA/kai-

nate receptor antagonist CNQX (5 lM) to suppress SC- and TA-

evoked responses (mean6 SEM of CNQX-induced suppression from

end of recordings: SC585.264.1%; TA579.464.8%). Combined,

our results show that specific activation of M4 receptors powerfully

reduces glutamatergic signaling in SC pathway while leaving TA synap-

tic transmission comparatively intact. These results further suggest that

the most likely mechanism for this effect is through activation of pre-

synaptic M4 receptors on SC terminals. M4 immunoreactivity in CA1

was observed to be highest in the stratum radiatum, and associated

with noncholinergic fibers (Levey et al., 1995). Moreover, M4 mRNA is

expressed in rat CA3 pyramidal neurons (Buckley, Bonner, & Brann,

1988), which give rise to the Schaffer collateral axons. Here, we find a

simultaneous reduction in the CNQX-sensitive EPSC amplitude and an

increase in paired pulse facilitation resulting from M4 activation, results

FIGURE 3 M4 activation exhibits differential presynaptic suppression of synaptic transmission in SC and TA pathways. (a) Sample EPSC
traces following stimulation of either SC (top) or TA (bottom) axons during sessions in which PT-3763 (left) or PT-1148 (right) were applied.
(b,c) M4 activation with PT-1148 (light lines) or PT-3763 (dark lines) produces a stronger suppression of EPSC amplitudes (b) and slopes (c)
produced by SC (blue, top) compared to TA (red, bottom) stimulation; suppression is reversed following application of the muscarinic antag-

onist pirenzipine (PIR). (d) Paired pulse ratios (PPR) are significantly increased following M4 activation in the SC (blue, top), but not TA (red,
bottom) pathway. * p< .05, ** p< .01, *** p< .001, false discovery rate corrected post-hoc pairwise comparison; † significant difference
from baseline response with p< .05, one-way ANOVA. Baseline recordings were performed in ACSF with 100 lM picrotoxin.
OXO5oxotremorine (20 nM); M4 PAM5PT-1148 or PT-3763 (1 lM); PIR5 pirenzipine (3 lM) [Color figure can be viewed at wileyonline-
library.com]
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which point to an M4-mediated reduction of presynaptic glutamate

release. While the M4-selective compounds were not as effective as

oxotremorine, their effect sizes do indicate that M4 activation is suffi-

cient to explain a major portion of the differential suppressive effect of

acetylcholine at SC versus TA synapses (Hasselmo & Schnell, 1994).

3.3 | M1 activation increases intrinsic excitability

of CA1 pyramidal neurons without affecting

excitatory synaptic inputs

Activation of M1 receptors has been shown to increase the intrinsic

excitability of a variety of cell types, including CA1 pyramidal neurons

(Bell, Bell, & McQuiston, 2015b; Dasari & Gulledge, 2011; Fisahn et al.,

2002; Weiss et al., 2000; Xiang, Thompson, Jones, Lindsley, & Conn,

2012; Yi et al., 2014). Spontaneous firing rates can provide an indirect

indication of neuronal excitability in both in vivo and in vitro prepara-

tions. In extracellular recordings of spontaneous firing rates in hippo-

campal slices from adult rats, we confirmed that oxotremorine

produced a concentration-dependent increase in the z-score normal-

ized spontaneous firing rates of CA1 neurons (Figure 4a, upper z-score

asymptote5108.266.3, mean6SEM; p<0.0001), and this effect

was partially reversed by 3 lM of the M1-selective antagonist

VU0255035 (Sheffler et al., 2009). The M1-selective agonist

GSK1034702 was also found to dose-dependently increase CA1 firing

rates (upper z-score asymptote, GSK1034702 with pirenzipine

reversal586.9613.6, p<0.0001; upper z-score asymptote,

GSK1034702 with VU0255035 reversal556.3611.9, p<0.0001),

and this effect was reversed by both the muscarinic antagonist pirenze-

pine (3 lM) and the more specific M1 antagonist VU0255035 (3 lM;

Figure 4b). By contrast, the M4 PAM PT-1148, in the presence of

20 nM oxotremorine and 1 lM VU0255035, did not significantly

increase CA1 firing rates at any concentration tested (Figure 4b; upper

z-score asymptote53.77623.9, p50.875). The M4 agonist PT-6950

also failed to produce a significant increase in CA1 spike rates (upper z-

score asymptote512.0616.7, p50.474). We found a significant dif-

ference between asymptotic normalized spike rates evoked by

GSK1034702 and the two M4 activators (GSK1034702 vs. PT-1148:

p50.0167; GSK1034702 vs. PT-6950: p50.0070, FDR corrected

pairwise comparison), and between spike rates evoked by the M1 ago-

nist GSK1034702 and oxotremorine (GSK1034702 vs. OXO:

p50.0176, FDR-adjusted pairwise comparison). Combined, these

results suggest that the observed muscarinic-mediated increases in

CA1 pyramidal cell firing rates are largely due to the activation of M1,

and not M4, receptors. Other mAChRs are likely to additionally contrib-

ute to ACh-mediated spike rate increases, however, as oxotremorine

produced significantly higher firing rates than GSK1034702 and

VU0255035 only partially reversed the firing rate increases produced

by oxotremorine.

Increased spontaneous firing could be mediated by increases in

intrinsic excitability of CA1 neurons, or by enhanced glutamatergic exci-

tation by SC and/or TA inputs. In whole cell recordings, GSK1034702

had no significant effect on the amplitude, slope, or PPR of EPSCs

evoked by stimulation of either the SC or TA pathways (Figure 5a–d,

top; SC amp: p50.46, SC slope: p50.57, SC PPR: p50.54, TA amp:

p50.15, TA slope: p50.089, TA PPR: p50.78, FDR-adjusted post-

hoc pairwise comparisons). Combined with the similar results obtained

during extracellular recordings (Figure 2b), these results suggest that for

both SC and TA synapses, M1 activation with GSK1034702 does not

significantly impact the release of glutamate from presynaptic terminals,

the number of AMPA receptors expressed postsynaptically, or the level

of activation of existing AMPA receptors.

Consistent with an M1-mediated increase in intrinsic excitability,

GSK1034702 did increase the number of spikes evoked in response to

a 200 pA injected current step (Figure 5e; Baseline vs. GSK1034702:

p50.012, FDR-adjusted post-hoc pairwise comparison), and this effect

was reversed with pirenzepine (3 lM; Baseline vs. pirenzipine:

p50.28, FDR-adjusted post-hoc comparison). Moreover, spike fre-

quency accommodation was significantly reduced among CA1 pyrami-

dal cells following application of GSK1034702, and this effect was

similarly reversed with pirenzipine (Figure 5f). Specifically, a mixed

FIGURE 4 M1 activation increases spontaneous firing rates in hippocampal CA1 slices. (a) Oxotremorine (OXO) produces a concentration-
dependent increase in CA1 firing rates that is only partially reversed by the M1 antagonist VU0255035 (1 lM). (b) Specific M1 activation
with GSK1034702 (green) also produces a concentration-dependent increase in spontaneous firing rates in CA1, which can be reversed
with the muscarinic antagonist pirenzipine (3 lM, closed circles) and with the specific M1 antagonist VU0255035 (1 lM, open circles). M4
activation with the PAM PT-1148 (dark purple) in the presence of 20 nM oxotremorine and 1 lM VU0255035 did not significantly increase
CA1 firing rates, nor did M4 activation with the agonist PT-6950 (light purple). [Color figure can be viewed at wileyonlinelibrary.com]
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linear effects model examining the effect of both spike number within

the evoked spike train as well as drug condition on the interspike inter-

vals revealed significant effects of spike number and the interaction of

drug and spike number, but no significant effect of drug condition

alone (spike number: p52.2e-16; drug effect: p50.12; interaction:

p50.0004). Post-hoc modeling comparing baseline recordings to

GSK1034702 and pirenzipine recordings demonstrated significant drug

and interaction effects of GSK1034702 (Baseline vs. GSK1034702,

spike number: p52.2e-16; drug effect: p50.0013; interaction: 6.4e-9)

but not pirenzipine (Baseline vs. pirenzipine, spike number: p52.0e-

16; drug effect: p50.20; interaction: p50.91). These results suggest

that the ACh-mediated increases in intrinsic excitability can be reca-

pitulated by selective M1 activation.

Following M1 activation, increases in excitability were also

observed for a small population of putative PV1 CA1 interneurons

recorded (n54). All interneurons showed increased firing rates

following the application of GSK1034702 (Figure 5g; p50.0275,

paired single-tail t-test). These data support previous findings pointing

to the presence of M1 receptors on PV1 CA1 cells (Yi et al., 2014) and

suggest that increased feedforward inhibition is one potential mecha-

nism by which enhanced pyramidal cell excitability may remain bal-

anced in the intact network following M1 activation.

Taken together, our results suggest that targeted activation of M1

and M4 receptors is sufficient to reproduce the major actions of ACh

on CA1 excitatory synaptic transmission (Figure 6). Activation of post-

synaptic M1 receptors increases the excitability of CA1 pyramidal neu-

rons and interneurons, without significantly altering evoked EPSC

amplitudes in either the SC or TA pathways. Activation of presynaptic

M4 muscarinic receptors dramatically dampens SC synaptic input while

producing less pronounced effects on TA synaptic transmission. Com-

bined, these findings support a conceptual framework in which

increased cholinergic tone, or selective activation of M1 and M4 recep-

tors, can bias the hippocampal CA1 network toward entorhinal cortical

inputs and memory encoding functions.

4 | DISCUSSION

Using selective pharmacological manipulation of M1 and M4 receptors

in hippocampal CA1, we have demonstrated that activation of these

two specific receptor subtypes is sufficient to reproduce several of the

major effects previously reported for ACh. Specifically, activation of

M1 receptors increases intrinsic excitability, decreases spike frequency

accommodation, and increases spontaneous firing rates of CA1 pyrami-

dal neurons and GABAergic interneurons, while exerting only minor

effects on evoked synaptic transmission in either the SC or TA path-

ways. By contrast, activation of M4 receptors dramatically reduced

evoked synaptic responses in the SC pathway, likely by acting to

decrease presynaptic transmitter release at the glutamatergic SC syn-

apses, while leaving the TA pathway synapses comparatively uninhib-

ited. Using several previously unpublished M4-selective compounds,

our results demonstrate that M4 activation likely mediates the differ-

ential suppressive effect of acetylcholine at SC and TA synapses previ-

ously reported by Hasselmo and Schnell (1994). A role for M4 in

mediating this effect is further supported by the immunohistochemical

findings of Levey et al. (1995) demonstrating much greater M4 recep-

tor expression in the stratum radiatum, which receives SC input, com-

pared to the stratum lacunosum moleculare, which receives input from

the TA pathway. Combined, these results clarify and extend conflicting

pharmacological literature (Kremin et al., 2006; Leung & Peloquin,

2010; Sanchez et al., 2009; Seeger & Alzheimer, 2001; Sheridan &

Sutor, 1990; Shirey et al., 2008; de Vin et al., 2015) and provide sup-

port for similar findings from previous studies using knockout animals

(Dasari & Gulledge, 2011). When viewed within the context of the

extensive hippocampal literature, the present results are consistent

with the hypothesis that muscarinic activation should favor a hippo-

campal network state conducive to memory encoding.

4.1 | Co-activation of SC and TA synapses may be

critical for memory encoding

Major models of hippocampal function presume that a specific pattern

of CA1 neuron activation represents a specific set of episodic memory

features such as the animal’s location within a familiar context (Cutsuri-

dis et al., 2010; Hasselmo & Wyble, 1997; Knierim & Neunuebel,

2016; Rolls & Kesner, 2006). This activation pattern can be driven

purely by the SC pathway, which represents a processed version of the

current sensory experience carried in by the perforant pathway and

passed through the dentate-CA3 pattern recognition network (Kesner

& Rolls, 2015). Familiar experiences could thus be expected to reliably

reactivate a fixed subpopulation of CA1 neurons by virtue of the classi-

cal trisynaptic circuitry of the hippocampus. In this context, a novel

experience enters the trisynaptic circuit as a distinct activity pattern

but the pattern completion functions of the CA3 autoassociative net-

work tend to converge toward pre-existing patterns that represented

the most similar past experiences, such that the novelty of the pattern

arriving through the SC-CA1 pathway is reduced (Neunuebel &

Knierim, 2014). TA inputs, by contrast, more directly convey the novel

elements of the experience to CA1, enabling the overall hippocampal

output pattern to at least partially reflect the unfamiliar features inde-

pendently of the trisynaptic loop. This pattern will not be stabilized

within the network, however, unless synaptic connections within the

trisynaptic loop are modified. During memory encoding, the combina-

tion of co-active SC and TA inputs to CA1 can efficiently induce synap-

tic plasticity through the production of dendritic plateau potentials

within a subset of activated CA1 neurons (Kaifosh & Losonczy, 2016;

Takahashi & Magee, 2009). This pattern of synaptic activation, and

subsequent replay of activity during sleep, is thought to be a key com-

ponent of successful memory encoding (Abel, Havekes, Saletin, &

Walker, 2013; Atherton, Dupret, & Mellor, 2015; Girardeau & Zugaro,

2011; O’Neill, Pleydell-Bouverie, Dupret, & Csicsvari, 2010; Sutherland

& McNaughton, 2000).

A number of studies provide support for this basic model. When

stimulated alone, TA synapses in adult rat slices are more prone to LTD

than to LTP (Dvorak-Carbone & Schuman, 1999). However, these

same synapses can be robustly potentiated when paired with an SC
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stimulus because the pairing efficiently triggers dendritic plateau

potentials (Takahashi & Magee, 2009). These results predict that TA

inputs that are regularly paired with SC activation should be strength-

ened, whereas unpaired TA inputs should be weakened. Highlighting

the significance of dendritic plateau potentials for memory encoding,

Bittner et al. (2015) recently demonstrated that in CA1 neurons of

awake mice, if plateau potentials occurred while the animal was in a

location that had not previously been associated with activation of the

neuron, that location would rapidly become a new place field for the

neuron. This was true whether the plateau potentials occurred sponta-

neously or were evoked by direct stimulation. This suggests a model

whereby specific TA and SC co-activation patterns represent features

to be remembered, and when a co-activation pattern successfully

results in dendritic plateau potential generation in a CA1 neuron, it will

induce plastic changes that specifically strengthen the neuron’s

response to that input pattern. Bittner et al. (2015) also observed that

when the animal moved through a neuron’s established place field,

dendritic plateau potentials were again frequently observed. This

would be expected to further stabilize the neural representation of

that location, and to strengthen new associations that form with

repeated experiences. Over time, the neuron should respond not only

to the exact input pattern but also to partially degraded or incomplete

versions of it, enabling the pattern completion function that has long

been associated with the hippocampus (Knierim & Neunuebel, 2016;

Marr, 1971; O’Reilly & McClelland, 1994; Rolls & Kesner, 2006; Treves

& Rolls, 1994).

4.2 | M1 and M4 receptors support complementary

processes during memory encoding

Under this model, the actions of M1 and M4 receptors on CA1 cir-

cuitry appear to support complementary aspects of memory encoding.

M1 activators, by boosting postsynaptic excitability and therefore the

likelihood of plateau potential generation, may facilitate the strength-

ening of relatively weak TA and SC input pairings. The direct contribu-

tions of M1 receptors to SC LTP (Buchanan et al., 2010; Dennis et al.,

2016; Dominguez, Fernandez de Sevilla, & Buno, 2014; Giessel &

Sabatini, 2010; Shinoe, Matsui, Taketo, & Manabe, 2005) further sup-

port a major functional role for this receptor subtype in enhancing

encoding. However, following M1 activation, the network may become

FIGURE 5 M1 activation increases intrinsic excitability without altering evoked excitatory synaptic transmission in CA1. (a) Sample EPSC
traces following SC (top) or TA (bottom) stimulation during sessions in which the M1 agonist GSK1034702 was applied. (b–d) GSK1034702
does not significantly change the amplitudes (b), slopes (c), or paired-pulse ratios (PPR) (d) of EPSCs evoked by SC (blue, top) or TA (red,
bottom) stimulation. (e) GSK1034702 increases the firing rates of CA1 pyramidal neurons in response to a 200 pA current injection;
responses return to baseline (BL) levels following muscarinic antagonism with pirenzipine; * p < 0.05; ** p < 0.01, false discovery rate cor-
rected post-hoc pairwise comparison. (f) Spike-frequency accommodation is reduced following GSK1034702 application (green) and returns
to baseline levels with pirenzipine (gray). Inset: sample trace illustrating interspike intervals (ISIs) and ISI numbers in the 300 ms following
current step onset for a single pyramidal neuron during baseline conditions. Baseline recordings were performed in ACSF with 100 lM pic-
rotoxin. GSK5GSK1034702 (300 nM); PIR5 pirenzipine (3 lM). [Color figure can be viewed at wileyonlinelibrary.com]
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vulnerable to excessive excitation and spurious plasticity. It is notewor-

thy, therefore, that M1 activation also boosts the intrinsic excitability

of fast spiking putative PV1 interneurons, providing one potential

mechanism for maintaining balanced excitation and inhibition within

CA1 in the intact network. In support of the idea that firing rates in the

intact animal may be modulated by such homeostatic mechanisms, one

recent study showed that M1 activation failed to increase overall firing

in CA1 during memory encoding in awake behaving rats (Lebois et al.,

2016). However, the same study did find alterations in synchrony and

place field stability within CA1 following the administration of an M1

agonist, consistent with the idea that M1 activation may act to increase

intrinsic excitability, cell sensitivity, and synaptic plasticity. By contrast,

M4 receptor activation may restrict synaptic modification by reducing

excitatory synaptic transmission onto pyramidal cells within CA1 to a

sparse population of presynaptic terminals that remain active enough

to overcome the SC suppression; these likely include “silent” SC synap-

ses shown to be less affected by muscarinic activation (Buno, Cabezas,

& Fernandez de Sevilla, 2006). This reduction of synaptic transmission

could potentially also promote the weakening of less active TA inputs

via LTD, helping to facilitate appropriate remodeling of the circuitry

without excessive excitation. Combined, M1 and M4 activation may

thus be sufficient to effectively enhance glutamatergic signal-to-noise

ratios within CA1, and to reduce interference of previously learned

information during memory encoding—both critical functions of acetyl-

choline within the hippocampus and other cortical brain regions (Goard

& Dan, 2009; Hasselmo & Giocomo, 2006; Kang, Huppe-Gourgues, &

Vaucher, 2014; Yu & Dayan, 2002).

Acting through a variety of additional mechanisms, ACh may fur-

ther promote memory encoding within hippocampal networks. In par-

ticular, activation of nicotinic receptors may further spatially and

temporally restrict synaptic plasticity by simultaneously enhancing glu-

tamatergic signaling in the SC pathway (Alkondon & Albuquerque,

2002; Lagostena et al., 2010; Nakauchi & Sumikawa, 2012) and

enhancing the activity of multiple interneuron populations that inhibit

TA synaptic transmission and/or disinhibit pyramidal cells (Bell et al.,

2015a; Leao et al., 2012; Nakauchi, Brennan, Boulter, & Sumikawa,

2007).

4.3 | Therapeutic activation of M1 and M4 receptors

may normalize hippocampal circuit dysfunction

in clinical populations

Clarification of the effects of selective M1 and M4 activation has sig-

nificant clinical relevance, as the cholinergic system has long been one

of the most promising therapeutic targets for enhancing learning and

memory in dementia disorders. Degeneration of the cholinergic system

is observed early in the course of neurodegenerative dementias includ-

ing Alzheimer’s disease, Lewy body dementia, and Parkinson’s disease

with dementia. The resulting decline in cholinergic tone in the

entorhinal-hippocampal network may then result in a CA1 network

FIGURE 6 Putative roles of M1 and M4 muscarinic receptors in glutamatergic synaptic transmission in CA1. Left: under conditions of low
cholinergic tone, such as occur naturally during sleep, relatively inactivated M4 receptors support heightened release of glutamate,
especially from Schaffer collateral synapses. Relatively inactivated M1 receptors reduce the excitability of CA1 pyramidal cells, making them
less sensitive to strong glutamatergic inputs. Strong, synchronous activation of SC inputs is thought to support memory retrieval and
consolidation functions during resting and sleep. Right: under conditions of high cholinergic tone, which occur naturally during awake
exploratory behaviors, activation of M4 receptors leads to a strong presynaptic suppression of SC glutamate release, while TA synaptic
transmission remains relatively intact. Activation of postsynaptic M1 receptors makes CA1 pyramidal cells more sensitive to SC and TA
glutamatergic inputs. Coordinated activation of SC and TA inputs during this asynchronous state is thought to support plateau potential
generation and synaptic plasticity during memory encoding. It is worth noting that mAChRs affect many additional CA1 circuit dynamics,
including a prominent role for presynaptic M2 and M4 receptors in modulating transmitter release at septal cholinergic and GABAergic
terminals, and GABA release in some interneuron populations (not shown). M1 and M4 also act postsynaptically on a variety of interneuron
populations (not shown) to influence circuit dynamics in CA1 [Color figure can be viewed at wileyonlinelibrary.com]
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state that is unfavorable to the encoding of new memories, and in

which Schaffer collateral input to CA1 becomes over-emphasized (Has-

selmo & Schnell, 1994), an idea that is supported by recent functional

studies in patients with mild cognitive impairment (Bakker et al., 2012;

Bakker, Albert, Krauss, Speck, & Gallagher, 2015; Putcha et al., 2011).

The results of the present study demonstrate that specific targeting of

M1 and M4 receptors may provide improvements in cognitive and

behavioral symptoms in these diseases by partially normalizing such

aberrant CA1 synaptic activity. Specific targeting of M4 receptors

located on presynaptic SC terminals may suppress excessive glutama-

tergic synaptic activity in the SC pathway, while specific activation of

M1 receptors may enhance the sensitivity of CA1 pyramidal neurons

and interneurons and facilitate synaptic plasticity. Combined, our

results point to mechanisms by which the targeted co-activation of M1

and M4 receptor subtypes could serve to ameliorate the memory defi-

cits suffered by individuals with early stage dementias.
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