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Abstract

The acute toxicity of organophosphorus-based compounds is primarily a result of 

acetylcholinesterase inhibition in the central and peripheral nervous systems. The resulting 

cholinergic crisis manifests as seizure, paralysis, respiratory failure and neurotoxicity. Though 

overstimulation of muscarinic receptors is the mechanistic basis of central organophosphorus (OP) 

toxicities, short-term changes in synapse physiology that precede OP-induced seizures have not 

been investigated in detail. To study acute effects of OP exposure on synaptic function, field 

excitatory postsynaptic potentials (fEPSPs) were recorded from Schaffer collateral synapses in the 

mouse hippocampus CA1 stratum radiatum during perfusion with various OP compounds. 

Administration of the OPs paraoxon, soman or VX rapidly and stably depressed fEPSPs via a 

presynaptic mechanism, while the non-OP proconvulsant tetramethylenedisulfotetramine had no 

Corresponding author: Patrick M. McNutt, PhD, USAMRICD, 2900 Ricketts Point Road, Aberdeen Proving Ground, MD, 21010, 
USA. Phone: 410-436-8044; patrick.m.mcnutt2.civ@mail.mil.
Author contributions: KH, PM and EJ designed experiments; KH, EG, MN, ME and JC performed experiments; KH, PM, EJ, JC 
analyzed data; KH and PM wrote the paper.

Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our 
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of 
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be 
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

HHS Public Access
Author manuscript
Neuropharmacology. Author manuscript; available in PMC 2020 September 01.

Published in final edited form as:
Neuropharmacology. 2019 September 01; 155: 113–120. doi:10.1016/j.neuropharm.2019.05.028.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



effect on fEPSP amplitudes. OP-induced presynaptic long-term depression manifested prior to 

interictal spiking, occurred independent of recurrent firing, and did not require NMDA receptor 

currents, suggesting that it was not mediated by activity-dependent calcium uptake. 

Pharmacological dissection revealed that the presynaptic endocannabinoid type 1 receptor (CB1R) 

as well as postsynaptic M1 and M3 muscarinic acetylcholine receptors were necessary for OP-

LTD. Administration of CB1R antagonists significantly reduced survival in mice after a soman 

challenge, revealing an acute protective role for endogenous CB1R signaling during OP exposure. 

Collectively these data demonstrate that the endocannabinoid system alters glutamatergic synaptic 

function during the acute response to OP acetylcholinesterase inhibitors.
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Organophosphorus nerve agents; endocannabinoid system; cholinergic receptors; muscarinic 
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Introduction.

Inhibition of acetylcholinesterase (AChE) by organophosphorus (OP) compounds prevents 

fast termination of cholinergic neurotransmission, causing hyperstimulation of muscarinic 

and nicotinic receptors in the peripheral and central nervous systems (Bajgar, 2004; Colovic 

et al., 2013). Systemic exposure to lethal doses of OPs elicits convulsion, seizure and death 

within minutes, whereas chronic exposure to sublethal doses can result in neurological 

syndromes, delayed neuropathies and persistent neuropsychiatric ailments (Jamal, 1997). 

Despite their widespread use as insecticides in developing countries, OPs can be highly toxic 

to mammals, and OP exposures are responsible for nearly 3,000,000 poisonings and 200,000 

deaths annually worldwide (Rastogi et al., 2010). Because of their extreme toxicities, highly 

potent OPs such as soman, sarin and VX have been weaponized for use against military and 

civilian targets (Holstege et al., 1997; Rosman et al., 2014).

Many OPs readily cross the blood brain barrier and inhibit AChE in the central nervous 

system, eliciting proconvulsive seizures at lethal doses (Grob and Harvey, 1953). OP-

induced seizures rapidly transition to refractory status epilepticus (SE), characterized by 

sustained seizure activity that is resistant to anticonvulsant drugs (McDonough and Shih, 

1997; McDonough et al., 2010). Animal models of OP-induced SE reveal exaggerated 

synchronicity of excitatory firing and profound neurotoxicity in limbic and cortical brain 

regions (Filliat et al., 2007; McDonough and Shih, 1997), mediated in part by M1 

muscarinic receptor overstimulation (Miller et al., 2017). Human survivors of severe OP 

exposures exhibit a range of impairments consistent with neurological damage, including 

amnesia, persistent epileptiform discharges and prolonged memory difficulties (Hoffman et 

al., 2007; Sidell, 1974; Yanagisawa et al., 2006). Currently, aggressive administration of 

benzodiazepines at early stages of seizure is the only treatment strategy to prevent 

permanent neurological damage following onset of SE (McDonough et al., 1999; Todorovic 

et al., 2012). Although timely administration of oxime-based AChE reactivators can reverse 

the peripheral symptoms of OP exposure, currently fielded oximes have poor central 

penetration and therefore are largely ineffective in treating central OP toxicities (Bajgar et 
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al., 2007). Similarly, muscarinic antagonists such as atropine can mitigate peripheral 

symptoms of OP exposure, however a dosage regimen that provides central protection 

without eliciting adverse physiological consequences has not been identified (Eddleston and 

Chowdhury, 2016).

The rapid emergence of irreversible neurological injury following OP exposure has created a 

critical need for centrally acting countermeasures that are effective in preventing or 

terminating cholinergic seizure at early stages. Although nerve agent-induced seizures are 

initiated by hyperstimulation of muscarinic acetylcholine receptors (mAChR), seizures are 

sustained and reinforced primarily by glutamatergic activity (McDonough and Shih, 1997). 

However, the precise mechanisms by which cholinergic overstimulation modulates 

excitatory glutamatergic neurotransmission prior to this transition are unknown. Changes in 

synaptic physiology that precede spontaneous neuronal discharges are of particular interest, 

since these changes may promote seizurogenesis or alternatively serve as compensatory 

responses to increased excitatory drive. In either case, identification of synaptic 

modifications acutely associated with OP exposure would potentially enable novel therapies, 

as well as improve understanding of the synaptic response to cholinergic overstimulation.

Hippocampal function is extensively regulated by cholinergic signaling, and consequently 

the hippocampus is highly susceptible to AChE inhibition (Teles-Grilo Ruivo and Mellor, 

2013). Treatment of acute brain slices with OPs causes interictal spiking in hippocampal 

cornus ammonis subfield 3 (CA3) and CA1 pyramidal neurons (Apland et al., 2009; 

Aroniadou-Anderjaska et al., 2016; Lewis et al., 1967), while in vivo OP exposure results in 

frank CA3 and CA1 neuropathology and chronic alteration of excitatory hippocampal 

circuits (Alexandrova et al., 2014; Apland et al., 2010; Munirathinam and Bahr, 2004). We 

took advantage of this sensitivity to study the effects of OP compounds on excitatory 

synaptic physiology at hippocampal Schaeffer collateral (SC) synapses in acute mouse brain 

slices. We found that OP perfusion evokes a chemically induced form of long-term 

depression (LTD) in presynaptic nerve terminals that requires activation of the cannabinoid 

type 1 receptor (CB1R) as well as M1 and M3 muscarinic acetylcholine receptors 

(mAChRs). Administration of a CB1R antagonist significantly increased mortality in an in 
vivo soman challenge model, revealing an endogenous role for CB1R activation in 

protecting against OP toxicity. Collectively these studies demonstrate a novel mechanism by 

which AChE inhibition acutely depresses excitatory neurotransmission through mAChR-

dependent activation of CB1R.

Methods

Drugs.

The following chemicals were purchased from Sigma-Aldrich (St Louis, MO): NaCl, 

MgCl2, CaCl2, NaH2PO4, glucose, NaHCO3, atropine, tetramethylenedisulfotetramine 

(TETS; 2,6-dithia-1,3,5,7- tetraazaadamantane, 2,2,6,6-tetraoxide) and paraoxon (diethyl 4-

nitrophenyl phosphate). VU 0255035 (N-[3-Oxo-3-[4-(4-pyridinyl)-1-

piperazinyl]propyl]-2,1,3-benzothiadiazole-4-sulfonamide), AM-2510 (N-(Piperidin-1-yl)-5-

(4-iodophenyl)-1-(2,4-dichlorophenyl)-4-methyl-1H-pyrazole-3-carboxamide, 4-DAMP 

(1,1-Dimethyl-4-diphenylacetoxypiperidinium iodide), DL-APV (DL-2-Amino-5-
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phosphonopentanoic acid), AQ-RA (11-[[4-[4-(Diethylamino)butyl]-1-

piperidinyl]acetyl]-5,11-dihydro-6H-pyrido[2,3-b][1,4]benzodiazepin-6-one), picrotoxin, 

ACEA (N-(2-chloroethyl)-5Z,8Z,11Z,14Z-eicosatetraenamide) and PD 102807 (3,6a,11,14-

Tetrahydro-9-methoxy-2-methyl-(12H)-isoquino[1,2-b]pyrrolo[3,2-f][1,3]benzoxazine-1-

carboxylic acid, ethyl ester) were purchased from Tocris Biosciences (Bristol, United 

Kingdom). Soman (3,3-dimethyl-2-butanyl methylphosphonofluoridate) and VX (S-[2-

(diisopropylamino)ethyl] O-ethyl methylphosphonothioate) were produced by the U.S. 

Army, validated by tandem mass spectrometry and stored in exempt chemical surety 

quantities at the U.S. Army Medical Research Institute of Chemical Defense (Gunpowder, 

MD).

Animals.

All animal studies were reviewed and approved by an Institutional Animal Care and Use 

Committee, and all procedures were conducted in accordance with the principles stated in 

the Guide for the Care and Use of Laboratory Animals (National Research Council, 1996), 

and the Animal Welfare Act of 1966 (P.L. 89–544), as amended. C57BL/6J male mice (8–10 

weeks, https://www.jax.org/strain/000664) were maintained on a 12 h light/dark cycle and 

provided food and water ad libitum in accordance with IACUC regulations.

For ex vivo studies, mice were anesthetized with isoflurane and decapitated by guillotine. 

The brain was rapidly dissected and placed in ice-cold solution containing (in mM): 80 

NaCl, 24 NaHCO3, 25 glucose, 75 sucrose, 2.5 KCl, 1.25 NaH2PO4, 0.5 CaCl2, 5 MgCl2 

(pH 7.3) and bubbled with 95% O2 and 5% CO2. Coronal hippocampal slices (350 μm thick) 

were cut using a vibratome (VT1200S Leica, Germany), bisected and placed in artificial 

cerebral spinal fluid (ACSF) containing (in mM): 126 NaCl, 2.5 KCl, 1.2 MgCl2, 2.4 CaCl2, 

1.2 NaH2PO4, 11.4 glucose, and 21.4 NaHCO3 (pH 7.3), bubbled with 95% O2 and 5% CO2 

and maintained at 30°C. Slices were allowed to recover for at least 1 hour before being 

placed in a submersion recording chamber perfused with oxygenated ACSF at 1.6–2.0 mL/

min. Slices were visualized on an upright fixed-stage microscope (Olympus BX51WI, 

Waltham, MA) equipped with IR-DIC optics. Recording pipettes (3–6 MΩ resistance) were 

filled with ACSF and placed in the CA1 stratum radiatum to record excitatory postsynaptic 

potentials. Recordings were made using HEKA EPC 10 amplifiers (Lambrecht, Germany) at 

20 kHz, filtered at 5–10 kHz using Patchmaster software (HEKA, Lambrecht, Germany) and 

analyzed using Axograph (version 1.1.6). Extracellular field excitatory postsynaptic 

potentials (fEPSPs) were recorded in the CA1 dendritic arbor with a HEKA headstage using 

glass electrodes filled with ACSF. fEPSPs were induced with two 100 μs current pulses at 50 

ms interpulse interval administered through monopolar ACSF-filled stimulating pipettes 

placed in the CA3 stratum radiatum. Stimulation intensity was set at 30% of the maximum 

intensity current required to elicit a population spike at each recording site and ranged from 

0.2 to 0.7 mA. In all cases, stable baselines were recorded for at least 20 minutes prior to 

superfusion of drug or vehicle. Recordings were terminated if > 10% variation in fEPSP was 

observed during the baseline period. Recordings continued for at least 40 min after perfusion 

of soman. As indicated, SC fibers were cut using a scalpel under a dissecting microscope.
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For in vivo studies, mice were randomized and treated with HI-6 dimethanesulfonate (50 

mg/kg in saline) and either the CB1R antagonist AM-251 (10 mg/kg in DMSO) or vehicle 

(DMSO) via intraperitoneal injection. Five minutes later, soman was administered (147 

μg/kg in saline) by subcutaneous injection. Mortality was evaluated at 30 min intervals based 

on the lack of a heartbeat and failure to respond to strong toe-pinch, starting 15 min after 

soman administration.

Immunohistochemistry.

Brains were extracted following transcardial perfusion with saline followed by 10% formalin 

at room temperature and embedded in paraffin. Hippocampal lesions were generated in 5 μm 

coronal sections by transverse incision of SC fibers. Deparaffinized sections were 

permeabilized with 0.1% Triton X-100 in PBS and blocked in 0.1% Saponin and 3% bovine 

serum albumin in PBS (PBSS). Sections were incubated in Anti-NeuN Alexa Fluor®488 

conjugated antibody (EMD Millipore MAB377X 1:250) in PBSS, washed and mounted with 

ProLong™ Diamond containing DAPI (ThermoFisher Scientific). Tile-scanned 20× images 

were collected using a Zeiss LSM 700 confocal microscope (Carl Zeiss Inc., Thornwood, 

NY).

Statistical analyses.

For each slice, fEPSP amplitudes, paired-pulse ratios and fiber volley amplitudes were 

averaged over the final five minutes of treatment and normalized to average values from the 

final 5 min of baseline recordings. When appropriate, the effects of treatment conditions on 

fEPSPs were compared between average values from the final 5 min of baseline recordings 

and graphed separately. Representative fEPSP traces were generated by averaging among at 

least five traces. Paired-pulse ratios were calculated by dividing the amplitude of the second 

fEPSP by the first fEPSP, averaged over the last 5 min of baseline or treatment. Each data 

point in figures represents average values binned per min. For kinetic analyses, the second 

fEPSP in each paired pulse was normalized to baseline amplitudes, and areas under the 

curve were determined over the 200 ms period after peak amplitude using Axograph. All 

statistical analyses were conducted with Graphpad Prism v 6.05 (Graphpad Software, La 

Jolla, CA). Statistical comparisons between baseline values to treated values were made 

using paired Student’s t-test; comparison between different treatment conditions were made 

using unpaired Student’s t-test with Welch’s correction; comparisons among multiple 

samples were made using one-way ANOVA followed by Dunnett’s test for significance; and 

survival data were compared using Fisher’s exact test. Grouped data are presented as mean ± 

SEM and graphically annotated with the following levels of statistical significance: ns 
indicates not significant; * indicates p < 0.05; ** indicates p < 0.01; and *** indicates p < 

0.001.

Results

OP perfusion rapidly elicits long-term fEPSP depression at the Schaffer collateral (SC) 
synapse.

The effects of OP perfusion on synaptic physiology were monitored at the Schaffer collateral 

(SC) synapse in mouse acute brain slices. Field excitatory post-synaptic potentials (fEPSPs) 
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were recorded at the CA1 dendritic arbor in response to paired-pulse stimulation of afferent 

CA3 nerve fibers (100 μs current pulses with 50 ms interpulse intervals, administered at 0.05 

Hz). We initially evaluated SC synapse function following perfusion with the OP nerve 

agent soman. Soman irreversibly alkylates AChE within minutes, thus mitigating the 

potentially confounding effects of spontaneous AChE reactivation on SC synapse activity 

(Leikin et al., 2002). After establishing stable baseline fEPSP amplitudes during perfusion 

with vehicle, fEPSPs were measured in response to perfusion with soman (10 μM). The 

soman concentration was chosen during pilot studies, which revealed no significant 

differences in ictogenic responses between 1 and 10 μM soman, whereas perfusion with 0.1 

μM soman did not have an apparent neurophysiological effect within 20 min (not shown). 

Use of 10 μM soman is consistent with previous hippocampal soman perfusion studies 

(Apland et al., 2009; Wang et al., 2011) and corresponds to the estimated maximum plasma 

concentration (Cmax) following subcutaneous administration of 1 LD50 soman to mice.

Soman elicited a 36.0 ± 7.2% reduction in fEPSP amplitudes, with a median time-to-

maximal depression (t50) of 3.42 ± 1.67 min (n = 12; Figure 1A). fEPSP depression 

persisted for at least 60 min after soman washout, suggesting that soman was inducing long-

term depression of synaptic function (Figure 1B). To evaluate the mechanism(s) involved in 

fEPSP depression, we evaluated paired pulse ratio (PPR) and fEPSP kinetics. PPR increased 

coincident with fEPSP depression, indicating a presynaptic mechanism (Figure 1C) (Creager 

et al., 1980). Soman had no effect on fEPSP decay (baseline: −6.54 ± 0.14 ms, soman: −6.41 

± 0.28 ms, p = 0.69, n = 12 each), excluding changes in postsynaptic receptor kinetics as a 

mechanism for fEPSP depression. Finally, fiber volley amplitudes remained constant 

following soman perfusion, confirming that fEPSP depression was not a result of direct 

injury to SC nerve fibers (baseline: −0.16 ± 0.01 mV, soman: −0.15 ± 0.01 mV, p = 0.91, n = 

12 each).

To evaluate whether soman-induced depression of SC synapses represented a class effect, 

synaptic function was monitored following perfusion with two additional OPs: paraoxon, 

which is the active metabolite of the pesticide parathion, and the second-generation nerve 

agent VX. Paroxon (8 μM) was applied based on previous reports of altered 

neurophysiological responses between 1–10 μM (Miller et al., 2017; Narimatsu et al., 2010), 

while VX (10 μM) was used at a concentration that matched soman based on similar 

inhibitory rate constants against AChE (Wille et al., 2011). Similar to soman, perfusion with 

either paraoxon or VX significantly reduced fEPSP amplitudes and increased PPR (Figure 

2A–B). Both OPs exhibited longer latencies to fEPSP depression than soman, with t50 

values of 8.62 ± 2.71 and 10.37 ± 0.86 min, respectively (n = 5 each; p < 0.01 for each 

versus soman, one-way ANOVA with Tukey’s multiple comparisons test). In contrast, the 

non-OP GABAA receptor antagonist tetramethylenedisulfotetramine (TETS; 3 μM) had no 

effect on fEPSP amplitude (Figure 2C). However, TETS did cause recurrent firing that 

altered fEPSP decay kinetics (Figure 2C), confirming target engagement and indicating that 

fEPSP depression was not a generic response to seizurogenic agents. Similar to soman, 

paraoxon and VX increased PPR, whereas TETS had no effect on PPR (Figure 2D). Since 

depression of SC synapse function appeared to be a class effect in response to chemically 

diverse OP compounds, we termed this phenomenon OP-induced long-term depression (OP-

LTD).
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OP-LTD is mediated through activation of M1 and M3 muscarinic acetylcholine receptors.

We next sought to understand the signaling mechanisms involved in OP-LTD caused by 

soman perfusion. Because overstimulation of metabotropic muscarinic acetylcholine 

receptors (mAChRs) is the initiating event of central OP toxicity (McDonough and Shih, 

1997), we first evaluated the effects of mAChR blockade on OP-LTD. Co-administration of 

the non-selective mAChR antagonist atropine (5 μM) blocked OP-LTD, demonstrating a 

functional requirement for mAChR activation (Figure 3A) (Lebois et al., 2010). Four 

mAChRs subtypes are robustly expressed in the hippocampus: M1 and M3, which are 

coupled to Gq/11 proteins, and M2 and M4, which are coupled to inhibitory Gi/o proteins 

(Levey, 1996). To discern which mAChR were involved in OP-LTD, we applied selective 

antagonists for each receptor subtype at concentrations reported to cause selective inhibition 

(Augelli-Szafran et al., 1998; Dorje et al., 1991; Liu et al., 1998; Sheffler et al., 2009) 

(Figure 3B–E). Whereas selective antagonists of M2 (AQ-RA, 1 μM) and M4 (PD 102807, 

500 nM) had no effect on fEPSPs, antagonists of either M1 (VU 0255035, 1 μM) or M3 (4-

DAMP, 100 nM) completely blocked OP-LTD. In control slices perfused with vehicle, 

neither atropine nor selective antagonists of M1-M4 mAChRs affected baseline fEPSP 

amplitudes (Figure 3A–E).

OP-LTD is dependent on CB1R activation, but not on spontaneous neuronal activity or 
NMDA receptor activation.

Although increased PPR values suggested that OP-LTD is mediated by a presynaptic 

mechanism, M1 and M3 mAChR subtypes are predominantly expressed at postsynaptic 

membranes in the hippocampus (Levey, 1996). Thus, we sought to identify a retrograde 

signaling mechanism that linked post-synaptic mAChR activation with reduced presynaptic 

release. We first evaluated whether spontaneous CA1 or CA3 action potential firing 

contributed to soman-mediated OP-LTD (Bonansco and Fuenzalida, 2016; Lopantsev et al., 

2009). Transection of CA3 nerve fibers had no effect on OP-LTD, eliminating a role for 

recurrent or spontaneous presynaptic firing in fEPSP depression (Figure 3F). Similarly, in 

continuous recordings spontaneous CA1 firing emerged more than 6.5 min after fEPSP 

depression (3.42 ± 1.67 min versus 10.19 ± 4.19 min; n = 6 each, p = 0.034), indicating that 

spontaneous postsynaptic firing is not required for OP-LTD emergence. Because Ca2+ influx 

through presynaptic NMDA receptors (NMDAR) is a well-described mechanism of LTD at 

SC synapses, we next evaluated a potential role for NMDARs in OP-LTD (Rodriguez-

Moreno and Paulsen, 2008). Co-administration of the competitive NMDAR antagonist APV 

(50 μM) had no effect on soman-induced fEPSP depression (Figure 3G), despite control 

experiments demonstrating that APV treatment blocked NMDAR-mediated long- term 

potentiation of SC synapses in response to high frequency stimulation (Figure 3H).

We next evaluated whether the G protein-coupled cannabinoid type-I receptor (CB1R) was 

involved in OP-LTD (Vaughan and Christie, 2005). CB1R is expressed predominantly in the 

presynaptic membrane of neurons, including at SC synapses, and is typically associated with 

inhibitory Gi/o signaling (Herkenham et al., 1990; Mechoulam and Parker, 2013). The 

release of eCBs such as anandamide and 2- arachidonoylglycerol from postsynaptic 

membranes activates presynaptic CB1R-mediated signaling cascades which, in turn, 

decrease release probabilities (Kano et al., 2009). Notably, selective M1 and M3 agonists 
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have been found to activate retrograde CB1R signaling in the hippocampus, directly linking 

muscarinic receptor activity with presynaptic inhibition (Alger et al., 2014; Kim et al., 2002; 

Ohno-Shosaku et al., 2003). Co-administration with the selective CB1R reverse inhibitor 

AM-251 prevented fEPSP depression (Figure 4A) and PPR increases in comparison to 

baseline values (1.64 ± 0.05 versus 1.67 ± 0.04 respectively, n = 6, p = 0.55), indicating that 

CB1R activation was necessary for OP-LTD. AM-251 treatment similarly blocked OP-LTD 

in response to perfusion with VX or paraoxon (Figure 4B–C). We next evaluated whether 

direct activation of CB1R could elicit changes in synaptic transmission associated with OP-

LTD. Perfusion of naïve slices with the CB1R-selective agonist ACEA (50 nM) depressed 

fEPSP amplitudes (Figure 4D) and increased PPR (1.60 ± 0.01 versus 1.76 ± 0.03, n = 5, p = 

0.01) to levels similar to soman perfusion, indicating that activation of CB1R was sufficient 

to elicit changes in synaptic physiology consistent with OP-LTD (Figure 4D).

Endogenous CB1R signaling protects against soman toxicity.

The above data demonstrated that CB1R activation is necessary for OP-induced fEPSP 

depression at SC synapses. CB1R is the most abundant G protein-coupled receptor in the 

central nervous system (Freund et al., 2003; Howlett et al., 2010), and CB1R signaling acts 

as a principal regulator of neuronal function, with diverse and context-specific effects on 

neurological responses (Hebert-Chatelain et al., 2014; Herkenham et al., 1990; Lu and 

Mackie, 2016; Moldrich and Wenger, 2000). To determine whether CB1R signaling 

mediated a globally protective physiological response to cholinergic overstimulation, we 

evaluated the effects of in vivo CB1R antagonism on survival in a mouse soman challenge 

model (Figure 5). Mice were given HI-6 oxime (50 mg/kg) to mitigate peripheral soman 

toxicity and either AM-251 (10 mg/kg; n = 20) or vehicle (n = 19), followed 5 min later by 

subcutaneous administration of 147 μg/kg soman, which represented a medial lethal dose 

under these conditions. Treatment with AM-251 significantly reduced 24 h survival rates 

from 47.4% in the vehicle-treated group to 5.0% in the AM-251-treated group, with similar 

results in two experimental cohorts (p = 0.003; Fisher’s exact test). Naïve mice did not 

appear to be affected by treatment with AM-251 through 24 h (n = 5). The significantly 

increased mortality of soman-exposed mice treated with AM-251 suggested that endogenous 

CB1R activation has a globally protective effect in response to central cholinergic 

overstimulation.

Discussion.

The toxic effects of OPs are caused primarily by accumulation of synaptic acetylcholine in 

the central and peripheral nervous systems secondary to cholinesterase inhibition (Bajgar, 

2004; Colovic et al., 2013). However, the mechanisms by which cholinergic overstimulation 

affects excitatory neurotransmission prior to seizure onset are unknown. Here we 

investigated acute changes in glutamatergic SC synaptic physiology during perfusion of 

mouse coronal slices with OP and non-OP seizurogenic compounds. OP perfusion caused a 

robust presynaptic chemical LTD that was dependent on activation of CB1R and M1 and M3 

mAChRs. The suppressive effects of OPs on glutamatergic neurotransmission were entirely 

reversed by a CB1R antagonist, suggesting that activation of M1 and M3 mAChRs mobilizes 

eCBs to activate presynaptic CB1R signaling pathways. Antagonism of CB1R activation 
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increased lethality in a mouse soman challenge model, demonstrating that endogenous 

CB1R signaling protects against central OP toxicity. Collectively, these data suggest that 

CB1R activation represents an endogenous compensatory response to muscarinic 

overstimulation following AChE inhibition and furthermore provide a mechanistic basis for 

previous reports that pharmacological modulation of eCB signaling can enhance or mitigate 

central OP toxicity (Liu and Pope, 2015; Nallapaneni et al., 2006, 2008; Wright et al., 2010).

A major function of the eCB system is suppression of neurotransmission through the 

retrograde activation of CB1R (Kano et al., 2009). According to this model, overstimulation 

of postsynaptic Gq/11-coupled mAChRs (e.g., M1, M3 and/or M5) elicits release of eCB 

signaling lipids from dendritic membranes via the phospholipase C signaling pathway. eCBs 

undergo retrograde transport to bind receptors on presynaptic membranes, including the 

Gi/o-coupled CB1R. CB1R activation reduces presynaptic release probability through 

protein kinase A-dependent mechanisms, including inhibition of adenylyl cyclase activity, 

inhibition of voltage-gated Ca2+ channels and potentiation of rectifying K+ channels 

(Mechoulam and Parker, 2013). Although eCB signaling is most commonly associated with 

reduction in inhibitory synaptic activity, eCBs also act at excitatory synapses to alter 

presynaptic release (Gerdeman et al., 2002; Robbe et al., 2002). While our pharmacological 

and electrophysiology data indicate that OP-LTD is mediated by presynaptic suppression of 

excitatory SC synapses, we cannot exclude the possibility that changes in inhibitory 

neurotransmission also contribute to reduced fEPSP amplitudes. Indeed, it has been shown 

that paraoxon transiently increases inhibitory postsynaptic currents followed by increased 

excitatory currents in rat basolateral amygdala, suggesting that OPs can have dynamic 

temporal effects on synaptic function (Miller et al., 2017). Furthermore, although mGluR 

agonism has been directly linked to CB1R-mediated suppression of inhibitory synapses 

(Varma et al., 2001), we found that stimulation of mAChRs resulted in CB1R-mediated 

suppression of excitatory synapses. This difference raises the possibility that metabotropic 

neurotransmitter receptors may have subtype-specific effects on eCB signaling that 

differentially regulate network activity. Notably, it was recently reported that synaptic 

activation of mGlu5 metabotropic glutamate receptors is involved in M1 mAChR receptor-

mediated presynaptic LTD in the prefrontal cortex, potentially illustrating a coordinated 

response to glutamateric and cholinergic overstimulation (Ghoshal et al., 2017).

The finding that OPs activate CB1R-mediated presynaptic LTD through M1/M3 mAChR-

dependent signaling provides a single mechanism to explain previous reports of depressed 

synaptic release in response to cholinergic overstimulation. Interestingly, suppression of 

field potentials coincident with development of epileptiform activity was observed in rat 

basolateral amygdala following soman perfusion, suggesting that depression of excitatory 

synaptic activity is a common response to cholinergic overstimulation in multiple brain 

regions (Apland et al., 2009). Chemical activation of M1 or M3 mAChRs has been shown to 

initiate the release of eCBs in diverse brain regions, including SC synapses (Fukudome et 

al., 2004; Hashimotodani et al., 2005; Kim et al., 2002; Martin et al., 2015). OP exposure 

was also shown to elevate eCB levels in brain, which was initially attributed to direct 

inhibition of eCB hydrolases by OPs (see below) (Liu et al., 2013; Nomura et al., 2008). 

Decreased excitatory signaling in hippocampal circuits has been demonstrated in rat and 

guinea pig brain slices at delayed times after in vivo soman challenge (Alexandrova et al., 
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2014; Munirathinam and Bahr, 2004); in cultured hippocampal neurons exposed to VX 

(Rocha et al., 1999); in hippocampal slices exposed to paraoxon (Narimatsu et al., 2010); 

and at rat SC synapses exposed to the reversible AChE antagonist physostigmine (an effect 

that was originally attributed to tonic activation of presynaptic mAChRs) (Mans et al., 

2014). Separately it was found that physostigmine-induced presynaptic depression could be 

blocked by treatment with a CB1R antagonist, but not a M2 antagonist (Colgin et al., 2003). 

Intrastrial administration of a muscarinic agonist resulted in rapid decrease in glutamatergic 

tone (Smolders et al., 1997). Here we unify these diverse findings to demonstrate that AChE 

antagonism causes presynaptic LTD through activation of CB1R and M1/M3 mAChRs.

Our finding that antagonists of either M1 or M3 were suffiicent to block OP-LTD suggests 

that activation of both M1 and M3 mAChRs are required for OP-LTD. Although M1 and M3 

mAChRs are often co-localized in neuronal cells, the two receptors exhibit distinct 

functional properties that may differentially affect neuronal responses to cholinergic 

overstimulation (Buck and Fraser, 1990; Burford et al., 1995; Leaderbrand et al., 2016). 

Thus the requirement for concurrent activation of M1 and M3 mAChRs in OP-LTD could 

indicate a coincidence detector function in the context of cholinergic overstimulation 

(Hashimotodani et al., 2005). For example, eCB release and CB1R activation may result 

from convergence of signaling pathways that are differentially regulated by or coupled to M1 

and M3 signaling. Alternatively, the need for concurrent activation of M1 and M3 may 

represent a nonlinear or volume response, in which activation of both mAChR subtypes is 

required for sufficient release of eCBs to elicit OP-LTD. However, it should be noted that 

while 4-DAMP was applied at a concentration reported to cause specific inhibition (Liu et 

al., 1998), other studies suggest that 4-DAMP is only moderately selective for M3 versus M1 

(Dorje et al., 1991). Therefore the apparent requirement for both M1 and M3 mAChR may 

simply reflect non-selective antagonism of the M1 receptor by 4-DAMP. Further studies are 

required to discriminate whether concurrent activation of M1 and M3 mAChR are truly 

required for OP-LTD, or whether activation of M1 mAChR is sufficient to elicit OP-LTD.

Although OP toxicity is principally attributed to direct inhibition of AChE, interactions 

between OPs and other macromolecular targets may also contribute to symptoms of 

exposure (Pope et al., 2005; Terry, 2012). In vivo chemical tagging studies suggest that OPs 

can antagonize diverse serine hydrolases, including monoacylglycerol lipase (MAGL) and 

fatty acid amide hydrolase (FAAH). MAGL and FAAH terminate eCB signaling by 

degrading eCB signaling lipids, raising the possibility that OP modulation of eCB 

metabolism contributes to CB1R activation (Nallapaneni et al., 2008; Nomura et al., 2008; 

Quistad et al., 2001; Quistad et al., 2002). Many of the interactions between OPs and serine 

hydrolases are selective and concentration-dependent, and therefore disruption of eCB 

hydrolases may cause distinctive manifestations depending on the specific OP involved (Liu 

et al., 2013; Nomura et al., 2008). While the requirement for M1/M3 mAChR signaling 

indicates that direct modulation of eCB metabolism by OPs is not sufficient to elicit OP-

LTD, it also remains possible that these types of non-cholinergic interactions contribute to 

the magnitude or diversity of eCB signaling in response to OP exposure.

In conclusion, pharmacological and electrophysiological approaches were used to 

characterize a muscarinic-CB1R signaling axis at excitatory SC synapses in response to OP 
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exposure. This signaling pathway suppresses presynaptic release in response to OP exposure 

and is dependent on activation of CB1R as well as group I mAChRs. Notably, presynaptic 

depression manifested before emergence of interictal bursting, suggesting that suppression 

of excitatory release represents an early compensatory change in synapse function in 

response to excessive cholinergic signaling. The physiological relevance of these findings 

was confirmed in vivo using a mouse soman challenge model, in which pharmacological 

blockade of CB1R was found to enhance lethality. Collectively, these studies demonstrate 

that CB1R-mediated presynaptic depression is part of the acute response to cholinergic 

overstimulation following exposure to OP nerve agents, and raises the possibility that 

exogenous potentiation of CB1R activity may provide a novel therapeutic approach to 

mitigate central OP toxicity.
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Highlights

• Organophosphorus nerve agents activate long-term depression (OP-LTD) at 

SC synapses

• OP-LTD requires group 1 muscarinic signaling

• OP-LTD is mediated through retrograde activation of presynaptic CB1R

• Treatment with CB1R antagonists enhances soman toxicity in vivo

• Retrograde CB1R activation protects against OPs by downregulating 

excitatory drive

• CB1R activation represents a novel therapy to mitigate acute OP toxicity
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Figure 1. 
Soman perfusion induces presynaptic LTD at mouse SC synapses. For all panels, statistical 

significances were determined between the final 5 min of baseline versus the final 5 min of 

treatment (indicated on plot), as well as between the final 5 min of each treatment condition 

(bar graphs on right). Horizontal bars represent perfusion with respective treatments. (A) 

Soman (10 μM) significantly depresses normalized fEPSP amplitudes at the CA1:SC 

synapse (n = 12 each p = 0.004 versus baseline; p = 0.002 versus vehicle). Inset depicts 

paired-pulse traces from baseline (black) and 20 min after addition of soman (green) 

demonstrating reduced fEPSP amplitudes in response to soman treatment. (B) Soman stably 

depresses fEPSP amplitudes for at least 30 min after wash-out (n = 5 each; p = 0.04 versus 

baseline; p = 0.010 versus vehicle). (C) Soman perfusion increases paired-pulse ratios (n = 6 

soman, n = 5 control, p = 0.008 versus baseline; p = 0.012 versus vehicle). Inset depicts 

normalized paired-pulse traces from baseline (black) and 20 min after soman addition 
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(green) demonstrating increased PPR after soman treatment. Scale bars = 0.20 mV by 100 

ms.
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Figure 2. 
Reduced synaptic release is common to OP AChE antagonists, but not non-OP seizurogenic 

compounds. For panels A-C, statistical significances are determined between the final 5 min 

of baseline versus the final 5 min of treatment (indicated on plot), as well as between the 

final 5 min of each treatment condition (bar graphs on right). Horizontal bars represents 

perfusion with respective treatments. (A) Perfusion with paraoxon (POX; 8 μM) depresses 

fEPSP amplitudes (n = 5 each; p = 0.008 versus baseline; p = 0.016 versus vehicle). (B) 

Perfusion with VX (10 μM) depresses fEPSP amplitudes (n = 5 each; p = 0.003 versus 

baseline; p = 0.031 versus vehicle). (C) Perfusion with TETS (3 μM) has no effect on fEPSP 

amplitudes (n = 4 each; p = 0.59 versus baseline; p = 0.91 versus vehicle). Representative 

fEPSPs for baseline (black) and following treatment (green) are shown as insets in each plot. 

Note confirmation of TETS activity on synaptic function as demonstrated by altered fEPSP 

kinetics, which are consistent with GABAA receptor antagonism. (D) Baseline PPRs 

increase following perfusion with POX (p = 0.002) and VX (p = 0.012), but not TETS (p = 
0.78). Representative paired pulses are presented to the right. Scale bars = 0.20 mV by 100 

ms.
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Figure 3. 
OP-LTD requires M1 and M3 mAChR signaling, but does not require spontaneous neuronal 

activity or NMDAR currents. For all panels, statistical significances are determined between 

average fEPSP amplitudes during the final 5 min of baseline versus the final 5 min of 

treatment (indicated on plot) as well as between the final 5 min of treatment between vehicle 

and soman (bar graphs on right). (A) Non-specific mAChR antagonist atropine (ATR; 5 μM) 

blocks OP-LTD (n = 4 each; p = 0.36 versus baseline; p = 0.43 versus vehicle). (B) M1 

mAChR antagonist VU 0255035 (VU; 1 μM) blocks OP-LTD (n = 4 each; p = 0.52 versus 

baseline; p = 0.60 versus vehicle). (C) M2 mAChR antagonist AQ-RA (1 μM) does not 

prevent OP-LTD (n = 4 each; p = 0.003 versus baseline; p = 0.003 versus vehicle). (D) M3 

mAChR antagonist 4-DAMP (100 nM) blocks OP-LTD (n = 4 each; p = 0.71 versus 

baseline; p = 0.62 versus vehicle). (E) M4 mAChR antagonist PD 102807 (PD; 500 nM) 

does not prevent OP-LTD (n = 3 each; p < 0.001 versus baseline; p < 0.001 versus vehicle). 

For A-E, perfusion with mAChR antagonists alone had no effect on fEPSP amplitudes 

(white circles, n ≥ 4 for each). Representative fEPSPs for baseline (black) and following 

treatment (blue) are shown as insets in each plot. Scale bars = 0.20 mV by 50 ms. (F) OP-
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LTD occurs despite incision of CA3 afferent fibers (n = 3 each; p = 0.011 versus baseline; p 
= 0.003 versus vehicle). (Inset) Coronal hippocampal slice with representative incision at the 

Schaffer collateral fibers. (G) APV does not prevent OP-LTD (n = 4 each; p = 0.007 versus 

baseline; p = 0.004 versus vehicle), even though (H) APV blocks high frequency-induced 

long-term potentiation (n = 3 each; p < 0.001 versus baseline; p = 0.003 versus vehicle).
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Figure 4. 
mAChR-dependent LTD is mediated by the endogenous cannabinoid type 1 receptor. For all 

panels, statistical significances are determined between average fEPSP amplitudes during 

the final 5 min of baseline versus the final 5 min of treatment (indicated on plot) as well as 

between the final 5 min of treatment between vehicle and soman (bar graphs on right). (A) 

Selective CB1R antagonist AM-251 (AM; 8 μM) blocks OP-LTD during perfusion of soman 

(n = 5; p = 0.73 versus baseline; p = 0.001 versus soman). (B) AM-251 blocks OP-LTD 

during perfusion of VX (n = 3, p = 0.70 versus baseline; p = 0.001 versus soman). (C) AM 

blocks OP-LTD during perfusion of paraoxon (POX; n = 3; p = 0.22 versus baseline; p = 

0.010 versus soman. For A-C, representative fEPSPs for OPs (green) and following AM-251 

treatment (purple) are shown as insets in each plot. White circles represent average baseline 

fEPSPs among all groups prior to perfusion with AM or AM plus OP. (D) Perfusion with 

selective CB1R agonist ACEA causes fEPSP depression (n = 5; p = 0.042 versus baseline; p 
= 0.010 versus vehicle). Representative fEPSPs for vehicle (black) and following ACEA 

treatment (tan) are shown as inset. Scale bars = 0.20 mV by 50 ms.
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Figure 5. 
Antagonism of endogenous CB1R signaling reduces survival in vivo following a median 

lethal soman challenge in mice. Mice were injected with HI-6 (50 mg/kg) and the CB1R 

antagonist AM-251 (10 mg/kg) at 5 mins before i.p. challenge with soman (147 μg/kg), and 

survival was monitored at 30 min intervals for up to 24 h. Although AM-251 had no effects 

on survival of naïve mice, AM-251 reduced survival in soman-exposed mice, with nearly all 

deaths occurring prior to 100 min after exposure.
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