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Introduction
Patients with hypohidrotic ectodermal dysplasia (HED) typi-
cally present with sparse hair, missing teeth, exocrinopathies of 
sweat and salivary glands, and craniofacial dysmorphologies 
(Pinheiro and Freire-Maia 1994; Priolo and Lagana 2001; Itin 
and Fistarol 2004; Visinoni et al. 2009). X-linked HED 
(X-LHED), the most common form of HED, is caused by EDA 
(ectodysplasin A) gene mutations (Kere et al. 1996; Martinez 
et al. 1999). Clinical studies reported that patients with 
X-LHED have decreased saliva production and increased sali-
vary NaCl content (Nordgarden et al. 2003; Lexner et al. 2007). 
Like EDA mutations in humans, Tabby X-LHED mice present 
an analogous murine Eda-deficiency disorder (Ferguson et al. 
1997; Srivastava et al. 1997). The submandibular salivary 
glands of Tabby X-LHED mice exhibit less branching morpho-
genesis, consistent with the essential role of Eda in embryonic 
salivary gland development (Jaskoll et al. 2003; Melnick et al. 
2009; Haara et al. 2011). Moreover, perinatal treatment of 
Tabby mice with recombinant Eda protein rescues the X-LHED 
phenotype, including restoration of sweat gland, hair, teeth, 
and salivary glands (Gaide and Schneider 2003; Jaskoll et al. 
2003; Wells et al. 2010).

The compromised salivary gland development associated 
with EDA mutations leads to hyposecretion and changes in the 
ionic composition of saliva (Nordgarden et al. 2003; Lexner  
et al. 2007); however, the specific mechanism by which EDA-
null mutations cause salivary gland dysfunction is unknown. 
Saliva is generated in 2 stages wherein secretory acinar cells 
produce a plasma-like, NaCl-rich saliva (stage 1) and, subse-
quently, much of the NaCl secreted by the acinar cells is reab-
sorbed upon passage through the ducts (stage 2; Melvin et al. 
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Abstract
Mutations in the ectodysplasin A gene (EDA) cause X-LHED (X-linked hypohidrotic ectodermal dysplasia), the most common human 
form of ectodermal dysplasia. Defective EDA signaling is linked to hypoplastic development of epithelial tissues, resulting in hypotrichosis, 
hypodontia, hypohidrosis, and xerostomia. The primary objective of the present study was to better understand the salivary gland 
dysfunction associated with ectodermal dysplasia using the analogous murine disorder. The salivary flow rate and ion composition of 
the 3 major salivary glands were determined in adult Eda-deficient Tabby hemizygous male (Ta/Y) and heterozygous female (Ta/X) mice. 
Submandibular and sublingual glands of Eda-mutant mice were smaller than wild-type littermates, while parotid gland weight was not 
significantly altered. Fluid secretion by the 3 major salivary glands was essentially unchanged, but the decrease in submandibular gland 
size was associated with a dramatic loss of ducts in Ta/Y and Ta/X mice. Reabsorption of Na+ and Cl–, previously linked in salivary 
glands to Scnn1 Na+ channels and Cftr Cl- channels, respectively, was markedly reduced at high flow rates in the ex vivo submandibular 
glands of Ta/Y mice (~60%) and, to a lesser extent, Ta/X mice (Na+ by 14%). Consistent with decreased Na+ reabsorption in Ta/Y mice, 
quantitative polymerase chain reaction analysis detected decreased mRNA expression for Scnn1b and Scnn1g, genes encoding the β and 
γ subunits, respectively. Moreover, the Na+ channel blocker amiloride significantly inhibited Na+ and Cl– reabsorption by wild-type male 
submandibular glands to levels comparable to those observed in Ta/Y mice. In summary, fluid secretion was intact in the salivary glands 
of Eda-deficient mice but displayed marked Na+ and Cl– reabsorption defects that correlated with the loss of duct cells and decreased 
Scnn1 Na+ channel expression. These results provide a likely mechanism for the elevated NaCl concentration observed in the saliva of 
affected male and female patients with X-LHED.
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2005; Lee et al. 2012). Acinar cell fluid secretion involves the 
coordinated activity of multiple ion channels and transporters 
(Melvin et al. 2005; Lee et al. 2012), while Na+ and Cl– reab-
sorption by the ducts is mediated by Scnn1 (sodium channel, 
nonvoltage-gated) Na+ channels and Cftr (cystic fibrosis trans-
membrane conductance regulator) Cl– channels (Catalan et al. 
2010). Because male and female patients with X-LHED secrete 
less saliva with an elevated NaCl concentration (Nordgarden  
et al. 2003; Lexner et al. 2007), both stages of secretion may be 
compromised in this disease.

In this study, adult Tabby X-LHED mice were utilized to 
test the hypothesis that salivary gland dysfunction linked to 
Eda mutations is caused by impaired fluid secretion and NaCl 
reabsorption mechanisms. Unexpectedly, the acinar cell fluid 
secretion mechanism was intact in the hypoplastic salivary 
glands of adult Tabby male mice (Ta/Y). In contrast, salivary 
glands displayed a pronounced Na+ and Cl– reabsorption defect 
that correlated with loss of ducts and decreased Scnn1 Na+ 
channel expression. Such molecular and functional changes 
may reflect the elevated salivary NaCl concentration observed 
in patients affected with X-LHED.

Materials and Methods

General Methods and Materials

C57BL/6J Aw-J-Ta6J (Tabby, stock 000338) mice were housed in 
microisolator cages with ad libitum access to laboratory chow 
and water during 12-h light/dark cycles. C57BL/6J Aw-J-Ta6J 
mice carry a point deletion mutation on the X chromosome at 
position 1049 of the Eda gene (Ferguson et al. 1997; Srivastava 
et al. 1997). Heterozygous female (Ta/X) mice were mated with 
wild-type male (X/Y) mice to obtain hemizygous Tabby males 
(Ta/Y; Eda-null) and heterozygous Tabby females (Ta/X; har-
boring Eda-null and wild-type alleles). The genotype of the 
resulting offspring was confirmed by polymerase chain reac-
tion, followed by DdeI restriction enzyme digestion, as previ-
ously described (Cui et al. 2006). Experiments were performed 
on 2- to 4-mo-old wild-type Ta/Y and Ta/X mice. All animal 
procedures were approved by the Animal Care and Use 
Committee of the National Institute of Dental and Craniofacial 
Research, National Institutes of Health (ASP 16-802).

Calculation of Cross-sectional Area

Paraformaldehyde-fixed and paraffin-embedded mouse sub-
mandibular gland (SMG), parotid gland (PG), and sublingual 
gland (SLG) were sectioned at 5 μm and stained with hema-
toxylin and eosin. Subsequently, 5 stained sections were then 
randomly selected for each gland from 3 male and 3 female 
12-wk-old mice. Images were captured and analyzed as 
described in the Appendix.

In Vivo Saliva Collection

Mice were anaesthetized by intraperitoneal injection of chloral 
hydrate (400 mg/kg body wt) and fluid secretion stimulated with 
the cholinergic receptor agonist pilocarpine-HCl (10 mg/kg) as 

previously described (Romanenko et al. 2007). The salivas 
secreted by the SMG, PG, and SLG were simultaneously col-
lected from the severed ends of the 3 ducts inserted into indi-
vidual glass capillary tubes.

Ex Vivo Saliva Secretion

Ex vivo submandibular and sublingual salivary gland experi-
ments were performed as previously described (Romanenko  
et al. 2007). Briefly, the glands were surgically dissected and 
transferred to a temperature-controlled perfusion chamber at 
37°C, and the mandibular artery was perfused with a solution 
containing the cholinergic receptor agonist carbachol (0.3 μM) 
and β-adrenergic receptor agonist isoproterenol (1.0 μM) to 
stimulate secretion. Saliva was collected in calibrated glass 
capillary tubes. For amiloride-containing experiments, 10 μM 
amiloride was perfused for 30 min prior to and during stimula-
tion. The ex vivo perfusion solution contained the following 
(in mM): 4.3 KCl, 120 NaCl, 25 NaHCO

3
, 5 glucose, 10 

HEPES, 1 CaCl
2
, 1 MgCl

2
, pH 7.4 gassed with 95% O

2
–5% 

CO
2
 at 37 °C.

Calculation of Na+ and Cl– Reabsorption

The sodium concentration of the collected saliva was analyzed 
by atomic absorption spectroscopy (PerkinElmer Life Sciences 
3030 Spectrophotometer), and chloride activity was measured 
with an Orion Research 940 expandable ion analyzer. The 
measured Na+ and Cl– concentrations of the final saliva are 
presented in the Appendix. The magnitude of Na+ and Cl– reab-
sorption was estimated as described in the Appendix.

Quantitative PCR

Quantitative PCR was performed as previously described 
(Mukaibo et al. 2018). Changes in gene expression were esti-
mated as described in the Appendix.

Statistical Analysis

Results are presented as mean ± SEM showing individual data 
points. Statistical significance was determined with unpaired 
Student’s t test (Origin 7.0 Software; OriginLab). P values 
<0.05 were considered statistically significant.

Results

Decrease in Submandibular and Body Weights 
in Eda-Deficient Mice

Eda gene mutations disrupt mouse SMG development (Jaskoll 
et al. 2003; Melnick et al. 2009; Haara et al. 2011), but the 
effects on PG and SLG development are unclear. Adult Tabby 
6J mice were used to study the X-LHED phenotype in PG, 
SMG, and SLG. The body weights of hemizygous Tabby male 
(Ta/Y) and heterozygous Tabby female (Ta/X) mice were sig-
nificantly decreased by 18.3% and 10.1%, respectively (Table). 
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Table.  Characterization of Salivary Glands in Tabby Hemizygous Male, Heterozygous Female, and Wild-type Mice.

Mean ± SEM (n)a

  X/Y Ta/Y X/X Ta/X

Body weight, g 22.9 ± 0.6 (17) 18.7 ± 0.6 (16) 19.8 ± 0.5 (12) 17.8 ± 0.4 (11)

Gland weight, mg  

  SMG 57.2 ± 1.6 (23) 28.0 ± 0.9 (23) 31.5 ± 1.7 (20) 27.1 ± 0.8 (19)

  PG 21.1 ± 2.4 (9) 21.1 ± 1.7 (9) 19.4 ± 0.8 (12) 16.4 ± 1.4 (10)

  SLG 7.8 ± 0.4 (22) 6.4 ± 0.3 (21) 6.8 ± 0.2 (16) 6.0 ± 0.3 (15)

Ductal/acinar cross-sectional  
  ratio  

  SMG 0.919 ± 0.028 (15) 0.256 ± 0.008 (15) 0.326 ± 0.029 (15) 0.215 ± 0.008 (15)

  PG 0.107 ± 0.012 (15) 0.054 ± 0.008 (15) 0.078 ± 0.010 (15) 0.084 ± 0.010 (15)

  SLG 0.040 ± 0.004 (15) 0.012 ± 0.003 (10) 0.039 ± 0.004 (15) 0.026 ± 0.005 (10)

Saliva flow rate, µL/min  

  SMG  

    In vivo 3.1 ± 0.3 (8) 2.7 ± 0.5 (9) 1.0 ± 0.1 (12) 0.8 ± 0.1 (10)

    Ex vivo 11.8 ± 0.4 (10) 8.0 ± 0.9 (9) 7.1 ± 0.7 (8) 6.5 ± 0.4 (9)

    Ex vivo +Amil 3.5 ± 0.6b (5) 2.7 ± 0.4b (5)  

  PG: in vivo 3.9 ± 0.3 (9) 3.6 ± 0.4 (9) 1.7 ± 0.2 (12) 1.3 ± 0.1 (10)

  SLG  

    In vivo 0.21 ± 0.05 (7) 0.09 ± 0.01 (8) 0.25 ± 0.04 (9) 0.12 ± 0.03 (8)

    Ex vivo 0.7 ± 0.04 (10) 0.6 ± 0.1 (9) 0.7 ± 0.1 (6) 0.8 ± 0.05 (7)

Normalized saliva flow rate,  
  µL/min/100-mg GW  

  SMG  

    In vivo 5.2 ± 0.5 (8) 10.2 ± 1.8 (9) 3.4 ± 0.3 (12) 3.3 ± 0.4 (10)

    Ex vivo 20.2 ± 0.7 (10) 29.4 ± 4.0 (9) 21.2 ± 2.3 (8) 23.1 ± 1.7 (9)

    Ex vivo +Amil 7.3 ± 1.4b (5) 9.4 ± 1.9b (5)  

  PG: in vivo 20.6 ± 3.7 (9) 18.1 ± 2.5 (9) 8.8 ± 1.2 (12) 8.1 ± 0.6 (10)

  SLG  

    In vivo 2.3 ± 0.6 (7) 1.3 ± 0.2 (8) 3.7 ± 0.7 (9) 1.9 ± 0.5 (8)

    Ex vivo 10.4 ± 1.20 (10) 10.9 ± 1.6 (9) 11.0 ± 0.9 (6) 15.9 ± 1.87 (7)

Na+ reabsorption, mM  

  SMG  

    In vivo 151.1 ± 1.3 (7) 117.6 ± 4.0 (9) 144.7 ± 2.3 (11) 143.3 ± 3.7 (10)

    Ex vivo 137.2 ± 4.7 (10) 52.9 ± 6.0 (9) 126.5 ± 6.4 (8) 108.6 ± 4.7 (8)

    Ex vivo +Amil 88.6 ± 9.0b (5) 62.8 ± 3.2 (5)  

  PG: in vivo 63.5 ± 3.4 (9) 49.0 ± 3.4 (9) 78.8 ± 2.8 (11) 72.3 ± 6.3 (10)

  SLG: ex vivo 70.8 ± 2.9 (9) 57.8 ± 1.8 (9) 83.4 ± 5.7 (6) 63.5 ± 1.7 (7)

Cl– reabsorption, mM  

  SMG  

    In vivo 70.7 ± 3.3 (8) 60.1 ± 4.8 (9) 98.5 ± 3.8 (9) 91.8 ± 4.6 (9)

    Ex vivo 84.9 ± 4.0 (10) 33.4 ± 8.6 (9) 75.8 ± 4.9 (8) 73.0 ± 6.7 (8)

    Ex vivo +Amil 49.7 ± 5.8b (5) 16.2 ± 3.0 (5)  

  PG: in vivo 29.8 ± 3.2 (9) 12.2 ± 2.9 (9) 53.1 ± 3.7 (11) 49.2 ± 8.1 (9)

  SLG: ex vivo 29.4 ± 3.1 (9) 5.0 ± 2.7 (9) 36.6 ± 5.4 (5) 18.9 ± 2.9 (6)

The ductal/acinar cross-sectional area ratio and Na+ and Cl– reabsorption were estimated as described in Methods. In vivo saliva was induced by 10 
mg/kg of pilocarpine (intraperitoneal injection), whereas ex vivo glands were stimulated by perfusion with 0.3µM carbachol plus 1.0µM isoproterenol 
in the absence or presence of 10µM amiloride (+Amil). Statistical analysis was performed with the unpaired Student’s t test, P < 0.05. Tabby (Ta/Y and 
Ta/X) values in gray are statistically different from wild-type (X/Y and X/X) littermate mice. For details describing how the magnitude of Na+ and Cl– 
reabsorption was estimated, see Figure 2 and the Appendix.
GW, gland weight; PG, parotid gland; SLG, sublingual gland; SMG, submandibular gland; Ta/X, heterozygous female; Ta/Y, hemizygous male; X/Y and 
X/X, wild-type mice.
aThe number of mice for body weight and the number of glands for all other measurements are shown in parentheses.
bStatistically significant differences (P < 0.05) in ex vivo salivary flow and ion composition in the presence or absence of amiloride treatment between 
male Tabby (Ta/Y vs. T/Y +Amil) and wild-type (X/Y vs. X/Y +Amil) littermate mice.
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The weight of the SMG was decreased more in Ta/Y (51.0%) 
than in Ta/X (14.0%) mice, consistent with Eda-null versus 
heterozygous mutations, respectively. While PG and SLG 
weights also tended to be smaller in Ta/Y and Ta/X mice, the 
loss of gland weight did not reach statistical significance 
except for a modest decrease in the male Ta/X SLG. These 
results reveal that of the 3 major salivary glands the adult male 
SMG weight is most affected by the Eda-null mutation.

Loss of Ducts in SMGs of Tabby Mice

The mouse SMG is composed of >30% ducts, while the PG 
and SLG contain about 10% ducts (Kondo et al. 2015). The 
51% decrease in the SMG weight in Ta/Y mice was associated 
with a dramatic reduction in the contribution of ducts to gland 
mass (Fig. 1A); that is, the ratio of the ductal/acinar cross- 
sectional areas was significantly decreased in the SMG of male 
Ta/Y (72.1%) and female Ta/X (34.0%) mice, as summarized 
in Figure 1B. A significant decrease in the ratio of the ductal/
acinar cross-sectional areas was also seen in the PG and SLG 
of male Ta/Y but not female Ta/X mice (Table). Given that the 
PG and SLG contain only about 10% ducts, it is not surprising 
that the decrease in the ductal cross-sectional areas of Ta/Y PG 
and SLG did not appreciably affect gland weight.

Fluid Secretion Mechanism Is Intact  
in Eda Mutant Mice

When analyzed for salivary flow, the SMG and PG of Ta/Y 
mice displayed in vivo rates comparable to those of wild-type 
X/Y littermates (Fig. 2A and Table, respectively). The SMG 
was further studied with the isolated ex vivo preparation to 
allow analysis at a greater agonist-stimulated flow rate; that is, 
the male ex vivo SMG generates 3- to 4-fold more stimulated 
saliva than the in vivo SMG in Ta/Y and X/Y mice, while the 
SMG of Ta/X and X/X mice produces ex vivo saliva at about a 
7-fold-greater rate than the in vivo SMG. Ex vivo SLG saliva 
was also collected, but too little saliva was produced in vivo to 
permit ion composition analysis. Ta/Y SMG displayed about a 
32% lower ex vivo flow rate as compared with wild-type X/Y 
mice (Fig. 2C). However, when the ex vivo flow rate was nor-
malized to gland weight, the SMG flow rate was greater from 
Ta/Y mice than its X/Y controls, indicating that the acinar cell 
fluid secretion mechanism remains intact in Eda-null mice.

Na+ and Cl– Reabsorption Defects in Salivary 
Glands of Eda-Deficient Mice

When saliva was analyzed for ion concentration, Na+ reabsorp-
tion by the in vivo Ta/Y SMG was significantly decreased 
~22% as compared with X/Y mice, whereas there was a subtle 
nonsignificant decrease in Cl– reabsorption (Fig. 2B). Of note, 
at the higher flow rate in the ex vivo SMG, Eda-null Ta/Y mice 
displayed even greater reductions in Na+ and Cl– reabsorption 
as compared with wild-type male mice (about 60%; Fig. 2D). 

The female Ta/X SMG also showed a significant decrease in 
Na+ reabsorption but of a lesser magnitude, as expected for the 
heterozygous Eda mutation (~14%; Table). There were statisti-
cally significant decreases in Na+ and Cl– reabsorption by the 
ex vivo SLG of male and female Tabby mice but only for Na+ 
reabsorption in the male in vivo PG. Thus, the PG, SMG, and 

Figure 1.  Decrease in the cross-sectional area of submandibular gland 
ducts in Tabby male (Ta/Y) and female (Ta/X) mice. (A) Representative 
hematoxylin and eosin–stained submandibular glands of wild-type (a) 
male X/Y and (c) female X/X and Tabby (b) male Ta/Y and (d) female 
Ta/X mice. Arrowheads indicate granular ducts. Scale bars represent  
200 µm. (B) Quantitative evaluation of submandibular gland (SMG) 
ductal/acinar ratio calculated from cross-sectional areas of images like 
those shown in panel A. Each bar represents the mean ± SEM of 15 
slides from 3 independent mice. The ductal/acinar ratio significantly 
decreased in Ta/Y and Ta/X mice. Unpaired Student’s t test (**P < 0.01).
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SLG of male Ta/Y mice all displayed decreased Na+ and Cl– 
reabsorption, whereas female Ta/X salivary glands showed a 
variable and less severe response to the heterozygous Eda 
mutation.

The in vivo and ex vivo Ta/Y and X/Y SMG data from indi-
vidual glands were plotted for Na+ and Cl– reabsorption versus 
salivary flow rate. We predicted that Na+ and Cl– reabsorption 
pathways would be saturated at higher flow rates and thus 
more vulnerable to the Eda mutation. Indeed, Na+ reabsorption 
was compromised at all flow rates in Ta/Y mice, and it was 

most dramatic at high flow rates (Fig. 3A)—that is, about 25% 
less Na+ reabsorption at low flow rates and 70% less at high 
flow rates. In contrast, Cl– reabsorption was significantly 
impaired only at higher flow rates (Fig. 3B).

Decreased Scnn1 Expression in SMGs  
of Eda-Deficient Mice

Na+ and Cl– reabsorption by the mouse SMG requires func-
tional coupling of Scnn1 Na+ and Cftr Cl– channels (Catalan  
et al. 2010). Consequently, we hypothesized that a decrease in 
Scnn1 and/or Cftr expression might compromise Na+ and 

Figure 2.  Defective NaCl reabsorption in the submandibular glands 
(SMGs) of Tabby male (Ta/Y) mice. (A) Flow rate of in vivo stimulated 
SMG saliva from wild-type male (X/Y; open circle n = 8) and Ta/Y (filled 
circle n = 9) mice (intraperitoneal pilocarpine [PLC], 10 mg/kg body 
weight). (B) Summary of Na+ and Cl– reabsorption of in vivo stimulated 
SMG saliva from panel A. (C) Flow rate of ex vivo stimulated SMG saliva 
in response to 0.3 μM carbachol (CCh) and 1.0μM isoproterenol (IPR) 
from X/Y (open circle, n = 10) and Ta/Y (filled circle, n = 9) mice. (D) 
Summary of Na+ and Cl– reabsorption of ex vivo stimulated SMG saliva 
from panel C. The red broken lines at 157 and 122 mM in panels B and 
D represent the [Na+] and [Cl–] of primary saliva, respectively (see 
Methods). Values are presented as the mean ± SEM. Unpaired Student’s 
t test statistical analysis (**P < 0.01). To estimate the magnitude of 
Na+ and Cl– reabsorption, the measured Na+ and Cl– concentration 
values were subtracted from the previously reported Na+ and Cl– 
concentration values for the primary saliva collected by micropuncture 
from mouse SMG acinar cells (Mangos et al. 1973). The [Na+] and [Cl–] 
of the primary saliva represents the Na+ and Cl– concentrations secreted 
into the acinar lumen. Consequently, subtraction of the final saliva [Na+] 
and [Cl–] as it exits the main duct from the Na+ and Cl– concentrations 
of the primary saliva estimates the amount of Na+ and Cl– reabsorption 
that occurs during transit through the salivary gland ducts. For additional 
details see Appendix.

Figure 3.  The Na+ and Cl reabsorption defect in Ta/Y is flow rate 
dependent. (A) Correlation between in vivo (squares) and ex vivo 
(circles) stimulated saliva flow rate and Na+ reabsorption in wild-type 
male (X/Y; open symbols n = 7 to 10) and Tabby male (Ta/Y; filled 
symbols n = 9) mice (data from Fig. 2). (B) Correlation between in 
vivo (squares) and ex vivo (circles) stimulated saliva flow rate and Cl– 
reabsorption in X/Y (open symbols n = 8 to 10) and Ta/Y (filled symbols 
n = 9) mice (data from Fig. 2). Red dotted lines at 157 mM [Na+] (panel 
A) and at 122 mM [Cl–] (panel B) represent the concentration for these 
ions in primary submandibular gland saliva (Mangos et al. 1973). Blue 
lines represent linear regression of the data points for each group. For 
details describing how the magnitude of Na+ and Cl– reabsorption was 
estimated, see Figure 2 and the Appendix.
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Cl– reabsorption in the SMG of Ta/Y mice. As predicted with 
this model, mRNA expression of Scnn1b and Scnn1g (β and γ 
subunits, respectively) was significantly decreased in Ta/Y 
mice, whereas Scnn1α and Cftr expression levels were compa-
rable in the SMG of male X/Y and Ta/Y mice (Fig. 4A). 
However, a mutation in Eda could affect multiple processes 
other than expression of Scnn1 genes, which could account in 
part for the salivary gland phenotype of the Tabby mouse. 
Nevertheless, in contrast to the decrease in Scnn1b and Scnn1g 
mRNA levels in the Ta/Y mouse SMG, immunofluorescence 
(Ano1, Nkcc1, and Aqp5) and quantitative PCR (Ano1, Nkcc1, 
Aqp5, Chrm1, and Chrm3) results revealed that mRNA expres-
sion and protein targeting of key gene products involved in the 
salivary gland fluid and electrolyte secretion mechanism did 
not significantly change in Ta/Y mice, except for increased 
expression of Ano1 and Aqp5 (see Appendix).

Na+ Channel Inhibition Mimicked the NaCl 
Reabsorption Defect in Eda-Null Mice

The results shown in Figure 4A indicate that disruption of Na+ 
and Cl– reabsorption is likely caused by decreased expression 
of functional Scnn1 Na+ channels in the SMG of Ta/Y mice. 
The Scnn1 channel blocker amiloride was used to further 
establish the link between Scnn1 expression and reduced Na+ 
and Cl– reabsorption in male Ta/Y SMG (Table). In the SMG of 
X/Y wild-type mice, amiloride significantly inhibited Na+ and 
Cl– reabsorption to levels like those seen in Ta/Y mice. In con-
trast, amiloride failed to further reduce the magnitude of Na+ or 
Cl– reabsorption (Fig. 4B, C, respectively) in Ta/Y mice, dem-
onstrating that the effects of the Eda mutation and amiloride on 
Na+ and Cl– reabsorption were not additive.

Discussion
Of the >170 clinically defined ectodermal dysplasias (Priolo 
and Lagana 2001; Visinoni et al. 2009; Pagnan and Visinoni 
2014), X-LHED is most frequently observed (Schneider et al. 
2011; Fete et al. 2014; Kaercher et al. 2015). Genetic mutations 
in EDA disrupt EDA signaling, which results in hypoplastic 
development of epithelial tissues. Hemizygous X-LHED males 
display the most severe phenotype, including hypohidrosis, 
hypotrichosis, hypodontia, and xerostomia, while “carrier” 
heterozygous X-LHED females typically exhibit similar but 
more variable and less severe traits, comparable to the results 
of the present study.

The Tabby X-LHED phenotype is characterized by defec-
tive hair follicles (Cui et al. 2006), teeth (Pispa et al. 1999), and 
sweat glands (Blecher 1986), thus confirming that Eda/Edar 
signaling plays a critical role in the morphogenesis of various 
epithelial tissues. The Eda/Eda receptor (Edar) signaling path-
way has also been linked to developmental defects in mouse 
submandibular salivary glands (Jaskoll et al. 2003; Melnick  
et al. 2009; Haara et al. 2011). Indeed, we found that the adult 
gland weight of the SMG was markedly decreased by >50% in 
male hemizygous Ta/Y mice, whereas the weight of SMG 

decreased <15% in female heterozygous Ta/X mice, which 
retain 1 wild-type allele. In contrast, SLG weight in male hemi-
zygous Ta/Y mice decreased modestly with no change in 
weight for the PG; thus, the effects of the Eda mutation on sali-
vary gland weight were clearly the most dramatic in the SMG. 
Earlier studies with the Tabby X-LHED mouse model focused 
on the SMG; consequently, the effects of Eda disruption on 
organogenesis of the other 2 major salivary glands have not 
been reported. Note that clinical studies have not directly 
addressed if EDA disruption affects salivary gland size in 
patients with X-LHED.

Like the effects of the Eda mutation on SMG gland weight, 
the number of SMG ducts relative to acini was markedly 

Figure 4.  Scnn1 expression and function are critical for NaCl 
reabsorption. (A) Quantitative polymerase chain reaction analysis of 
Scnn1a, Scnn1b, Scnn1g, and Cftr mRNA expression levels in wild-type 
male (X/Y; open bars, n = 8) and Tabby male (Ta/Y; closed bars, n = 9) 
mice. (B) Na+ and (C) Cl– concentration of saliva from submandibular 
gland perfused with 10μM amiloride (+Amil) prior to and during 
stimulation (0.3μM carbachol and 1.0μM isoproterenol, n = 5). The red 
broken lines in panels B and C represent the [Na+] and [Cl–] of primary 
saliva (see Methods). Values are presented as the mean ± SEM. Unpaired 
Student’s t test (**P < 0.01). For details describing how the magnitude of 
Na+ and Cl– reabsorption was estimated, see Figure 2 and the Appendix.
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decreased in male Ta/Y mice and, to a lesser extent, in female 
Ta/X mice. Similarly, the gland weight of the SLG in male 
Ta/Y mice tended to be smaller, and they displayed a signifi-
cant decrease in the cross-sectional area of their ducts. It is 
unclear why female SMG weights and ducts but not female PG 
and SLG were affected in Eda-deficient Ta/X mice. Of note, 
female Ta/X mice harbor a wild-type Eda allele; thus, Eda/
Edar signaling is not completely abolished and may be variable 
in the different salivary glands. The SMG may simply be more 
sensitive to Eda/Edar signaling than the PG and SLG during 
morphogenesis. Regardless, the different members of the Eda/
Edar signaling pathway are expressed during early SMG 
embryogenesis (Gluck et al. 2016) and in the adult PG, SMG, 
and SLG (Gao et al. 2018). However, sex differences were not 
specifically addressed in these studies.

Alternatively, the greater sensitivity of the mouse SMG to 
Eda disruption may involve its unique responsiveness to andro-
gens during development. The mouse SMG contains a subpopu-
lation of specialized duct cells—the so-called granular 
convoluted tubule (GCT) cells (Pinkstaff 1980). Although both 
sexes express GCT ducts, the GCT cells are much larger in male 
SMG due to the inclusion of very large secretory granules 
(Kurabuchi et al. 2002). Of note, individual GCT duct cells in 
male Ta/Y mice appeared to have a cross-sectional area similar 
to that in X/Y mice, suggesting that androgen signaling remains 
intact in Ta/Y mice. Consequently, the dramatic decrease of 
ducts in the SMG of male Ta/Y mice was not due to smaller GCT 
duct cells but, rather, the total number of GCT ducts decreased in 
this mouse. Thus, it appears that Eda plays a major developmen-
tal role in determining the number of GCT cells in the SMG but it 
is less important for the adult phenotype of these cells.

Saliva is generated by a 2-stage mechanism where the 
secretory acinar cells produce a plasma-like, NaCl-rich saliva 
(stage 1), and subsequently, much of the NaCl secreted by the 
acinar cells is reabsorbed upon passage through the ducts 
(stage 2) (Melvin et al. 2005; Lee et al. 2012). Hemizygous 
male and heterozygous female patients with X-LHED secrete 
less saliva with an elevated NaCl concentration (Nordgarden  
et al. 2003; Lexner et al. 2007), suggesting that both stages of 
secretion may be compromised. The saliva flow rate was sig-
nificantly reduced in the SMG of Ta/Y mice, but the flow rate 
was unchanged in the other salivary glands. Fluid secretion by 
human SMGs also appeared to be more affected than the PGs 
of patients with ectodermal dysplasia (Nordgarden et al. 2003), 
but gland size was not evaluated. When the flow rate of the 
SMG was normalized to gland weight, the Ta/Y SMG secreted 
at a greater rate than the SMG of wild-type X/Y littermates, 
possibly suggesting compensation for hypoplastic develop-
ment of the Ta/Y SMG. Thus, considering that the magnitude 
of the decrease in Ta/Y SMG weight corresponded with a 
decrease in the contribution of ducts to the total gland mass, the 
acinar cell fluid secretion mechanism appears to remain intact 
in the SMG of Tabby mice.

In contrast to the intact fluid secretion mechanism, Na+ and 
Cl– reabsorption by the SMG was severely compromised in 
Ta/Y mice. Note that Na+ and Cl– reabsorption was calculated 
(see Appendix for details) per reports showing that the Na+ and 

Cl– secretion mechanism is highly conserved across species 
and different salivary glands (Holzgreve et al., 1966; Mangos 
et al., 1966; Martinez et al, 1966; Martin and Young 1971; 
Kaladelfos and Young 1973). Nevertheless, we cannot rule out 
that such assumptions may affect our calculation; thus, the 
final saliva Na+ and Cl– concentrations are also provided in the 
Appendix.

The decrease in Na+ and Cl– reabsorption directly correlated 
with a decrease in the expression of the β and γ subunits of 
Scnn1 Na+ channels in the SMG of Ta/Y mice. Heteromeric 
ENaC (epithelial Na+ channel) is assembled from 3 homolo-
gous Scnn1 subunits: α, β, and γ (Kashlan and Kleyman 2011; 
Kleyman et al. 2018). NaCl reabsorption is mediated by the 
coordinated activity of Scnn1 Na+ and Cftr Cl– channels in the 
duct cells of salivary glands (Catalan et al. 2010) and sweat 
glands (Reddy et al. 1999); Reddy and Quinton 2003). Hence, 
it seems likely that decreased Scnn1 expression in the SMG of 
Ta/Y mice results in a decrease in the reabsorption of Na+ and 
Cl–. Consistent with this hypothesis, the Scnn1 inhibitor 
amiloride decreased Na+ and Cl– reabsorption in wild-type 
SMG but not that of Ta/Y mice.

The simplest interpretation of these results is that the Eda 
mutation and amiloride act on the same Na+ reabsorption path-
way; thus, Scnn1 function was likely compromised in Ta/Y 
mice. These results also confirm that Scnn1 channel activity is 
functionally linked with that of the Cftr channel; consequently, 
Ta/Y mice also display impaired Cl– reabsorption due to 
reduced Scnn1 activity. Increased Na+ and Cl– concentrations 
(i.e., less NaCl reabsorption) were also found in human whole 
saliva in patients with X-LHED, where the Na+ and Cl– con-
centrations were highest in affected males, followed by carrier 
females (Lexner et al. 2007). One clinical study collected 
saliva from individual parotid and submandibular salivary 
glands, but Na+ and Cl– concentrations were not analyzed 
(Nordgarden et al. 2003). Thus, clinical studies have not 
directly addressed if the NaCl reabsorption defect in patients 
with X-LHED is salivary gland specific. Note that up to 73.5% 
of patients with X-LHED experience respiratory tract infec-
tions in the first year (Blüschke et al. 2010; Fete 2014). Given 
that Scnn1 Na+ channels play a critical role in maintaining the 
volume of airway fluid to facilitate the clearance of bacteria 
and debris, decreased Scnn1 channel expression might also 
contribute to respiratory problems of patients with X-LHED.
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