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Soojin Lee,3 Woong Sun,2 Hee-Kyung Park,4,* and Se-Young Choi1,5,*

SUMMARY

Salivary gland cells, which secrete water in response to neuronal stimulation,
are closely connected to other neurons. Transcriptomic studies show that sali-
vary glands also express some proteins responsible for neuronal function. How-
ever, the physiological functions of these common neuro-exocrine factors in sali-
vary glands are largely unknown. Here, we studied the function of Neuronal
growth regulator 1 (NEGR1) in the salivary gland cells. NEGR1 was also ex-
pressed in mouse and human salivary glands. The structure of salivary glands
of Negr1 knockout (KO) mice was normal. Negr1 KO mice showed tempered
carbachol- or thapsigargin-induced intracellular Ca2+ increases and store-oper-
ated Ca2+ entry. Of interest, the activity of the large-conductance Ca2+-acti-
vated K+ channel (BK channel) was increased, whereas Ca2+-activated Cl� chan-
nel ANO1 channel activity was not altered in Negr1 KO mice. Pilocarpine- and
carbachol-induced salivation was decreased in Negr1 KO mice. These results
suggest that NEGR1 influence salivary secretion though the muscarinic Ca2+

signaling.

INTRODUCTION

The functions of the salivary glands are precisely regulated by neuronal signals.1 Salivary gland cells have

muscarinic receptors that recognize acetylcholine secreted from the parasympathetic terminal. Communi-

cation between neurons and salivary gland cells consists of neurotransmitter secretions and receptor

signaling and occur in a manner similar to signal transduction between neurons.2 Cell-to-cell communica-

tion is a common and important mechanism of various physiological functions. For example, muscarinic re-

ceptors, which are important in neuron-to-neuron communication, also play an important role in neuron-to-

salivary gland communication. If a factor regulating neuron-to-neuron communication was also expressed

in the salivary glands, this factor would play an important role in neuron-to-salivary gland communication in

the parasympathetic terminal of the salivary gland.

Recent transcriptomic analyses of salivary glands have revealed many factors linked to salivary gland func-

tion.3–9 These studies have contributed greatly to understanding the differences between the three major

salivary glands,3,4 the diversity of cells constituting salivary glands,5 and the developmental mechanisms of

salivary glands.4,6,7,9 Notably, many genes (e.g., Tlx2, Hand2, Phox2b, Ascl1, Tubb4, Sox10, and Ngfr) ex-

pressed in the submandibular glands are similarly expressed in neurons.6,7 In addition, the salivary func-

tions of the factors that have been identified in the neurons have been studied. For example, Rac1/

cdc42 and their interactors are important for the structure and function of neuronal synapses.10 However,

the roles of common neuron-salivary gland factors in salivary function remain largely unknown.

Neuronal growth regulator 1 (NEGR1) is a GPI-linked cell-adhesion molecule and a part of the immuno-

globulin LON (IgLON) family with Ig-like domains. NEGR1, which was initially discovered as an obesity-

related factor,11–13 is expressed throughout the brain, including in the cerebral cortex and hippocampus.14

A genome-wide association investigation of major depression revealed that NEGR1 is an etiological factor

for major depression.15–17 NEGR1 plays an important role in synaptic structure and function, including the

promotion of synaptogenesis and dendrite formation.18,19 In addition, NEGR1 regulates receptor signaling

in postsynaptic neurons and maintains synaptic plasticity.20,21 However, the role of NEGR1 expression in

the salivary glands has not yet been elucidated.
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Here, we tested salivary secretion in an animal model without NEGR1 expression and investigated changes

in the cellular mechanism of salivation. We found that NEGR1 is expressed in the salivary glands and plays

an important role in maintaining Ca2+ signaling of muscarinic receptors. Attempts to elucidate the salivary

gland function of common neuro-salivary gland factors can contribute to elucidating the mechanism of dry

mouth of unknown cause.

RESULTS

Neuronal growth regulator 1 (Negr1) expressed in mouse and human salivary glands

First, we searched the publicly accessible single-cell RNA-seq database to see whether NEGR1 expression

could be detected in the mouse submandibular gland. In embryonic day 12 submandibular gland mesen-

chyme (Figures 1A and 1B) and adult mouse submandibular gland duct (Figures 1C and 1D), NEGR1

expression was confirmed. We sought to confirm that NEGR1 is expressed in the mouse submandibular

glands. The polymerase chain reaction (PCR) results showed that NEGR1 is expressed not only in themouse

brain (i.e., the cerebral cortex and hippocampus) and stomach, but also in mouse submandibular salivary

glands (Figure 2A). We conducted a quantitative PCR experiment to verify the expression of NEGR1 (Fig-

ure 2C). We found that NEGR1 was also expressed in the human submandibular gland by performing RT-

PCR on samples of human submandibular gland (HSG) tissue and the HSG cell line (Figure 2B). To reveal the

function of NEGR1 in the salivary glands, we examined the structure and function of the salivary glands in

knockout (KO)mice in which NEGR1 expression was eliminated. Ultimately, there was no difference in gross

morphology (Figure 2D), and the size (Figure 2E) of the submandibular glands between wild-type (WT) mice

andNegr1 KOmice. The expression levels of acinar cell marker aquaporin-5 (AQP5) and ductal cell marker

E-cadherin were not altered inNegr1 KOmice (Figure 2F). Performing immunohistochemical analysis using

AQP5 and E-cadherin, we found that Negr1 KO mice have normal acinar and ductal structures in their sub-

mandibular glands. (Figure 2G). Despite being expressed during the embryonic period, these results sug-

gest that NEGR1 does not affect the development of mouse submandibular glands.

A B

C D

Figure 1. Neuronal growth regulator 1 (Negr1) mRNA expression in mouse submandibular gland analyzed by

single cell RNA-seq database

(A) tSNE (t-distributed stochastic neighbor embedding) plot of embryonic day 12 (E12) mouse submandibular glands.

(B) Violin plots demonstrate expression of Negr1 in the cell populations of E12 submandibular glands. The single cell

RNA-seq datasets can be found in the Gene Expression Omnibus (GEO) database at https://www.ncbi.nlm.nih.gov/geo/-

GSE127469.

(C) Uni-form manifold approximation and projection (UMAP) plot of adult mouse submandibular glands.

(D) Violin plots demonstrate expression of Negr1 in the cell populations of adult mouse submandibular glands. The single

cell RNA-seq datasets can be found in the GEO database at https://www.ncbi.nlm.nih.gov/geo/- GSE175649.
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Figure 2. Negr1 expressed in mouse and human salivary glands

(A) Messenger RNA expression levels of mouse Negr1 genes were monitored in the mouse submandibular glands,

cerebral cortex, hippocampus, and stomach of wildtype (WT) and Negr1 knockout (KO) mice. Gapdh: glyceraldehyde

3-phosphate dehydrogenase, a housekeeping gene used as a PCR positive control.

(B) Messenger RNA expression levels of humanNegr1 genes were monitored in a human submandibular gland (HSG) cell

line and human submandibular gland tissue. Gapdh: a housekeeping gene used as a PCR positive control.

(C) Quantitative RT-PCR analysis of Negr1 messenger RNA in the mouse submandibular glands, cerebral cortex,

hippocampus, and stomach ofWT (n = 5) andNegr1 KOmice (n = 5) normalized to a reference gene (Gapdh). Fold change

in Negr1 mRNA expression is relative to WT mice and averaged from independent experiments.

(D) The gross morphology of the submandibular gland tissue fromWT and Negr1 KOmice was visualized by hematoxylin

and eosin staining. Scale bars, 50 mm.

(E) The submandibular gland size was monitored in WT (n = 8) and Negr1 KO mice (n = 8).
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Negr1 expression is not related in primary Sjogren’s syndrome

Because Sjogren’s syndrome is one of the main causes of dry mouth, it is interesting to examine the correlation

between NEGR1 and Sjogren’s syndrome. We found two databases by searching the NCBI GEO database with

the keyword ‘Sjogren’ (GEO: GSE164885, GEO: GSE135635), although there were no results with the keyword

‘dry mouth’ or ‘xerostomia’. A study targeting plasmacytoid dendritic cells and the expression of NEGR1 re-

vealed fold changes of 1.14 and 0.89 in primary Sjogren syndrome patients compared to healthy donors22 (Fig-

ure 3A). Another study targeting peripheral bloodmononuclear cells showed that the expression of NEGR1 had

a fold change of 1.24 in primary Sjogren’s syndrome patients compared to healthy donors23 (Figure 3B). This

means that NEGR1 expression does not show significant changes in Sjogren’s syndrome.

AQP5 expression is not altered in Negr1 KO mice

We also evaluated the effects of NEGR1 on the expression of AQP5, which allows water movement and

saliva formation. The total messenger RNA expression of AQP5 in the submandibular glands confirmed

by quantitative PCR did not differ between the two types of mice (Figures 4A and 4B). We performed

AQP5 FACS analysis with EpCAM, an epithelial cell adhesion molecule, and found that there was no differ-

ence in the AQP5 surface expression levels between WT and Negr1 KO mice (Figures 4C–4E).

Muscarinic Ca2+ signaling and store-operated Ca2+ entry are decreased in Negr1 KO mouse

To investigate the molecular mechanism of reduced salivation in Negr1 KOmice, we examined muscarinic

Ca2+ signaling, which plays an important role in salivary secretion. We found that the carbachol-mediated

intracellular Ca2+ increase was smaller in Negr1 KO mice than in WT mice (Figures 5A–5C). Activation of

muscarinic receptors in the salivary glands triggers a release of Ca2+ from the intracellular calcium pool

via phospholipase C (PLC)-mediated inositol 1,4,5-trisphospate (IP3) production, which is followed up by

Figure 2. Continued

(F) The expression levels of aquaporin-5 (AQP5) and E-cadherin (E-cad) weremonitored in the submandibular gland ofWT

(n = 4) and Negr1 KO mice (n = 4).

(G) Representative immunofluorescence images of mouse submandibular gland tissues were immunostained with anti-

AQP5 (green) and anti-E-cadherin (red), and merged with DAPI image (blue). Scale bar, 10 mm. Data are represented as

mean G SEM. *p < 0.05.

A B

Figure 3. Negr1 mRNA expression in healthy donors and patients with primary Sjogren’s syndrome

(A) The bar graph indicates the relative expressions of Negr1 mRNA levels in healthy donors and patients. Publicly

available RNA-seq data of plasmacytoid dendritic cells (pDC) from healthy donors and patients with primary Sjogren’s

syndrome (pSS) were used. This study included two independent cohorts of donors and patients (n = 31 for each group)

and we performed RNA-seq with different sequencers (left: NextSeq 500 sequencer; right: lllumina HiSeq 4000

sequencer). The RNA-seq datasets can be found in the GEO database at https://www.ncbi.nlm.nih.gov/geo/-

GSE135635.

(B) The bar graph indicates the relative expressions of Negr1 mRNA levels in healthy donors and patients with pSS.

Publicly available RNA-seq data2 of peripheral blood mononuclear cells (PBMCs) from healthy donors and pSS patients

were used (n = 4 per group). This study analyzed the mRNA expression profiles in the PBMCs of healthy donors and

patients with pSS using transcription sequencing. The RNA-seq datasets can be found in the GEO database at https://

www.ncbi.nlm.nih.gov/geo/- GSE164885. Data are represented as mean G SEM.
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Figure 4. Expression levels of AQP5 in submandibular gland tissue of WT and Negr1 KO mice

(A and B) Quantitative PCR analysis of AQP5 mRNA in submandibular gland cells from WT and Negr1 KO mice.

(A) Real-time change in fluorescence with PCR cycle number in a representative quantitative PCR experiment. The result

was determined in technical triplicates and data are plotted as lines.

(B) Bar graph indicating the Aqp5 mRNA expression of WT (n = 4) and Negr1 KO mice (n = 4) was normalized to a

reference gene (Gapdh).

(C–E) AQP5 surface expression of submandibular gland cells in WT andNegr1 KOmice was measured by flow cytometry.

(C) Representative density plots are shown: Left gating of epithelial cell adhesion molecule (EpCAM)(+) cells, right gating

of AQP5(+) cells. Percentages reported in the flow plots indicate the percentage of EpCAM-labeled AQP5(+) cells in SMG

isolated from WT or Negr1KO mice.

(D) Representative histogram of EpCAM-labeled AQP5(+) cells in SMG isolated fromWT orNegr1 KOmice. The black line

from the black box of WT and red line from the red box of KO in panel C.

(E) Quantification of AQP5(+) cells of EpCAM(+) cells in WT (n = 3) andNegr1 KOmice (n = 3) by flow cytometry. Data are

represented as mean G SD.
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store-operated Ca2+ entry (SOCE) when pool depletion occurs.2 We found that the carbachol-induced

Ca2+ increase was decreased in Negr1 KO mice. The intracellular Ca2+ increase evoked by thapsigargin

(an SOCE-inducing SERCA inhibitor) was reduced as well in Negr1 KO mice (Figures 5D–5F). In addition,

we observed that cyclopiazonic acid induced Ca2+ influx was slightly decreased in KOmice. Because cyclo-

piazoic acid inhibits SERCA, this result confirms again the decrease in the store-operated Ca2+ entry in

Negr1 KO mice (Figures 5G–5I). We confirmed the existence of a decrease in SOCE in Negr1 KO mice

by measuring the SOCE current by whole-cell recording (Figures 6A–6C). These results indicated that

NEGR1 regulates muscarinic Ca2+ signaling.

Next, we investigated the effects of NEGR1 on the activity of the Ca2+-activated ion channels modulating

the paracellular water movement. ANO1 channels are Ca2+-activated Cl� channels that are expressed in

A B C

D E F

G H I

Figure 5. Impaired muscarinic Ca2+ signaling in Negr1 KO mouse submandibular gland cells

(A–C) Fura-2/AM–loaded dissociated submandibular gland cells fromWT (n = 52) andNegr1 KOmice (n = 64) were treated with 100 mMof carbachol for 30 s

and then with 3 mM of ionomycin for 30 s.

(A) Typical Ca2+ imaging traces of the fura-2 fluorescence ratio of cells.

(B) Cumulative probability of carbachol-induced Ca2+ increase.

(C) The quantification of carbachol-induced Ca2+ increase was normalized by the ionomycin-induced Ca2+ increase.

(D and E) Fura-2/AM–loaded dissociated submandibular gland cells from WT (n = 143) and Negr1 KO (n = 144) mice were incubated in Ca2+-free Hank’s

Balanced Salt Solution (HBSS) solution and stimulated with 1 mMof thapsigargin and then reincubated in 2.2 mM of Ca2+-containing HBSS solution to induce

store-operated Ca2+ entry (SOCE).

(D) Typical Ca2+ imaging traces showing the fura-2 fluorescence ratio of cells.

(E) Cumulative probability of the thapsigargin-induced Ca2+ increase.

(F) Quantification of the peak increase of the thapsigargin-mediated Ca2+ increase in Ca2+-containing HBSS solution.

(G–I) Fura-2/AM–loaded dissociated submandibular gland cells from WT (n = 43) and Negr1 KO (n = 43) mice were incubated in Ca2+-free HBSS solution,

stimulated with 10 mM of cyclopiazonic acid, and then re-incubated in 2.2 mM of Ca2+-containing HBSS solution to induce SOCE.

(G) Typical Ca2+ imaging traces showing the fura-2 fluorescence ratio of cells.

(H) Cumulative probability of the cyclopiazonic acid-induced Ca2+ increase.

(I) Quantification of the peak increase of the cyclopiazonic acid-mediated Ca2+ increase in Ca2+-containing HBSS solution. Data are represented as mean G

SEM. *p < 0.05; ***p < 0.001.

ll
OPEN ACCESS

6 iScience 26, 106773, May 19, 2023

iScience
Article



A B C

D E F

G H I

Figure 6. Decreased store-operated Ca2+ entry and increased large-conductance Ca2+-activated K+ channel (BK

channel) activity in Negr1 KO mice

(A) Representative current traces of SOCE currents obtained with 1 mM of thapsigargin in WT (n = 3) and Negr1 KO mice

(n = 3) submandibular gland cells. The protocol started with a 50-ms voltage step at �100 mV, then the holding voltage

was linearly increased to +100 mV in 100 ms, and the last 50 ms of the protocol consisted of a voltage step of 0 mV.

(B) I–V curves of currents induced by the depletion of Ca2+ store with 1 mM of thapsigargin with or without the treatment

with Gd3+ as a SOCE inhibitor.

(C) SOCE current intensity at �100 mV.

(D) Representative current traces of Ca2+-activated Cl� channel ANO1 channels in WT (n = 7) and Negr1 KO mice (n = 5)

submandibular gland cells. The cells were held at�60 mV, and depolarizing pulses from�100 to +100 mV were delivered

in 20-mV increments.

(E) The I�V relationship from the peak current of the ANO1 channel with or without treatment with Ani9, a specific ANO1

inhibitor.

(F) ANO1 channel peak current at +100 mV.

(G) Representative current traces of BK channels in WT (n = 8) andNegr1 KOmice (n = 10) submandibular gland cells. The

currents were obtained by step pulses (voltage interval: 20 mV; duration: 40 ms) from �110 mV to +70 mV.

(H) The I�V curves from the peak current of the BK channel with or without treatment with paxilline (Pax), a specific BK

channel inhibitor.

(I) BK channel peak current at +70 mV. Data are represented as mean G SEM. *p < 0.05; **p < 0.01.
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salivary acinar cells to generate Cl� flow, which is a driving force for primary fluid secretion.24 BK channels

are Ca2+-activated K+ channels, which induce hyperpolarization of the acinar cell membrane and support

Cl� flow.25 We compared ANO1 activity, and there was no difference between the two types of mice

(Figures 6D–6F). Meanwhile, BK channel activity was significantly increased in Negr1 KO mice

(Figures 6G–6I).

Reduced salivary secretion in Negr1 KO mice

Finally, we monitored the salivation inNegr1 KOmice. We found that the salivation induced by pilocarpine

(Figures 7A and 7B) and carbachol (Figure 7C) was significantly decreased inNegr1 KOmice relative to that

in WT mice. In addition, Negr1 KOmice exhibited a decrease in the pilocarpine-induced salivary secretion

specific to the submandibular gland (Figure 7D). Negr1 +/� heterozygous female mice showed marginal

decreased in salivation (Figures S1A and S1B). On the other hand, no significant difference was observed

in salivation with forskolin treatment (Figure S1C). With these results, we could confirm once again that sali-

vation was decreased in Negr1 KO mice and that the cause was impaired muscarinic Ca2+ signaling.

DISCUSSION

In this article, we found that NEGR1, which is known to regulate glutamatergic neurotransmission in hippo-

campal dentate gyrus granular cells, is expressed in mouse salivary glands and controls salivation by regu-

lating muscarinic transcellular water movement. Our data indicate that (1) NEGR1 is expressed in mouse

and human submandibular glands; (2)Negr1 KOmice showed decreased muscarinic Ca2+ signaling, espe-

cially SOCE; and (3) Negr1 KO mice experienced impaired salivation without histological changes in the

submandibular glands. With these findings, we have indicated a modulatory role of NEGR1 in salivary

Ca2+ signaling, which contributes to salivary secretion.

In our previous report, we studied the neuronal function of NEGR1 and found thatNegr1 KOmice showed a

decrease in long-term potentiation formation and an impairment of synaptogenesis.20 In this study, we

would like to emphasize the significant contribution of NEGR1 in neuro-salivary gland communication.

Most of all, it is surprising that NEGR1, which is expressed at a low level, functions as an important secretion

regulator. In general, it is reasonable to assume that adhesion molecules with a high molecule abundance

will have a high functional significance. As the characteristics of various CAMs are revealed, it is apparent

that the correlation between expression level and function is not constant. For instance, it is evident that

cell adhesion molecules have functions common to most of neurons, however, the degree of expression

varies considerably according to the type of neuron. Even if there is only a small amount of expression

of NEGR1, it is capable of interacting with other membrane proteins such as receptors and channels26 of

which interaction will reveal its function. Therefore, identifying and characterization of NEGR1-binding

partners in the future will enable more interesting studies of salivary gland function to be conducted.

Another interesting issue is that the regulation of SOCE by NEGR1 was discovered in this study. It is not

yet known how NEGR1 affects GPCR-mediated Ca2+ signaling. We assume that NEGR1 possibly affects

the G protein or Orai1 channels in the plasma membrane. Further research is needed on why the loss of

function of NEGR1 leads to the impairment of SOCE-mediated Ca2+ signaling. It would be also intriguing

to examine whether NEGR1 modulates the signaling of other GPCR-PLC-linked receptors expressed in the

salivary glands. In addition, it would be important to examine whether NEGR1 regulates Ca2+ signaling in

other organs (e.g., adipocytes) where GPCRs are responsible for physiological functions, thereby regu-

lating the function of the organ in question.

Not only salivary gland cells but also neurons contribute to salivation; as such, the decrease in salivation in

Negr1 KO mice needs to be evaluated in terms of both salivary gland cells and neurons. Previously, we

found that the neurotransmitter release efficiency of the excitatory synapse was not altered in Negr1 KO

mice.20 Therefore, the possibility that salivary dysfunction is because of changes in neurotransmitter secre-

tion efficiency is low. However, a decrease in miniature EPSC frequency was observed in Negr1 KO mice,

indicating impaired synaptogenesis.20 Thus, it would be interesting to elucidate whether NEGR1 regulates

synaptogenesis in the salivary glands. The salivary glands secrete neurotrophin, which promotes the sur-

vival and differentiation of innervating neurons and induces synaptogenesis.27–29 Therefore, it remains

possible that the salivary dysfunction observed in Negr1 KO mice is due in part to the impairment of the

synaptogenesis that connects salivary gland cells and neurons, which is not yet understood in detail. There-

fore, it would be interesting to explore these areas further using Negr1-conditional KO mice in the future.
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It is interesting that NEGR1, which is abundant in the duct, has an impact on the amount of saliva secreted.

It has long been accepted that the acinar is responsible for determining the amount of salivary secretion,

whereas the duct is responsible for determining the final composition of saliva. In addition, we are certain

that acinar plays a vital role in water production. However, the amount of saliva secreted has been reported

to be altered by ductal changes in several studies. It was observed that hyposalivation occurred in the an-

imal with increased expression of the salivary gland ductal SGLT1,30,31 and in the KK-AY type-2 diabetes

mellitus model which specifically altered duct function.32 Unlike normal conditions, pathological conditions

A

B

C

D

Figure 7. Pilocarpine and carbachol-mediated salivation were decreased in Negr1 KO mice

The mice were injected with (A) 300 mg/kg pilocarpine (male WT mice, n = 8; male Negr1 KO mice, n = 8), (B) 300 mg/kg

pilocarpine (female WT mice, n = 5; female Negr1 KO mice, n = 5), or (C) 7.4 mg/kg carbachol (male WT mice, n = 5; male

Negr1 KO mice, n = 5) and then saliva production from whole salivary glands was measured.

(D) The mice were injected with 300 mg/kg pilocarpine (male WT mice, n = 8; male Negr1 KO mice, n = 8) and then saliva

production from the submandibular glands was measured. Data are represented as salivation volume (left), mouse body

weight (middle), and salivation per mouse body weight (right). Data are represented as means G SEM. *p < 0.05;

**p < 0.01.
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(i.e. diabetes mellitus) show the possibility that the duct affects the salivary secretion directly or indirectly.

We speculate that the loss of NEGR1, a cell adhesion molecule, may result in a dysfunctional tight junction

or a mislocalization of membrane proteins in the ductal cell. A clear mechanism, however, requires further

investigation. It is hoped that future studies of duct-specific factors (such as NEGR1) that affect salivary

secretion will provide more clarity regarding the ductal role in salivation.

Dry mouth is caused by multiple factors, including Sjogren’s syndrome. It is interesting to note that (1) leu-

kemia inhibitory factor receptor (LIFR) which interacts with NEGR1,33,34 and (2) lipocalin-2 of which expres-

sion is controlled by NEGR1-LIFR interaction,35,36 play a role in regulating autoimmunity. Furthermore, the

saliva and tears of patients with primary Sjogren’s syndrome were found to contain increased levels of

neutrophil gelatinase-associated lipocalin (NGAL), a human analogue of lipocalin-2.37,38 Therefore, if the

loss of function of NEGR1 contributes to reduced salivation, it would be interesting to examine the corre-

lation between NEGR1 and Sjogren’s syndrome. However, the bioinformatics analysis of the publicly avail-

able RNA-seq databases of Sjogren syndrome patients did not reveal any changes in NEGR1 (Figure 3), and

no histological changes (such as immune cell infiltration) were observed in the submandibular gland of

Negr1 KO mice (Figure 2). Apart from Sjogren’s syndrome, salivary gland hypofunction can be caused

by a variety of factors. The results of our study indicate that NEGR1 alters the communication between sali-

vary glands and nerves, specifically muscarinic Ca2+ signals. Recently Negr1 gene disruption because of

1p31.1 microdeletion has been reported in two human patients; A 14-year-old female patient displayed

phenotypes of intellectual disability, language delay, and disruptive behavior disorder, and a 5-month-

old infant showed symptoms of global hypotonia and difficulty sucking.39 However, to date, no NEGR1mu-

tation has been found in patients with dry mouth. It remains unclear whether (or how much) dry mouth oc-

curs in patients with major depression with a Negr1mutation. Dry mouth has been observed in a variety of

neurological and psychiatric patients, including those with anxiety,40,41 depression,41 schizophrenia,42 and

bipolar disorder.42 The causal factors of dry mouth observed in neurological and psychiatric patients can be

complicated by side effects from treatment drugs.43,44 Nevertheless, it is crucial to identify the cause of dry

mouth—whether genetic or drug-induced—to establish a diagnostic and treatment strategy. Study of the

neuro-exocrine common factor that regulates receptor signaling will ultimately contribute to elucidating

the causative mechanism of dry mouth with an unclear etiology.

Limitations of the study

Wementioned that lack of results from using Negr1-conditional KOmice as weakness of our study. In addi-

tion, wewere unable to provide the experimental evidence for theNEGR1’s localization to determine which

cells in mouse salivary glands express NEGR1. Despite long experimental attempts, ultimately, we were

unable to determine the distribution of NEGR1 despite repeated immunohistochemistry experiments.

Commercially available NEGR1 antibodies were found to show the similar pattern on WT and Negr1 KO

tissue, which rendered them unsuitable for use in histological analysis. It is a reality that many other

NEGR1 studies targeting the brain and adipose tissue have not yet yielded reliable histological results.

We found that male and female mice displayed slight differences in the granular convoluted tubule struc-

tures in salivary glands, but no differences in secretion amount. In light of this, relatively little is known about

the structure and function of salivary glands in relation to sexual diversity, which resulted in a very inter-

esting discovery. The majority of previous studies of salivary gland structure and function have been con-

ducted on male mice to rule out the possibility of showing variations in various conditions (e.g. estrous cy-

cle). We did not observe sexual diversity in the salivation ofNegr1 KOmice, so further in-depth studies have

not been conducted. However, our findings are likely to raise a number of new questions.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Goat-anti E-cadherin R&D Systems Cat# AF-748; RRID:AB_355568

Mouse-anti AQP5 Santa Cruz Biotechnology Cat# sc-514022;

RRID:AB_2891066

HRP-conjugated goat-anti mouse Jackson ImmunoResearch Cat# 115-035-003;

RRID: AB_10015289

HRP-conjugated donkey-antigoat Jackson ImmunoResearch Cat# 705-035-147;

RRID: AB_2313587

Goat polyclonal anti-AQP5 Santa Cruz Biotechnology Cat# sc-9891; RRID:AB_2059874

Mouse monoclonal anti-E Cadherin BD Biosciences Cat# 610181; RRID:AB_397580

Alexa Fluor 647-conjugated donkey anti-goat

IgG

Invitrogen Cat# A-21447; RRID:AB_2535864

Alexa Fluor 488-conjugated donkey anti-

mouse IgG

Invitrogen Cat# A-21202; RRID:AB_141607

Alexa Fluor 647-conjugated rabbit anti-AQP5 Abcam Cat# ab215225

PE-conjugated rat anti-EpCAM Thermo Fisher Scientific Cat#12-5791-82; RRID:AB_953615

Chemicals, peptides, and recombinant proteins

Superscript III Invitrogen Cat# 18080-093

Solg� 2X Taq PCR Smart mix 2 SolGent Cat# STD02-M50h

Xylene Duksan Chemicals Cat# UN1307

Hematoxylin Vector Laboratories Cat# H-3401

Eosin T & I Cat# BEY-9005

Trypsin–EDTA Gibco Laboratories Cat# 25200-056

Collagenase Sigma-Aldrich Cat# C6885

Dulbecco’s modified eagle medium Gibco Laboratories Cat#10569-010

Fura-2/AM Invitrogen Cat# F1201

Pluronic F-127 Molecular Probes Cat# P3000MP

SYBR Premix Ex Taq Takara Cat# RR420A

Experimental models: Organisms/strains

Mouse: C57BL6 Orientbio N/A

Mouse: Negr1�/� Dr. Sung Joong Lee N/A

Deposited data

scRNAseq (GSE1274697) Sekiguchi et al.7 GEO:GSE1274697

scRNAseq (GSE17564954) Horeth et al.45 GEO:GSE17564954

RNAseq(GSE135635) Joo et al.12 GEO:GSE135635

RNAseq(GSE164885) Flores-Dorantes et al.13 GEO:GSE164885

Oligonucleotides

Mouse Negr1 (for PCR) Noh et al.20 N/A

Mouse Gapdh (for PCR) Lee et al.46 N/A

Human Negr1 (for PCR) This paper N/A

Human Gapdh (for PCR) This paper N/A

(Continued on next page)

ll
OPEN ACCESS

14 iScience 26, 106773, May 19, 2023

iScience
Article



RESOURCE AVAILABILITY

Lead contact

Further information and requests for resources and reagents should be directed to the lead contact and

corresponding author, Se-Young Choi (sychoi@snu.ac.kr).

Materials availability

All unique/stable reagents generated in this study are available from the corresponding author with a

completed Materials Transfer Agreement.

Data and code availability

All data reported in this paper will be shared by the lead contact upon request.

No original code was reported in this study.

Any additional information required to reanalyse the data reported in this paper is available from the lead

contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Animals

All male and female mice were housed in an animal facility with a specific pathogen-free barrier under in a

controlled environment at 22–24�C, 55% humidity and a 12-h light/dark cycle. Mice were allowed access to

food and water ad libitum. All experiments were performed on wild-type (C57BL/6N) andNegr1 KOmice of

C57BL/6N background with the experimental procedures to reduce pain, suffering and distress. The mice

were allowed unlimited access to standard chow and water prior to the experiments. In addition, they were

deprived of food and water for at least two hours before the experiment. Typically, experiments begin at 2

pm and last for two to three hours. It took 30 minutes to extract the salivary glands from a mouse. The mice

were anesthetized with a mixture of xylene and ketamine and sacrificed by decapitation for measuring

weigh of the gland. Histological studies were conducted on the male and female mice after they had

been fixed by cardiac perfusion. We followed the Animal Research: Reporting In Vivo Experiments

(ARRIVE) guidelines 2.0. All procedures were conducted in accordance with the Guide for the Care and

Use of Laboratory Animals and were approved by the Seoul National University Institutional Animal Care

and Use Committee (SNU IACUC).

METHOD DETAILS

RNA isolation and PCR

Total RNA was prepared from the cerebral cortex, hippocampus, stomach, and submandibular glands of

C57BL/6 mice and submandibular glands of Negr1 KO mice. The tissues were homogenized in Trizol re-

agent (Ambion, Austin, TX, USA), and RNA was extracted according to the manufacturer’s protocol. Com-

plementary DNA (cDNA) was reverse-transcribed from 2 mg total RNA primed with 10-pmole oligo-dT in a

20-ml reaction containing SuperScript� III reverse transcriptase (18080093; Thermo Fischer Scientific,

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Mouse AQP5 (for single cell RT-PCR) This paper N/A

Software and algorithms

Zen3.5 Zeiss https://www.zeiss.com/microscopy/int/

products/microscope-software/zen.html

Metafluor 6 Molecular Devices https://www.moleculardevices.com

PATCHMASTER HEKA Elektronik https://heka.com

FACSUITE BD Biosciences https://www.bdbiosciences.com

QuantStudio� real-time PCR detection system Applied Biosystems https://www.thermofisher.com/qpcr

BioRender BioRender https://www.biorender.com
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Waltham, MA, USA). PCR analysis was performed using Solg� 2X Taq PCR Smart mix 2 (STD02-M50h;

SolGent, Daejeon, Republic of Korea), 1 ml cDNA template from the reverse transcription reaction, and for-

ward and reverse primers (each 0.8 mM) in a 20-ml reaction. The protocol consisted of incubation at 95�C for

2 minutes, followed by 35 cycles of 95�C for 20 seconds, 55�C for 40 seconds, and 72�C for 20 seconds,

which was then extended at 72�C for 5 minutes in a SimpliAmp thermocycler (Applied Biosystems, Wal-

tham, MA, USA). All of the amplified reaction product was electrophoresed on a 1.5% agarose gel.

Mouse Negr1-specific PCR primers were designed as follows: 50-gcttctgagcctgtgctctt-30 (forward) and
50-cacttgtcacctccagcaaa-30 (reverse). Human Negr1-specific PCR primers were designed as follows:

50-cagcctgtgctgcctgcta-30 (forward) and 50-cacttatcacctcccgcaaa-30 (reverse). PCR primers for Gadph

were designed as follows: 50-gtcttcaccaccatggaga-30(forward) and 50-aagcagttggtggtgcag-30 (reverse).

Hematoxylin and eosin staining

Hematoxylin and eosin staining was performed according to a previously published method.47 SMG sam-

ples were fixed in 4% paraformaldehyde overnight at 4�C and embedded in paraffin. Tissue sections (5 mm)

were deparaffinized in xylene (UN1307; Duksan Chemicals, Ansan, Republic of Korea) and rehydrated with

ethanol. The samples were stained with hematoxylin (H-3401; Vector Laboratories, Burlingame, CA, USA)

for 4 minutes and eosin (BEY-9005; T & I, Chuncheon, Republic of Korea) for 2 minutes. Images from the

sections were captured by a digital upright fluorescence microscope (Olympus BX51; Olympus Corpora-

tion, Tokyo, Japan).

Tissue protein purification

Following cardiac perfusingNegr1�/� andWTmice (8-week-old) with 0.1 M phosphate-buffered saline, we

isolated submandibular salivary glands, then immediately put them into the RIPA lysis buffer with 1⨉ pro-

tease inhibitor (Sigma-Aldrich, Saint Louis, MO, USA) and phosphatase inhibitor (1 mM Na3VO4, 1 mM

NaF). On the same day of salivary gland isolation, we extracted its proteins and determined the total pro-

tein concentrations using a BCA protein assay kit (Thermo Scientific, Waltham, MA, USA, 23227). We ali-

quoted proteins (0.5 mg/ml) with SDS-PAGE sample buffer and denatured them at 95�C for 5 min.

SDS-PAGE

To broaden the gaps between the target and its surrounding bands, we used 8% and 12% running gels for

E-cadherin and AQP5, respectively. Tris-glycine SDS running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS)

was used for electrophoresis. After electrophoresis, we transferred proteins onto the nitrocellulose mem-

branes with 20% methanol-contained tris-glycine SDS transfer buffer (48 mM, 39 mM, 0.037% SDS) at

100 mV for 2 h.

Western blotting

We blocked blotted membranes with blocking buffer (5% bovine serum albumin (BSA) in Tris-buffered sa-

line with 0.05% tween-20 (TBST)) for 1 hat room temperature, then incubated with primary antibodies (goat-

anti E-cadherin, AF-748, R&D Systems, Minneapolis, MN, USA, 1:2000, mouse-anti AQP5, sc-514022, Santa

Cruz Biotechnology, Delaware Avenue Santa Cruz, CA, USA, 1:2000, mouse-anti b-actin, A2228, Sigma-

Aldrich, 1:2000) for 16–21 hat 4 C. After washing with TBST 10 min three times, and we incubated the mem-

branes with HRP-conjugated secondary antibodies (goat-anti mouse, 115-035-141, 1:1000; donkey-anti-

goat, 705-035-147, 1:1000, Jackson ImmunoResearch, West Grove, PA, USA) for 1.5 hat room temperature.

The immunoblotting was visualized using the enhanced chemiluminescence reagent (ECL; AbFrontier,

LF-QC0103, Seoul, South Korea). When we used the membranes more than once, we removed antibodies

with a low-pH stripping buffer (pH 2.2; 200 mM glycine, 1% SDS, 0.03% Tween-20) for 5–10 minat RT and

then re-start the blocking step.

Immunofluorescent staining

Immunofluorescent staining was performed according to a previously published method.48 The deparaffi-

nized and rehydrated tissue sections on slides were washed with 0.15% Triton X-100 in PBS (PBST). The

endogenous peroxidase activity was blocked using 0.6% hydrogen peroxide in methyl alcohol for

20 min. Following washing with PBST, nonspecific binding sites were blocked for 60 min with 3% BSA.

The slides were then incubated overnight at 4�C with the appropriate primary antibody. After being

washed with PBST, the slides were incubated for 2 hr at room temperature with the appropriate

secondary antibody. The primary antibodies used were sc9891 (Santa Cruz Biotechnology, Dallas, TX,
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USA) for anti-AQP5 and #610181 (BD Biosciences, San Jose, CA, USA) for anti-E-cadherin. Secondary an-

tibodies were Alexa Fluor 647-conjugated anti-goat secondary (1:200; Invitrogen, Waltham, MA, USA)

and Alexa Fluor 488-conjugated anti-rabbit secondary (1:200, Invitrogen) antibodies. Finally, the slides

were covered with mounting medium that contained DAPI. After mounting, images from the sections

were captured by a digital upright fluorescence microscope (Olympus BX51; Olympus Corporation, Tokyo,

Japan).

Salivation measurement

Salivation from mice was measured according to a previously published method.49 A deeply anesthetized

and immobilized mouse was injected intraperitoneally with secretagogues. Next, preweighed dry swabs

were immediately placed into the oral cavity for 15 minutes for collection of the secreted saliva; wet swabs

were then transferred to a microfuge tube, and the difference between the wet weight and dry weight was

calculated to obtain the weight of saliva produced. To measure saliva from the submandibular gland spe-

cifically, we used Schirmer tear flow test strips (501–757, Surgo Surgical Supply) as described previously.50

After the mouse had been anesthetized with a mix of xylene and ketamine, the mouth of the immobilized

animal was opened, and the tongue was fixed with silkam (P00000PB, B.Braun). A mouse was injected intra-

peritoneally with pilocarpine, and Schirmer strips were soaked for 10 minutes to measure saliva secreted

from the submandibular glands.

Mouse submandibular gland cell preparation

Isolated mouse submandibular gland cells were prepared according to a previously published method.51

Mouse submandibular glands were surgically removed, finely minced with scissors, and digested for 5 mi-

nutes in 0.02% trypsin–EDTA (25200-056; Gibco Laboratories, Gaithersburg, MD, USA) and 0.5 mg/ml of

collagenase (C6885; Sigma-Aldrich, St. Louis, MO, USA) in serum-free Dulbecco’s modified eagle medium

(DMEM, 10569-010; Gibco Laboratories, Gaithersburg, MD, USA). The cells were dispersed by trituration

through a heat-polished Pasteur pipette 10 times every 10 minutes using decreasing pore sizes (L-M-S).

Next, the cells were centrifuged at 190 3 g for one minute and then washed twice with serum-free Dulbec-

co’s modified eagle medium. The resuspended cells in serum-free media were then filtered through a 40-

mm cell strainer (Becton, Dickinson and Company, Franklin Lakes, NJ, USA). Finally, the cells were attached

to poly D-lysine–coated glass coverslips or a 35-mm dish.

Ca2+ imaging

Ca2+ imaging was performed according to a previously published method.52 Cells were isolated as

described above and loaded with 2 mM fura-2/AM and 0.01% pluronic F-127 (Molecular Probes, Eugene,

OR, USA) for 40 minutes at 37�C. The cells on coverslips were mounted onto the inverted microscope

(Olympus IX70; Olympus Corporation) and perfused continuously at 2 ml/min by a bath solution containing

(mM) 140 NaCl, 5 KCl, 1 MgCl2, 2 CaCl2, 10 HEPES, and 10 glucose (pH 7.20). All measurements were per-

formed at room temperature. Cells were illuminated with a 175-W xenon arc lamp, and excitation wave-

lengths (340/380 nm) were selected by a Lambda DG-4 monochromator filter changer (Sutter Instrument

Company, Novato, CA, USA). The intracellular free calcium concentration was measured by digital video

microfluorometry with an intensified charge-coupled device camera (CasCade; Roper Scientific, Sarasota,

FL, USA) coupled to a microscope and a software program (Metafluor 6; Molecular Devices, San Jose,

CA, USA).

Electrophysiology

ANO1, BK, SOCE activities were measured in mouse salivary gland acinar cells using whole-cell patch-

clamp techniques. For measuring ANO1 channel current,53 the patch pipette solution was contained within

a solution containing (mM) 148 N-methyl-D-glucamine-Cl (NMDG-Cl), 10 EGTA, 7.4 CaCl2, 3 MgATP, and

10 HEPES (pH 7.2). The external bath solution contained (mM) 146 NMDG-Cl, 1 CaCl2, 1 MgCl2, 10 HEPES,

and 5 glucose (pH 7.4). The stimulation protocol to generate current–voltage relationships consisted of

500-ms voltage steps from �100 to +100 mV in 20-mV increments, starting from a holding potential

of�60 mV. For measuring BK channel current,51 the patch pipette solution was contained within a solution

containing (mM) 135 K-glutamate, 5 EGTA, 3 CaCl2, and 10 HEPES (pH 7.2). The external bath solution con-

tained (mM) 150 Na-glutamate, 5 K-glutamate, 2 CaCl2, 2 MgCl2, and 10 HEPES (pH 7.2). The stimulation

protocol to generate current-voltage relationships consisted of 40-ms voltage steps from �110 to +70 mV

in 20-mV increments starting from a holding potential of�70 mV. For measuring SOCE current,54 the patch
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pipette solution was contained within a solution containing (mM) 150 Cesium methane sulfonate, 8 NaCl,

and 10 HEPES (pH 7.2). The external bath solution contained (mM) 145 NaCl, 5 CsCl, 1 CaCl2, 1 MgCl2, 10

HEPES, and 10 glucose (pH 7.3). With holding potential 0 mV, voltage ramps ranging from �100 mV

to +100 mV and 100 milliseconds duration were delivered at 2 seconds intervals after whole-cell configu-

ration was formed. Whole-cell patch-clamp recordings were obtained using a HEKA EPC-9 amplifier (HEKA

Elektronik, Lambrecht, Germany). Data were acquired and analyzed using the PATCHMASTER software

program (HEKA Elektronik).

Flow cytometry

To evaluate the surface AQP5 expression, we used flow cytometry performed according to a previously

published method.51 Mouse dissociated submandibular cells were obtained by mashing using a 100-mm

cell strainer, followed by washing the cell strainer twice with 5 ml of 0.5% bovine serum albumin (BSA) in

phosphate-buffered saline (PBS). The cells were centrifuged at 190 3 g and washed twice with 0.5% BSA

in PBS. The cells were washed, and blocked with 2% BSA in PBS. After blocking, the cells were washed

and resuspended in 100 mL of Alexa Fluor 647–conjugated AQP5 antibody (ab215225, 1:500; Abcam)

and PE-conjugated EpCAM antibody (12-5791-82, 1:200, eBioscience, San Diego, CA, USA) and incubated

for 30 minutes at 4�C in the dark. All of the washing steps were carried out using 1% FBS in PBS as washing

buffer, followed by centrifugation (8,000 rpm for oneminute at 4�C). The labeled cells were kept on ice until

analysis. The cell samples were acquired on a FACSVerse flow cytometer equipped with the FACSUITE soft-

ware program (BD Biosciences, San Jose, CA, USA).

Quantitative real-time PCR

To measure quantitative Aqp5 mRNA in submandibular glands, we used previously described methods46

and performed using the SYBR Premix Ex Taq (RR420A; Takara, Tokyo, Japan) and the QuantStudio� real-

time PCR detection system (Applied Biosystems, Waltham, MA, USA). cDNAs were amplified in 20 ml PCR

reactions using 1 ml of RT reaction. Reactions with appropriate melting curve were selected for analysis and

all primer sets were analyzed in triplicate. The Gapdh mRNA level was used as an internal control to

normalize the values for transcript abundance of Aqp5 genes. We performed four qRT-PCR experiments

and averaged from triplicate analysis of each experiment.

Single cell RNA sequence analysis

Two published scRNA-seq datasets of SMGs from embryonic day 12 (E12) (GEO: GSE1274697) and adult

mice (GEO: GSE17564945) were downloaded and analyzed using the Seurat 4.1.0 R package. Cells with

the total number of molecules (nCount_RNA) less than 40,000, the number of detected genes (nFeatur-

e_RNA) between 200 and 5,000, andmitochondrial transcript less than 50% were used for subsequent anal-

ysis after normalized using Seurat’s logNormalize with a scale factor of 10,000. The dimensional reduction

was performed by t-distributed stochastic neighbor embedding (tSNE) or Uniform Manifold Approxima-

tion and Projection (UMAP) algorithms on 2,000 highly variable genes and clustered by a shared nearest

neighbor (SNN) modularity optimization-based clustering algorithm. The clusters were annotated accord-

ing to an expression of known cell type-specific markers. Epithelial populations were identified by expres-

sion of Epcam (all epithelium), Cftr (striated duct), Ngf and Egf (GCT), Krt14, and Krt5 (basal duct), Gstt1

(intercalated duct), Acta2 (myoepithelial cells), and Aqp5 (acinar cells). Non-epithelial clusters were iden-

tified by expression of Col1a1 (stromal cells), Pecam1 (endothelial), Cd68 (macrophages), Icos (T cells),

Kit (mast cells), Nkg7 and Gzma (NK cells), Acta2+Epcam- (smooth muscle), and Alas2+ (erythroid). Embry-

onic day 12 populations were identified by expression of Krt14 and Krt5 (basal duct), Krt19 (duct), Sox10

(bud), Tubb3 (neuronal), Acta2+Epcam- (smooth muscle) Col1a1 (mesenchyme), Pecam1 (endothelial),

and Cd68 (macrophages).

RNA sequence analysis

Raw and processed RNA-seq datasets were deposited in the National Center for Biotechnology Informa-

tion Gene Expression Omnibus, accession numbers GEO: GSE135635 and GEO: GSE164885.22,23 RNA

expression datasets and details were collected from the SRA database (SRP301904, SRP217937). Reads

were processed using the genome analysis tool Galaxy.55 The analysis starts from data uploading using

FastQ. RNA-seq reads for each library were mapped and quantified independently using reference tran-

scriptome sequences of human genome build hg38, downloaded via RefSeq. Differentially expressed

genes from RNA-Seq data were detected using the method of Kallisto. From the mapped sequences,
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the number of reads per annotated genes were counted using Tximport. The TPM values of theNegr1 gene

were compared.

QUANTIFICATION AND STATISTICAL ANALYSIS

Statistics

All quantitative data are expressed as means G SEM. Differences were determined by unpaired Student’s

t-test or one-way analysis of variance test with genotype of tissue by the least significant difference post-

hoc test and were considered significant when p was less than 0.05. Data were analyzed using SPSS version

23 software (IBM, Armonk, NY, USA).
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