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Abstract

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid that mediates a wide spectrum of 

biological processes including apoptosis, immune response and inflammation. Here, we sought to 

understand how S1P signaling affects neuronal excitability in the central amygdala (CeA), which 

is a brain region associated with fear learning, aversive memory, and the affective dimension of 

pain. Because the G-protein coupled S1P receptor 1 (S1PR1) has been shown to be the primary 

mediator of S1P signaling, we utilized S1PR1 agonist SEW2871 and S1PR1 antagonist NIBR 

to determine a potential role of S1PR1 in altering the cellular physiology of neurons in the 

lateral division of the CeA (CeL) that share the neuronal lineage marker somatostatin (Sst). 

CeL-Sst neurons play a critical role in expression of conditioned fear and pain modulation. 

Here we used transgenic breeding strategies to identify fluorescently labeled CeL-Sst neurons for 

electrophysiological recordings. Using principal component analysis, we identified two primary 

subtypes of Sst neurons within the CeL in both male and female mice. We denoted the two 

types regular-firing (type A) and late-firing (type B) CeL-Sst neurons. In response to SEW2871 

application, Type A neurons exhibited increased input resistance, while type B neurons displayed 

a depolarized resting membrane potential and voltage threshold, increased current threshold, and 
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decreased voltage height. NIBR application had no effect on CeL Sst neurons, indicating the 

absence of tonic S1P-induced S1PR1. Our findings reveal subtypes of Sst neurons within the CeL 

that are uniquely affected by S1PR1 activation, which may have implications for how S1P alters 

supraspinal circuits.
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1. Introduction

Sphingosine-1-phosphate (S1P) is a bioactive sphingolipid that mediates a wide spectrum of 

biological processes via five G protein-coupled S1P receptor subtypes (S1PR1–5) (Alvarez et 

al., 2007; Lee et al., 1998). S1PR1 is expressed ubiquitously in the body, with dominant 

expression over other S1P receptor subtypes (Coste et al., 2008; Strub et al., 2010). 

Incomplete vascular maturation and embryo death is observed in S1PR1
−/− mice, confirming 

the importance of S1PR1 function for survival (Liu et al., 2000). Since its discovery 

in 1990, S1PR1 has become increasingly of interest as a therapeutic target for treating 

multiple sclerosis, with various modulators already developed or in development (Chaudhry 

et al., 2017; Marciniak et al., 2018a; Quancard et al., 2012). While we know that S1PRs 

are expressed in multiple regions of the central nervous system (CNS), the functional 

organization of S1P pathways within specific brain regions are completely unknown. 

Currently, only a limited number of studies have examined S1P signaling in the CNS (Essis 

et al., 2015; Selley et al., 2013; Sim-Selley et al., 2009, 2018). Application of S1P and the 

S1PR1 agonist SEW2871 evokes G-protein activity in the mouse amygdala (Sim-Selley et 

al., 2009; Waeber and Chiu, 1999).

The central nucleus of the amygdala (CeA) encompasses the main output pathways of 

the amygdala. Numerous studies, including from our laboratory, report variability in 

the electrophysiological and molecular identity of CeA neurons (Dumont et al., 2002; 

Haubensak et al., 2010; Hunt et al., 2017; Li and Sheets, 2018; Penzo et al., 2014; Schiess 

et al., 1999). Molecular identity of CeA neurons is associated with distinct functional roles 

in circuits and behavior (Haubensak et al., 2010; McCall et al., 2015; Penzo et al., 2014). 

For instance, protein kinase C-δ (pKCδ) is expressed in a ‘late-firing’ neurons in the central 

lateral (CeL) amygdala, and inhibition of these pKCδ+ neurons facilitates fear expression 

(Ciocchi et al., 2010; Haubensak et al., 2010). Activation of neighboring CeL neurons 

expressing somatostatin (Sst), which have negligible overlap with pKCδ+ neurons, induces 

freezing behavior associated with the fear response (Li et al., 2013).

Extensive research has also shown that CeA neurons are sensitized in models of both 

inflammatory (Ji et al., 2009; Ji and Neugebauer, 2007; Li and Neugebauer, 2004a, 

b; Neugebauer and Li, 2003; Sosulina et al., 2006) and neuropathic pain (Goncalves 

and Dickenson, 2012). Therefore, the CeA has been termed the ‘nociceptive amygdala’ 

(Neugebauer, 2015). Evidence shows that chemogenetic activation of Sst neurons and 

inhibition of pKCδ+ CeA neurons reduces pain behavior caused by peripheral nerve injury 
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(Wilson et al., 2019). Conversely, recent work showed that general anesthetics can reduce 

neuropathic pain behavior via activation of CeA pKCδ+ neurons (Hua et al., 2020). This 

body of work delineates the importance of understanding the functional effects of S1P 

signaling in defined cell-types in the CeA. Here we used transgenic breeding strategies to 

fluorescently label neurons that share the neuronal lineage marker Sst in the CeL (CeL-Sst 

neurons) and target them for electrophysiological recordings in acute brain slices. Our goal 

was to determine the effects of the S1PR1 agonist SEW2871 and S1PR1 antagonist NIBR on 

subthreshold and suprathreshold excitable properties of CeL-Sst neurons.

2. Materials and methods

2.1. Animals

To generate transgenic offspring expressing the red fluorescent protein Td-Tomato 

specifically in neurons that share the neuronal lineage marker Sst, female B6N.Cg-
Ssttm2.1(Cre)Zjh/J (Jackson Laboratories, RRID:IMSR_JAX:018973) mice were mated 

with male B6.Cg-Gt(ROSA)26Sortm14(CAG-tdTomato)Hze/J mice (Jackson Laboratories, 

RRID:IMSR_JAX:007909). We refer to these transgenic offspring as Sst-Cre; Ai14 mice 

in this manuscript, total n = 89 (50 female, 39 male). Mice were used in accordance with the 

animal care and use guidelines of Indiana University, the National Institutes of Health, and 

the Society for Neuroscience.

2.2. Slice preparation

Brain slices were prepared as previously described (Li and Sheets, 2018). Slices at postnatal 

days 30–95 (mean, 51.5; mode, 42; median, 48) were used for component analysis (Methods 

2.5) and slices at postnatal days 28–64 (mean, 50.8; mode, 39; median, 53) were used for 

pharmacology experiments. Coronal slices (300 μm thick) containing amygdala were made 

by vibratome-sectioning the brain (VT1200S, Leica) in chilled cutting solution (composed 

of, in mM: 110 choline chloride, 25 NaHCO3, 25 D-glucose, 11.6 sodium ascorbate, 

7 MgSO4, 3.1 sodium pyruvate, 2.5 KCl, 1.25 NaH2PO4, and 0.5 CaCl2). Slices were 

transferred to artificial cerebrospinal fluid (ACSF, composed of, in mM: 127 NaCl, 25 

NaHCO3, 25 D-glucose, 2.5 KCl, 1 MgCl2, 2 CaCl2, and 1.25 NaH2PO4, aerated with 95% 

O2/5% CO2) at 37 °C for 30 min. Slices were subsequently incubated at room temperature 

(~21 °C) in ACSF for at least 1 h prior to electrophysiological recordings.

2.3. Electrophysiology

Coronal brain slices containing the CeA were transferred to the recording chamber of an 

upright microscope (BX51, Olympus), and held in place with short pieces of flattened 

gold wire (0.813 mm diameter; Alfa Aesar). We targeted fluorescently labeled neurons 

in the right CeA that were visualized using coolLED optics (Scientifica). Recordings 

were targeted to the CeL subdivision of the CeA; however, a small fraction may have 

been from CeC. Pipettes for recordings were fabricated from borosilicate capillaries 

with filaments (G150-F, Warner) using a horizontal puller (P-97, Sutter). For acquiring 

the electrophysiological profiles of td-Tomato positive neurons, patch pipettes contained 

potassium-based intracellular solution (in mM: 128 K-gluconate, 10 HEPES, 1 EGTA, 

4 MgCl2, 4 ATP, and 0.4 GTP, 10 phosphocreatine, 3 ascorbate; pH 7.2). EGTA was 

Mork et al. Page 3

Neuropharmacology. Author manuscript; available in PMC 2022 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



included both to facilitate seal formation and to reduce cytosolic calcium elevations induced 

by the various stimulus protocols used in these studies. Slices were ideally used 1.5–3 

h after preparation, but some were used up to 4 h after preparation. Whole-cell patch-

clamp recordings of neuron properties were performed in recirculating ACSF containing 

synaptic blockers (in mM: 5 CPP, 10 NBQX, 5 GABAzine). The recording temperature 

was controlled by an in-line heating system (TC324B, Warner) that warmed recirculating 

ACSF prior to entering the recording chamber. Recordings were performed at 29–32 °C and 

the ACSF was refreshed with each new slice. Pipette capacitance was compensated; series 

resistance was monitored but not compensated and required to be < 30 MΩ for inclusion 

in the data set. Current-clamp recordings were bridge-balanced. Recordings were filtered 

at 4 kHz and sampled at 10 kHz using a Multiclamp 700B amplifier (Molecular Devices). 

Membrane potential values were not corrected for a calculated liquid junction potential of 

11 mV. Ephys software (http://www.ephus.org) was used for data collection (Suter et al., 

2010). Cells that exhibited series resistance >30 MΩ were excluded from analysis. Cells 

that had less than the greater value of 2 MΩ or 15% change in series resistance before and 

after drug application were excluded from pharmacology analysis. Methods for determining 

input resistance and voltage threshold for action potential (AP) firing have been reported 

previously (Suter et al., 2013). Briefly, input resistance was measured as the slope of a linear 

least-squares fit to the voltage-current relationship established from steady-state responses 

to a series of hyperpolarizing and subthreshold depolarizing current steps (duration 1.0 

s, amplitude ≤100 pA). The voltage threshold for AP firing was calculated as the point 

where dV/dt exceeded 10% of its maximum value relative to the mean dV/dt baseline 

measured over the 4–5 msec window before the AP peak. Frequency-current slope was 

calculated using a polynomial fit to the firing frequency at current threshold through the 

firing frequency at twice the current threshold.

2.4. Pharmacological agents

5-[4-phenyl-5-(trifluoromethyl)-2-thienyl]-3-[3-(trifluoromethyl)phenyl]-1,2,4-oxadiazole 

(SEW2871, S1PR1 agonist) was purchased from Cayman Chemical (Ann 

Arbor, MI). SEW2871 displays an EC50 = 13 ± 8 for S1PR1 with 

no interaction at a concentration of 10 μM with S1PR2–5 in cell 

culture (Marciniak et al., 2018b). (S)-2-(3′-[(R)-1-((4-Chloro-3-methyl-phenyl)-

ethylamino]-3,5-dimethyl-biphenyl-4-carbonyl)-amino)-propionic acid, N-[[3′-[[(1R)-1-(4-

Chloro-3-methylphenyl)ethyl]amino]-3,5-dimethyl[1,1′-biphenyl]-4-yl]carbonyl]-L-alanine 

(NIBR-0123), competitive S1PR1-selective antagonist) was purchased from Sigma-Aldrich 

(St. Louis, MO) and made according to manufacturer-provided data sheet: dissolved into 

di-methyl sulfoxide (DMSO) for stock solutions of [2 mM]. NIBR-0123 is specific to S1PR1 

with an IC50 of 2.5 nM. No internalization of the receptor was observed up to 100 μM 

(Quancard et al., 2012). The final solution of SEW2871 [100 nM] and NIBR [100 nM] used 

in electrophysiological recordings was made by diluting stock solutions directly into ACSF 

during recordings. All other reagent grade chemicals were purchased from Sigma-Aldrich 

(St. Louis, MO) or Thermo Fisher Scientific (Waltham, MA).
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2.5. Data analysis

Principal component analysis (PCA) was performed on CeL Sst neurons using the following 

input parameters at resting membrane potential: time of first inter-spike interval (PC1), 

time to first spike (PC2), current threshold (PC3), action-potential half-width (PC4), 

frequency-current slope (PC5), and input resistance (PC6). This technique reduces the 

number of variables in a large data set while retaining much of the information in the 

original data set, reducing the dimensions by finding linear combinations of data. After 

the data is standardized, principal components are determined by component variance 

and data is grouped by ward linkage. Principal components and associated eigenvalue, 

percent explained: PC1 (2.04, 34%), PC2 (1.26, 21%), PC3 (1.06, 17.7%), PC4 (0.864, 

14.4%), PC5 (0.528, 8.8%), PC6 (0.247, 4.11%). Three-way ANOVA statistical analysis 

of Sst subtype differences was conducted using GraphPad Prism 8 (San Diego, CA). 

GraphPad Prism 8 was used for mixed-effect statistical analyses of each drug treatment 

in pharmacology experiments presented in Figs. 4–6, Table 2. For statistical analyses of pre-

treated pharmacology experiments (Fig. 7, Table 3), a Lilliefors test was performed prior to 

significance testing to determine if the data were normally distributed. Pairwise comparisons 

between groups were performed with the Student’s paired t-test (for normally distributed 

data) or the Wilcoxon rank sum test (for non-normally distributed data). Error bars in plots 

represent standard error of the mean (SEM).2.6 Fluorescence in situ hybridization.

Sst-Cre; Ai14 mice were deeply anesthetized with an overdose of pentobarbital (100 mg 

kg−1, 0.2 mL i.p. Fatal-Plus, Henry Schein, Melville, NY, USA) or a mixture of ketamine 

(80 mg/kg) and xylazine (12 mg/kg; i.p.), respectively, and then transcardially perfused 

with 1X phosphate buffered saline (PBS; pH 7.4) followed by 10% buffered formalin. 

Brains were extracted, post-fixed in 10% formalin 2–4 h at 4 °C, and then stored in 30% 

sucrose at 4 °C. Coronal brain sections (20 μm) were obtained on a vibrating microtome 

and mounted on Superfrost Plus Microscope slides (Thermo Fisher Scientific, Waltham, 

MA, USA). Pretreatment for fluorescence in situ hybridization (FISH) consisted of bathing 

slides in Xylene for 10 min and 100% ethanol for 4 min. Slides were washed in deionized 

H2O and allowed to dry overnight. The following day the FISH protocol for RNAscope 

Fluorescent v2 Assay (Advanced Cell Diagnostics) was followed for hybridization to 

marker probes (RNAscope® Probe- Mm-S1PR1, 426001; RNAscope® Probe-Mm-Sst-C2, 

404631-C2) at 40 °C in a HybEZ oven. Following amplification and labeling steps per 

manufacturer’s instructions, slides were washed in PBS, then air dried and cover slipped 

with Vectashield antifade mounting medium with 4′,6-diamidino-2-phenylindole (DAPI) 

(Vector Labs, Burlingame, CA, USA). All images were captured on a Nikon (Tokyo, Japan) 

Eclipse Ti2 microscope using a 40x objective. The same exposure time was used for all 

images captured in each channel, and each image composed of 64 individual exposures (8 × 

8) stitched together with 10% overlap. Image capture, adjustments and quantification were 

performed in NIS-Elements Advanced Research software v5.02.

For quantification of FISH, a cell was deemed to express somatostatin (Sst) and/or S1PR1 

mRNA when at least four fluorescent puncta were observed, with a DAPI-counterstained 

nucleus visible. Delineations of the CeA and its subdivisions (CeM, CeC, CeL) were 

identified according to Paxinos and Franklin (2013). The number of SOM mRNA expressing 
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cells were counted in each area of the CeA. Each Sst mRNA expressing cell was then 

evaluated for S1PR1 expression. Sections (4–5) were counted per mouse and averaged with 

n defined as one mouse. Results are presented as mean ± SEM. Data were analyzed using 

GraphPad Prism 9 (GraphPad Software Inc., USA).

3. Results

3.1. The CeL contains intrinsically distinct Sst neurons subtypes

We targeted tdTomato-expressing neurons in the right CeL (CeL Sst neurons) for whole-cell 

electrophysiological recordings in acute brain slices from Sst-Cre; Ai14 tdTom mice (Fig. 

1A–D). Using principal component analysis (section 2.5) of recording data from 72 neurons 

at resting membrane potential (RMP), we found that there are two intrinsically distinct 

subtypes of CeL Sst neurons. The slightly predominant CeL Sst phenotype “type A” (41 out 

of 72) displayed an early onset of action potential (AP) firing in response to a depolarizing 

current step (500 msec) compared to the delayed AP onset (‘late-firing’) of the other CeL 

Sst phenotype “type B” (31 out of 72; Fig. 2A, C). Smaller amplitude of injected current 

was needed to evoke APs in type A neurons (Fig. 2B and C). We found that type A neurons, 

compared to type B neurons, are significantly more depolarized, have a narrower action 

potential half-width, and decreased spike frequency adaptation (Fig. 2C, Table 1). Spike 

frequency adaptation is a firing behavior which increases the threshold for subsequent spikes 

in a series of action potentials, regulated by ion channels including voltage-gated K+/KCNQ 

channels (Santini and Porter, 2010; Watanabe et al., 2017). These type A and type B intrinsic 

phenotypes have been described previously in the CeL (Amano et al., 2012; Haubensak et 

al., 2010; Li and Sheets, 2018) including within CeL Sst populations (Hunt et al., 2017). 

While we observed a small population of spontaneously firing CeL Sst neurons (n = 4), 

characterized in previous studies (Adke et al., 2021; Wilson et al., 2019), we excluded these 

cells from analyses and pharmacological experiments.

We compared intrinsic properties of CeL Sst subtypes in male and female mice, which 

revealed a significant main effect of cell type for factors including RMP, current threshold, 

voltage threshold, spike frequency adaptation and time to first spike. The only observed 

effect of sex was decreased voltage threshold in female cells, however no significant effect 

of interaction between sex and cell type for any properties was observed (3-way ANOVA: 

Table 1). Finally, we compared the action potential (AP) frequency-current (FI) relationship, 

which compares AP frequency in response to injected step current, in type A and type B 

cells, in male and female mice (Fig. 3A–C). We found a significant effect of cell type and 

interaction (current x cell type), and no effect of sex (3-way rmANOVA: Fig. 3). Because of 

this, we collapsed across sex for studying S1PR1 pharmacology in CeL Sst subtypes.

3.2. The S1PR1 agonist SEW2871 differentially alters the intrinsic membrane properties of 
CeL Sst subtypes

Bath application of SEW2871 [100 nM] for 10 min did not alter the RMP or the FI 

relationship of type A CeL Sst neurons (Fig. 4A–C, Table 2). We also did not observe 

any significant changes to firing properties measured in type A neurons after SEW2871 

application (Table 2). The vehicle for SEW2871 DMSO had no effect on RMP, input 
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resistance, FI relationship, or any other firing properties of type A neurons (Fig. 4D–F, Table 

2). In contrast to type A neurons, SEW2871 significantly depolarized RMP and increased 

input resistance of type B CeL Sst neurons (Fig. 5A–B, Table 2). SEW2871 significantly 

depolarized voltage threshold for AP firing and decreased both voltage height of APs and 

time to first AP in type B neurons (Table 2). Surprisingly, SEW2871 application did not 

alter FI relationship of type B neurons (Fig. 5C, Table 2). As observed in type A neurons, 

DMSO had no effect the sub-threshold and firing properties of type B neurons with the 

exception of significantly reducing spike-frequency adaptation (Fig. 5D–F, Table 2). This 

was a surprising finding in that we did not observe changes to spike-frequency adaptation 

following SEW application (Table 2).

3.3. The competitive antagonist for S1PR1 NIBR did not alter RMP or FI relationship in 
either subtype of CeL Sst neurons

We next tested whether there was tonic S1P-induced activity of S1PR1 in CeL Sst neurons 

using the S1PR1 antagonist NIBR [100 nM]. We found that bath application of NIBR for 10 

min did not significantly change any measured intrinsic properties for type A neurons with 

the exception of reducing the FI slope (Fig. 6A–C, Table 2). Application of NIBR had no 

significant effect on RMP or FI relationship of type B CeL Sst neurons (Fig. 6D–F, Table 2). 

These findings indicate that there is limited or no tonic S1P-induced S1PR1 activity in CeL 

slice recordings of type A and type B CeL Sst neurons.

3.4. NIBR blocks the depolarizing effects of SEW2871 on type B CeL Sst neurons

We next asked whether NIBR blocked the effects of SEW2871 on type B CeL Sst neurons. 

NIBR was added to the bath and baseline values were recorded after approximately 7 min to 

allow time for equilibrium and adequate antagonism of S1PR1. Subsequent bath application 

of SEW2871 for 10 min did not alter any subthreshold or firing properties of type B CeL 

Sst neurons (Fig. 7A–C, Table 3). These data suggest that the intrinsic changes induced by 

SEW2871 on type B CeL Sst neurons is due to activation of S1PR1.

3.5. Only a subset of CeL Sst neurons express S1PR1 mRNA

We next performed fluorescent in situ hybridization (Methods 2.6) to determine expression 

of S1PR1 mRNA in tdTomato-expressing CeL neurons (Fig. 8A–B). We found that co-

expression of SOM (RNAscope probe) and tdTom in the CeL was not 100% (average 39.0 

± 8.6%; Fig. 8C), with significantly higher co-expression in male mice (average 51.7%, n = 

2 animals, 4–5 slices averaged per animal) than female mice (average 26.3%, n = 2 animals, 

4–5 slices averaged per animal). Of note, co-expression of S1PR1 and SOM (41.5 ± 6.0%; 

Fig. 8C) was higher than co-expression of S1PR1 and tdTomato (33.6 ± 3.0%; Fig. 8C). Less 

than half of tdTomato-expressing CeL neurons were positive for both SOM and S1PR1 (41.4 

± 7.3%; Fig. 8C). These data show that S1PR1 mRNA is detected in a subset of CeL neurons 

from Sst-Cre; Ai14 mice expressing both Sst mRNA and td-Tomato.

4. Discussion

Using whole cell electrophysiology in acute brain slice, we confirmed two distinct cell 

subtypes of CeL Sst neurons, consistent with previously identified firing phenotypes of CeL 
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Sst subtypes (Hunt et al., 2017; Wilson et al., 2019). Intrinsic differences between type A 

and type B neurons were consistent for male and female mice. Using FISH, we found that 

Sst mRNA is detected in approximately half of the td-Tomato expressing neurons within the 

right CeA. In the motor cortex with a more limited number of Sst neurons, we observed 

a nearly complete overlap of Sst mRNA and td-Tomato expression (Supplemental Fig. 1). 

This suggests that Sst expression in the CeA diminishes during development. Currently, 

we cannot specify whether the incomplete overlap in Sst mRNA and td-Tomato expression 

in the CeL contributes to the intrinsic differences observed between type A and type B 

neurons. Disparities in the functional roles of the type A and type B Sst neuron subtypes 

in the CeL remain to be determined. Previous work has shown that CeL Sst neurons send 

projections to the periaqueductal gray (PAG), a midbrain structure essential to both fear and 

pain processing (Penzo et al., 2014). Work from our laboratory found that different firing 

phenotypes of CeA neurons project to distinct subregions within the PAG (Li and Sheets, 

2018), and these subregions have been shown to regulate specific behaviors associated with 

fight-or-flight responses and endogenous analgesia mechanisms (Bandler and Carrive, 1988; 

Bandler and Depaulis, 1988; LeDoux et al., 1988). Additional work revealed that CeL 

Sst neurons send local inputs that control the firing of both neighboring Sst-positive and 

Sst-negative neurons within the CeL (Hunt et al., 2017). This suggests that type A and type 

B CeL Sst neurons may have different local and long-range anatomical targets that mediate 

unique components of amygdala processing and output, including modulation of pain and 

fear.

Currently, the complexity of supraspinal circuits and the wide distribution of S1PRs in the 

CNS make it difficult to understand the short- and long-term effects of S1P signaling on 

brain function. Previous studies confirm that S1PR1 ligands cross the blood brain barrier 

(Foster et al., 2007; Yanagida et al., 2017), and engage receptors throughout the brain 

(Sim-Selley et al., 2009; Welch et al., 2012) including within the amygdala. Therefore, 

understanding S1P signaling in supraspinal pathways is critical for developing therapeutic 

strategies that deliver S1PR ligands to the brain. Here our work provides new insight into 

how S1PR1 activation affects the activity of a specific population of amygdala neurons 

known to be involved in both pain and fear modulation. Specifically, we show that the 

S1PR1 agonist SEW2871 depolarizes the resting membrane potential for type B, but not 

type A, CeL Sst neurons. Typically, depolarization of membrane potential and increased 

input resistance is associated with increased excitability as it pushes a neuron closer to 

threshold for AP firing. However, we found that AP frequency in response to depolarizing 

current steps was unchanged in type B CeL Sst neurons after SEW2871 application. In 

addition, SEW2871 depolarized voltage threshold for AP firing and reduced voltage height 

in type B CeL Sst neurons. These findings suggest that S1PR1 activation decreases the 

excitability of type B CeL Sst neurons. The S1PR1 antagonist NIBR blocked the effects 

evoked by SEW2871 indicating expression of S1PR1 in type B CeL Sst neurons. This is 

consistent with our FISH data showing detection of S1PR1 mRNA in approximately 34% of 

td-Tomato expressing neurons in the CeL, which is similar to the number of type B CeL Sst 

neurons we detected electrophysiologically (~43%). Therefore, we conclude the observed 

effects of SEW2871 were due to activation of S1PR1 expressed in type B CeL Sst neurons.
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Neuronal depolarization observed after SEW2871 application suggests that S1PR1 signaling 

is altering the activity of membrane ion channels. One possible mechanism responsible 

for our findings is that S1PR1 activation leads to closure or inhibition of an ion channel 

that is active near RMP of the cell. There are numerous possibilities for the effectors of 

S1PR1 signaling including KCNQ potassium channels, which are present in the amygdala 

(KCNQ3, KCNQ5) (Lein et al., 2007; Science, 2006). S1PR1 activation has been shown 

to stimulate phospholipase C (PLC) (Alewijnse et al., 2004), which is known to suppress 

KCNQ activity via reduction of PIP2 levels (Delmas and Brown, 2005; Okamoto et al., 

1998; Suh and Hille, 2007). Other evidence suggests that S1P can activate transient receptor 

potential (TRP) channel subtype 5 (E et al., 2011; Xu et al., 2006), which is expressed in 

the amygdala (Riccio et al., 2009). Recent work identified voltage-gated chloride channels, 

CLCN3 and CLCN5, as responsible for S1P-induced excitatory conductance and membrane 

depolarization in sensory neurons (Qi et al., 2018). Finally, S1P has been shown to 

induce intracellular Ca2+ mobilization (Meyer zu Heringdorf et al., 2001), suggesting that 

the depolarization of type B CeL Sst neurons by SEW2871 may involve increases in 

intracellular Ca2+ concentrations.

Our results do not exclude the possibility that astrocytic S1PR1 activation leads to astrocyte-

mediated modulation of CeL Sst neurons. Previous reports show that S1PR1 is localized 

to astrocytes in the CNS (Chen et al., 2019; Choi et al., 2011; Nishimura et al., 2010). 

Upregulation of astrocytic S1PR1 and S1PR3 is observed in brain lesions of multiple 

sclerosis patients (Van Doorn et al., 2010). Importantly, S1PR1,3–5 ligand fingolimod 

improved clinical scores in a mouse model of multiple sclerosis, which was ineffective in 

mice lacking S1PR1 on GFAP-expressing astrocytes, but not on neurons (Choi et al., 2011). 

Additional investigation into the role of S1P on astrocyte-neuron signaling within the CeL 

is needed for a complete understanding of how endogenous S1P alters cellular activity in 

supraspinal circuits.

5. Conclusions

Overall, our results confirmed that CeL Sst neurons are a heterogeneous population of 

intrinsically distinct neurons that are differentially affected by the S1PR1 agonist SEW2871. 

These findings provide the first evidence for S1PR1 signaling altering the intrinsic properties 

of molecularly and physiologically distinct subset of neurons in the CeL. We also provide 

evidence showing that S1PR1 is expressed in subset of CeL Sst neurons, which provides 

insight into S1P signaling that may alter the activity of specific neurons in the CeL.
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Fig. 1. 
Identifying Sst neurons in the CeL for whole-cell electrophysiology. A, schematic depicting 

whole-cell patch-clamp recording from CeL, Sst neurons. B, fluorescent image (4x) 
depicting tdTomato-expressing Sst neurons in the CeL. C, bright field and D, fluorescent 

images (60x) showing whole cell recording of a Sst neuron in the CeL.
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Fig. 2. 
CeL Sst neurons consist of two electrophysiologically distinct subtypes. A, representative 

current-clamp traces of type A (black, left) and type B (red, right) CeL Sst neurons evoked 

by 500 msec current steps (bottom). B, number of action potentials in response to injected 

current in type A and type B neurons (41 type A cells (17M:24F) and 31 type B cells 

(18M:13F)) (2-way ANOVA of cell type F(1,910) = 30.95, *p < 0.0001; cell type × current 

interaction F(12,910) = 7.572, p < 0.0001 with multiple comparisons ∞p < 0.05). Data 

points indicate mean ± SEM. C, plots displaying comparisons of resting membrane potential 

(type A: −76.8 ± 1.15 mV; type B: −81.3 ± 1.01 mV), F-I slope (type A: 0.163 ± 0.016 

Hz/pA; type B: 0.150 ± 0.012 Hz/pA), current threshold (type A median: 100 pA; type 

B median: 150 pA), spike frequency adaptation (type A: 0.901 ± 0.017; type B: 0.984 ± 
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0.013), time to first spike (type A: 0.143 ± 0.014 s; type B: 0.262 ± 0.020 s), AP half-width 

(type A: 0.603 ± 0.018 msec; type B: 0.673 ± 0.024 msec). Data points are partially 

transparent, with less transparency indicating increased density of data clustering. Black box 

plots represent mean ± SEM. *P < 0.05.
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Fig. 3. 
CeL Sst subtypes exhibit distinct excitability in both male and female mice. A, number 

of action potentials in response to injected current in type A (solid) and type B (dashed), 

male (black) and female (blue) neurons (41 type A cells (17M:24F) and 31 type B cells 

(18M:13F)) (3-way ANOVA of cell type F(1,68) = 6.253, *p = 0.0148; sex F(1,68) = 0.2158, 

p = 0.6438; current x cell type interaction F(12, 816) = 10.73, p < 0.0001). Excitability is 

altered in male B and female C mice (3-way ANOVA with multiple comparisons *p < 0.05). 

Data points indicate mean ± SEM.
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Fig. 4. 
S1PR1 agonist SEW2871 does not alter resting membrane potential or firing of type A Sst 

CeL neurons. A, current-clamp recording from a type A Sst CeL neuron before (black, top) 

and after 10-min application of SEW2871 (red, bottom). B, plot showing that SEW2871 has 

no effect on resting membrane potential of type A Sst CeL neurons. C, number of action 

potentials in response to injected current is unaltered after application of SEW2871 (n = 7 

cells, 2-way ANOVA of drug F(1,6) = 4.00, p = 0.092; drug x current F(12,72) = 0.615, p 

= 0.823). D, current-clamp recording from a type A Sst CeL neuron before (black, top) and 

after 10-min application of the vehicle control DMSO (pink, bottom). E, F plots showing 

there is no effect of DMSO on E resting membrane potential however there is an effect on 

F number of action potentials in response to injected current (n = 7 cells, 2-way ANOVA of 

drug F(1,6) = 0.364, p = 0.568; drug x current F(12,72) = 2.51, p = 0.008). Sidak’s multiple 

comparisons significance p < 0.05 indicated by *. Data points indicate mean ± SEM.
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Fig. 5. 
S1PR1 agonist SEW2871 depolarizes resting membrane potential, but has no effect on 

firing, of type B Sst CeL neurons. A, current-clamp recordings from a type B Sst CeL 

neuron before (black, top) and after 10-min application of SEW2871 (red, bottom). B, plot 

showing that SEW2871 significantly depolarizes resting membrane potential of type B Sst 

CeL neurons. C, number of action potentials in response to injected current is unaltered after 

application of SEW2871 (n = 7 cells, 2-way ANOVA of drug F(1,6) = 0.280, p = 0.616; 

drug x current F(12,72) = 0.622, p = 0.817). D, current-clamp recording from a type B Sst 

CeL neuron before (black, top) and after 10-min application of the vehicle control DMSO 

(pink, bottom). E-F, plots showing there is no effect of DMSO on E resting membrane 

potential, and F number of action potentials in response to injected current (n = 6 cells, 

2-way ANOVA of drug F(1,5) = 0.235, p = 0.648; drug x current F(12,60) = 0.919, p = 

0.534). Data points indicate mean ± SEM.
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Fig. 6. 
S1PR1 competitive antagonist NIBR has no effect on resting membrane potential or AP 

firing of Sst-neuron subtypes. A, current-clamp recordings from type A Sst CeL neurons 

before (black, top) and after 10-min application of NIBR (blue, bottom). B-C, plots showing 

there is no effect of NIBR on type A Sst CeL neuron B resting membrane potential and 

C number of action potentials in response to injected current (n = 7 cells, 2-way ANOVA 

of drug F(1,6) = 5.76, p = 0.053; drug x current F(2.32,13.9) = 2.50, p = 0.113). D, 
current-clamp recording from a type B Sst CeL neuron before (black, top) and after 10-min 

application of NIBR (blue, bottom). E-F, plots showing there is no effect of NIBR on type B 

Sst CeL neuron E resting membrane potential, and F number of action potentials in response 

to injected current (n = 9 cells, 2-way ANOVA of drug F(1,8) = 0.298, p = 0.600; drug x 

current F(1.77,14.2) = 0.726, p = 0.485). Data points indicate mean ± SEM.
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Fig. 7. 
Bath exposure to NIBR blocks effect of SEW2871 effect on type B CeL Sst neurons. A, 
current-clamp recording from a type B CeL Sst neuron bathed in N1BR (100 nM) before 

(blue, top) and after 10-min application of SEW2871 (red, bottom). B, plot showing that 

SEW2871 has no effect on resting membrane potential of type B CeL Sst neuron bathed 

in N1BR (n = 10 cells, student’s paired t-test t = 1.62, p = 0.140). C, number of action 

potentials in response to injected current is unaltered after application of SEW2871 (n = 10 

cells, 2-way ANOVA of drug F(1,9) = 4.72, p = 0.0579; drug x current F(1.74,15.7) = 1.91, 

p = 0.184). Data points indicate mean ± SEM.
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Fig. 8. 
Quantification of fluorescence in situ hybridization from right CeA of Sst-tdTom mice A, 
Localization of Sst (white), S1PR1 (green), and (20X) colocalization within the CeL (Sst, 

S1PR1, DAPI) with 100X merge image with showing colocalization of Sst and S1PR1 

denoted by yellow arrows. B, Localization of Sst (white), Td-Tom (red), and (20X) 

colocalization within the CeL (Sst, Td-Tom, DAPI) with 100X merge image showing 

colocalization of Sst and Td-Tom denoted by cyan arrows. Scale bars = 200 μm, left and 

middle panels; scale bars = 50 μm, right panels. C, Average number and D, average % of 

neurons (One-way ANOVA: F(4, 12) = 3.229; P = 0.0513) detected per animal in CeL. N = 

4 animals (2M; 2F), 4–5 slices per animal.
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Table 1

Intrinsic properties of Sst CeL neuronal subtypes by sex.

Male Female

Sub-threshold properties Type A (n = 17) Type B (n = 24) Type A (n = 18) Type B (n = 13)

Resting potential (mV) − 77.7 ± 1.55 − 82.5 ± 1.34 − 76.2 ± 1.65 − 79.6 ± 1.48 Fint = 0.201 p = 0.655
Fsex = 1.83 p = 0.181
Fcell = 6.62 p = 0.012

Input Resistance (MΩ) 158 ± 8.02 144 ± 9.58 152 ± 9.15 137 ± 8.82 Fint = 3.80e−4 p = 0.985
Fsex = 0.469 p = 0.496
Fcell = 2.37 p = 0.129

Firing properties

Current Threshold (pA) 100 † 100 † 100 † 150 † Fint = 0.224 p = 0.639
Fsex = 3.39 p = 0.070
Fcell = 4.51 p = 0.038

Voltage Threshold (mV) − 34.7 ± 1.44 − 32.5 ± 1.09 − 32.0 ± 1.18 − 28.3 ± 1.92 Fint = 0.271 p = 0.605
Fsex = 6.10 p = 0.016
Fcell = 4.52 p = 0.037

AP half-width (seconds) 58.0 ± 2.72 e−5 65.4 ± 3.10 e−5 61.8 ± 2.44 e−5 70.0 ± 3.71 e−5 Fint = 0.150 p = 0.700
Fsex = 1.87 p = 0.177
Fcell = 7.33 p = 0.009

Frequency-current slope (Hz/pA) 0.142 ± 0.028 0.148 ± 0.017 0.177 ± 0.019 0.153 ± 0.017 Fint = 0.483 p = 0.490
Fsex = 0.812 p = 0.371
Fcell = 0.172 p = 0.680

Time to first AP (seconds) 0.120 ± 0.015 0.281 ± 0.024 0.158 ± 0.020 0.235 ± 0.033 Fint = 3.23 p = 0.077
Fsex = 0.036 p = 0.849
Fcell = 25.4 p < 0.0001

Height (mV) 73.2 ± 2.50 71.4 ± 2.34 72.8 ± 1.63 66.7 ± 1.85 Fint = 1.02 p = 0.316
Fsex = 1.39 p = 0.242
Fcell = 3.45 p = 0.068

Spike-frequency adaptation (mean 
5th/10th)

0.925 ± 0.021 0.981 ± 0.017 0.902 ± 0.015 0.987 ± 0.014 Fint = 1.21 p = 0.276
Fsex = 1.80 p = 0.184
Fcell = 4.62 p = 0.035

Fast after-hyperpolarization (mV) − 7.40 ± 1.09 − 9.63 ± 1.82 − 7.56 ± 0.645 − 8.86 ± 0.965 Fint = 0.144 p = 0.706
Fsex = 0.062 p = 0.804
Fcell = 2.06 p = 0.156

Resting membrane potential evaluated with no applied current, all other properties evaluated with current applied to hold the membrane potential 
near minus 70 mV. Data presented as mean ± SEM

†
median, n is the number of cells. 3-way ANOVA F-statistics (df = 1, 67): Fint – interaction; Fsex – effect of sex; Fcell – effect of cell type, are 

presented in the final column with significant results bolded (p < 0.05). n = 51 mice (23M:28F), 41 Type A cells (17M:24F) and 31 Type B cells 
(18M:13F). Age of mice: average, 52; median, 48.
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Table 3

Pharmacological effect of SEW2871 on Sst CeL type B neuron intrinsics pre-exposed to NIBR.

Type B

Sub-threshold properties NIBR baseline SEW2871

Resting potential (mV) − 79.8 ± 2.56 − 76.4 ± 2.89 p = 0.140 t = − 1.62 df = 9

Input Resistance (MΩ) 165 ± 20.4 175 ± 17.8 p = 0.410 t = − 0.865 df = 9

Firing properties

Current Threshold (pA) 150 † 150 † p = 0.343 t = 1 df = 9

Voltage Threshold (mV) − 35.7 ± 1.37 −36.6 ± 1.27 p = 0.474 t = 0.745 df = 9

AP half-width (seconds) 62.5 ± 2.32 e− 5 62.8 ± 3.44 e− 5 p = 0.896 t = − 0.134 df = 9

Frequency-current slope (Hz/pA) 0.174 ± 0.009 0.187 ± 0.012 p = 0.290 t = − 1.13 df = 9

Time to first AP (seconds) 0.225 ± 0.05 0.213 ± 0.03 p = 0.855 t = 0.188 df = 9

Height (mV) 72.0 ± 2.66 68.6 ± 2.99 p = 0.896 t = − 0.134 df = 9

Spike-frequency adaptation (mean 5th/10th) 0.988 ± 0.03 0.982 ± 0.03 p = 0.817 t = 0.238 df = 9

Fast after-hyperpolarization (mV) − 5.81 ± 1.11 − 7.40 ± 1.07 p = 0.182 t = 1.45 df = 9

All properties evaluated with no applied current, at resting membrane potential. Data presented as mean ± SEM

†
median. Paired t-test significance by cell type indicated by bold (p < 0.05). n = 6 mice (3M:3F; average postnatal day, 50; median postnatal day, 

50), 10 Type B cells (5M:5F).
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