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Abstract

Objective—The objectives of the current experiments were to develop and characterize primary 

rat nasal epithelial (RNE) cultures and evaluate their usefulness as a model of sinonasal 

transepithelial transport and CFTR function.

Study Design—Laboratory in vitro and animal studies.

Methods—CFTR+/+ and CFTR−/− rat nasal septal epithelia (RNSE) were cultured on 

semipermeable supports at an air-liquid interface (ALI) to confluence and full differentiation. 

Monolayers were mounted in Ussing chambers for pharmacologic manipulation of ion transport 

and compared to similar filters containing murine (MNSE) and human (HSNE) epithelia. 

Histology and scanning electron microscopy (SEM) were completed. Real-time PCR (RT-PCR) of 

CFTR+/+ RNSE, MNSE, and HSNE was performed to evaluate relative CFTR gene expression.

Results—Forskolin-stimulated anion transport (ΔIsc in μA/cm2) was significantly greater in 

epithelia derived from CFTR+/+ when compared to CFTR−/− animals (100.9+/−3.7 vs. 10.5+/−0.9, 

p<0.0001). Amiloride-sensitive ISC was equivalent (−42.3 ± 2.8 vs. −46.1 ± 2.3 p=0.524). No 

inhibition of CFTR-mediated Cl− secretion was exhibited in CFTR−/− epithelia with the addition 

of the specific CFTR inhibitor, CFTRInh-172. However, calcium-activated Cl− secretion (UTP) 

was significantly increased in CFTR−/− RNSE (CFTR−/− −106.8 ± 1.6 vs. CFTR+/+ −32.2 

± 3.1;p<0.0001). All responses were larger in RNSE when compared to CFTR+/+ and CFTR−/− (or 

F508del/F508del) murine and human cells (p<0.0001). SEM demonstrated 80–90% ciliation in all 

RNSE cultures. There was no evidence of infection in CFTR−/− rats at 4 months. CFTR expression 

was similar among species.

Conclusion—The successful development of the CFTR−/− rat enables improved evaluation of 

CF sinus disease based on characteristic abnormalities of ion transport.
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INTRODUCTION

Cystic fibrosis (CF) is the most common lethal genetic disease among Caucasians, affecting 

1 in 2,500–3,500 newborns annually and has a prevalence of 30,000 in the United States 

alone.1,2 The fatal disorder leads to widespread multi-organ pathology due to the 

characteristic triad of chronic stasis of inspissated mucus, microbe trapping, and persistent 

inflammation.3 This results in respiratory complications, gastrointestinal obstruction, 

exocrine pancreatic dysfunction, biliary blockage, and absence of the vas deferens in males.4 

CF is caused by mutations in the CF transmembrane conductance regulator (CFTR) gene on 

the long arm of chromosome 7, which encodes a cell surface anion channel that permits 

chloride (Cl−) and bicarbonate (HCO3) transportation.5 Of the CFTR mutations, F508del 

accounts for two-thirds and results in a three-nucleotide deletion that leads to the absence of 

phenylalanine at position 508.2 Consequently, this leads to production of a misfolded protein 

that is unable to be transported to the cell surface.1 As such, there is a resultant increase in 

sodium and water absorption that cause exocrine secretions to become viscous and 

vulnerable to infection and inflammation.6

The majority of patients with CF develop chronic rhinosinusitis (CRS) due to mucous-filled, 

infected sinuses, and swelling of the intranasal and sinus mucosa.7–14 Symptoms of CRS can 

be incapacitating and characteristically include facial pain and/or pressure, headache, nasal 

obstruction, congestion, and nasal discharge.15–18 Furthermore, sinus anatomy is frequently 

abnormal in CF patients, which additionally contributes to CF sinus disease. In fact, many 

present with evidence of pansinus hypoplasia or aplasia on radiographic imaging.19 While 

CRS in CF patients is symptomatically managed with antibiotics, topical irrigations, and 

surgery, no definitive cure or prevention strategies currently exist. Consequently, this often 

translates to a reduced quality of life (QOL) in these patients. Moreover, the study of CF-

related sinus disease and its pathogenic role in the unified airway are increasingly important 

as CF patients continue to experience premature mortality at 33.4 years20 due to pulmonary 

infection, the leading cause of death in this population.21

Since researchers first linked CF to the loss of CFTR in 198922,23, a number of animal 

models have been studied in an attempt to replicate human pathogenesis of the disease. 

Historically, transgenic CF murine models have been useful for pharmaceutical testing and 

gene modification studies.24 While mice develop CF-related intestinal disease, they fail to 

reproduce many of the additional CF-related manifestations exhibited by most patients.21 

Most notably, mice do not develop upper airway disease and their small size precludes 

thorough examination of CF-related sinus pathology. While both CF porcine25 and ferret26 

models display robust respiratory phenotypes that bear a strong resemblance to that observed 

in humans, they are associated with a number of limitations that hinder their widespread use. 

In addition to high cost, for example, larger models have prolonged gestational periods, time 
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to sexual maturation, and require specialized care.21 Not surprisingly, ethical concerns 

regarding studies in the neonatal period preclude the research of CF pathogenesis in human 

models.

The recent development of the CFTR knockout (KO) rat model (Rattus norvegicus; SD-

CFTRtm1sage), generated by Sigma Advanced Genetic Engineering Labs in collaboration 

with researchers at the University of Alabama at Birmingham (UAB), affords several 

advantages in comparison to previously studied animal models.21 Unlike porcine models, 

rats have a brief gestational period (21–23 days) followed by swift sexual maturation (8 

weeks), which facilitates rapid colony propagation, breeding studies, and longitudinal 

maturation studies.21 Furthermore, rats develop a considerable amount of submucosal glands 

throughout their airway27, which is similar to humans and is thought to represent significant 

underlying pathology in CF.21 Relative to their murine counterparts, CF rat models are 

appreciably larger, which enables the sampling of larger tissue specimens and ameliorates 

the mechanistic exploratory limitations of smaller models.28 Lastly, rats have been widely 

used for both pharmacology and toxicology studies due to their favorable pharmacokinetic 

and biodistribution profiles.29,30 As such, use of rats would eliminate the need for additional 

species by allowing safety and efficacy studies of prospective therapeutic interventions to be 

performed in a single species, which is useful for drug development.21

In the present study, we aim to develop rat nasal septal epithelial (RNSE) cultures and 

evaluate their utility as a model for investigating sinonasal transepithelial transport and 

CFTR function in order to better understand the pathophysiology of CF-related sinus 

disease.

MATERIALS AND METHODS

Acquisition of Rat Models

Institutional Animal Care and Use Committee (IACUC) approval was obtained prior to the 

initiation of the study. Male CFTR+/+ and CFTR−/− rats were bred in the CF Animal Core 

facility at the University of Alabama at Birmingham (UAB) and generated by SAGE Labs, 

Inc. using zinc-finger endonuclease based gene disruption on a Sprague-Dawley rat 

background as previously described.21 CFTR−/− rats have a 16 base-pair deletion of exon 3, 

which leads to loss of CFTR expression.21 Special diets and administration of laxatives were 

administered to CFTR−/− rat models to allow longitudinal evaluation of CF-related 

pathology for a period of months rather than weeks post-weaning. This curtailed prior issues 

regarding reduced body weight and decreased survival in CF rats, which prohibited such 

longitudinal studies.

Scanning Electron Microscopy (SEM)

SEM was performed on rat septal ALI monolayers after two weeks in concordance with our 

previously described study of porcine NSE cultures.31 Filters were rinsed with phosphate 

buffered saline (PBS) and fixed with Karnovsky’s fixative (2.5% glutaraldehyde, 2% 

paraformaldehyde in 0.2M cacodylate buffer; pH 7.4). Ethanol (up to 100%) was used to 

progressively dehydrate monolayers and was followed by treatment with HMDS. 
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Monolayers were then air-dried in a fume hood overnight. Specimens were subsequently 

fixed to SEM stubs and mucosal surface was sputter-coated with gold palladium to a depth 

of 12 nm as previously described.31 An AMR-1400 (Philips Electronics, Austin, TX) 

scanning electron microscope set at an accelerating voltage of 20 kV was used to examine 

mucosal surfaces of ALI monolayers. Photomicrographs of ALI monolayers were taken at 

various angles and then analyzed for percentage of ciliated epithelium.

Histology of Rat Nasal Tissue

CF rats were euthanized and sinonasal cavities assessed for evidence of inflammation and 

infection on histology. Rat nasal septum samples were fixed in 10% formalin and blocks 

were subsequently decalcified, grossly sectioned, embedded in paraffin, thinly sectioned, 

mounted on glass sides, and stained with alcian blue periodic acid Schiff (AB-PAS) for 

identification of mucosubstances. Three random windows of tissue were analyzed for 

submucosal glands per mm basement membrane using an EVO FLC microscope at 20× 

magnification. ImageJ was used to analyze images.

Tissue Culture

With IACUC approval, the nasal septa of wild type (CFTR+/+) and knockout (CFTR−/−) rats 

were collected for this study using our previously described murine dissociation method and 

technique.10,32–40 Harvested tissue was subsequently transferred to 50-mL aliquots of 

dissociation media consisting of minimal essential medium (MEM; Invitrogen), penicillin 

(60 IU/mL), streptomycin (60μg/mL), 1.4 mg/mL Pronase (Roche Applied Science, 

Indianapolis, IN, USA), 0.1μg/mL DNase (Roche Applied Science) and then incubated in a 

5% CO2 chamber at 37°C for 60 minutes previously described.31 Termination of enzymatic 

dissociation was achieved using 5 ml of sterile 5% fetal bovine serum (FBS; Sigma Aldrich). 

To facilitate epithelial cell dissociation, each tube was inverted 12 times. Tissue was 

subsequently removed and the remaining cell suspension was centrifuged before being re-

suspended in cultured media. Cells were incubated at 37°C for 2 hours in 100 mm 

Primaria™ culture dishes (BD Biosciences) to remove any potential contamination by 

fibroblasts. Cell suspensions were then collected, centrifuged, and resuspended. A 

hemocytometer was used to calculate cell yield.

Once cells were collected, they were subsequently suspended with growth medium (BEGM 

BulletKit (CC-3171 & CC-4175) from LONZA, Cat#: CC-3170) and seeded to a density of 

2×105/cm2 on semipermeable support membranes with 24-well transwell filters (Costar® 

Transwell® clear 24-well plate inserts, 0.4μm pore; Corning Life Sciences, Lowell, MA, 

USA). After 48 hours, both basal and apical culture media were replaced with differentiation 

media consisting of Dulbecco’s Modified Eagle’s Medium/Nutrient Mixture F-12 (DMEM/

F-12, Life Technologies), 10% Nuserum (BD Biosciences), 2% fetal clone II (HyClone™), 

2.5μg/mL insulin (Sigma Aldrich), 0.25% bovine brain extract (Lonza), 20nM 

hydrocortisone (Sigma Aldrich), 500nM triodothyronine (Sigma Aldrich), 2.5μg/mL 

transferrin (Life Technologies), 250nM ethanolamine (Sigma Aldrich), 1.5μM epinephrine 

(Sigma Aldrich), 250nM phosphoetheanolamine (Sigma Aldrich), and 10nM all trans-

retinoic acid (Sigma Aldrich). After another 24 hours, apical differentiation media and non-
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adherent cellular debris were removed and discarded. Basal differentiation media was 

discarded and replaced every 48 hours.

Primary sinonasal epithelia from F508del/F508del humans and CFTR−/− mice were 

additionally utilized for this study and cultured at an air-liquid interface according to 

previously established protocols.32–34

Bioelectric Measurements

Solutions and chemicals—All chemicals were obtained from Sigma Aldrich. The 

contents of the bath solution consisted of (in mM): 120 NaCl, 25 NaHCO3, 3.3 KH2PO4, 0.8 

K2HPO4, 1.2 MgCl2, 1.2 CaCl2, and 10 glucose, with a pH of 7.3–7.4 in a bubbled mixture 

of 95% O2:5% CO2 at 37°C. All studies were conducted in low Cl− (6 mM) mucosal baths. 

Pharmacologic manipulations were prepared with the following: amiloride (100 μM), 

forskolin (20μM), CFTRINH-172 (10μM), and UTP (150 μM) as previously described.31 

Amiloride was administered to inhibit epithelial sodium channels (ENaC) in order to assure 

that any changes in short-circuit current (ISC) are independent of effects upon ENaC activity. 

Forskolin is an indirect CFTR activator that acts via a cAMP-dependent pathway while 

CFTRInh-172 is a highly specific inhibitor of CFTR that blocks CFTR dependent chloride 

current. Treatment with UTP results in stimulation of calcium-activated chloride channels 

(i.e. TMEM16A21), increased cytosolic Ca2+, and promotes calcium-mediated ciliary beat 

frequency (CBF).

Short circuit current and conductance measurements—Transwell inserts were 

mounted in Ussing chambers for ion transport monitoring and pharmacologic blockade as 

previously described.31 Cell monolayers were evaluated under short-circuit conditions after 

compensation of fluid resistance with automatic VCC 600 voltage clamps (Physiologic 

Instruments, San Diego, CA, USA). Inserts were then fixed in the bath solution bubbled with 

95% O2:5% CO2 at 37°C. Short-circuit measurements were taken at 1 sample/second with 

the assumption that positive deflections represent a net movement of the anion from the 

serosal to the mucosal surface.

CFTR Gene Expression

Total CFTR RNA was isolated from CFTR+/+ rat, human (HSNE), and murine nasal septal 

epithelium (MNSE) with RNeasy mini kit (Qiagen, Valencia, Ca) per manufacturer’s 

instructions, and quantitative real-time polymerase chain reaction (RT-PCR) was performed 

as previously described.11

Statistical Analysis

Statistical analysis was performed using two-tailed, unpaired t-tests for all Ussing chamber 

studies of CFTR+/+ and CFTR−/− RNSE cultures and tissue. When comparing Ussing 

chamber studies and CFTR expression among the different species, statistical analysis was 

performed using one-way ANOVA. A post-hoc Tukey’s Honest Significant Difference 

(HSD) test was conducted in instances where group means exhibited significant difference. 

For all calculations, a p-value < 0.05 was considered statistically significant. Values are 

reported as mean ± standard error of the mean.
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RESULTS

Ciliary differentiation visualized with SEM

Primary RNSE cultured ALI monolayers demonstrated confluency and complete 

differentiation by day 14 with a resistance of >350 Ω/cm2. At 14 days, scanning electron 

micrographs of RNSE cultured ALI monolayers exhibited 80 to 90% ciliation throughout 

the apical monolayer surface (figure 1).32

CF sinus epithelia demonstrated normal histology

AB-PAS staining of 5 CFTR+/+ and 4 CFTR−/− rat maxillary sinonasal epithelia were 

examined for submucosal gland density, measured as submucosal gland per mm basement 

membrane (figure 2). CFTR+/+ rats exhibited an average of 11 ± 0.9 submucosal glands per 

mm while CFTR−/− exhibited 12.8 ± 1.0 submucosal glands per mm (p=0.25). Although the 

average number of submucosal glands was increased in the CFTR−/− rats, both groups 

exhibited normal submucosal gland morphology with no evidence of distention or plugging.

Ion transport phenotype of CFTR+/+ and CFTR−/− rat nasal septal tissue

Ussing chamber analysis of nasal septal tissue was performed on both wild type (CFTR+/+, 

n=3) and knockout (CFTR−/−, n=3) rats after pharmacologic manipulation with amiloride, 

forskolin, CFTRInh-172, and UTP (figure 3). Amiloride-sensitive ion transport (ΔIsc in 

μA/cm2) was significantly more reduced in nasal septal tissue of CFTR−/− rats vs CFTR+/+ 

(−207.0 ± 28.3 [CFTR−/−] vs −56.1 ± 19.4 [CFTR+/+], p=0.0098). Forskolin-stimulated ISC 

was significantly greater in rat nasal septal tissue derived from the CFTR+/+ when compared 

to CFTR−/− (1143.1 ± 59.9 [CFTR+/+] vs 298.4 ± 119.0 [CFTR−/−], p=0.002). Addition of 

the CFTR-specific inhibitor, CFTRInh-172, led to inhibition of CFTR-mediated Cl− secretion 

in both CFTR+/+ and CFTR−/− rats. However, this was not statistically significant (−58.1 

± 41.8 [CFTR+/+] vs −21.4 ± 1.5 [CFTR−/−], p=0.22). Calcium-activated Cl− secretion with 

UTP was increased in both the CFTR+/+ and CFTR−/− rats; however, this was not significant 

(259.0 ± 68.3 [CFTR+/+] vs 638.0 ± 251.5 [CFTR−/−], p=0.714).

Ion transport phenotype of CFTR+/+ and CFTR−/− RNSE cultures (figure 4)

Ussing chamber analysis of NSE cultures was performed on both CFTR+/+ (n=12) and 

CFTR−/− (n=12) rats after pharmacologic manipulation with amiloride, forskolin, 

CFTRInh-172, and UTP. Similar to rat nasal septal tissue, amiloride-sensitive ISC was 

significantly enhanced in CFTR−/− RNSE cultures, indicating increased Na+ absorption in 

CFTR deficient states (−84.8 ± 6.9 vs −42.3 ± 2.8 [CFTR+/+] ; p<0.0001). Forskolin-

stimulated anion transport was significantly greater in RNSE derived from CFTR+/+ when 

compared to CFTR−/− rats (100.9 ± 3.7 vs. 16.6 ± 1.2, p<0.0001). CFTR−/− epithelia 

demonstrated no change in baseline ISC with the addition of the CFTR-specific inhibitor, 

INH-172 (0 [CFTR−/−] vs. −45.1 ± 2.2 [CFTR+/+], p<0.0001). However, calcium-activated 

Cl− secretion with UTP was significantly increased in CFTR−/− RNSE (126.5 ± 3.9 vs. 32.2 

± 3.1 [CFTR+/+]; p<0.0001) and suggests that there is a compensatory increase of calcium-

activated Cl− transport in CFTR deficient states, which is similar to that seen in mice.41
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CFTR+/+ and CFTR−/− RNSE cultures have increased ion transport phenotype when 
compared to mice and humans

With the exception of UTP-stimulated ISC, both wild type (CFTR+/+) and knockout 

(CFTR−/−) nasal septal epithelial (NSE) cultures exhibited pharmacologic responses that 

were significantly larger than those observed in mice and humans (F508del/F508del).

Ussing chamber analysis was performed on NSE cultures derived from CFTR+/+ rats (n=12), 

mice (n=12), and humans (n=12) after pharmacologic manipultion with amiloride, forskolin, 

CFTRInh-172, and UTP (figure 5). Amiloride-sensitive ISC was significantly greater in 

RNSE (−42.3 ± 2.8 vs. −10.2 ± 0.9 [MNSE] vs. −8.1 ± 1.1 [HSNE], p<0.0001). Forskolin-

stimulated ISC was also markedly larger in RNSE when compared to MNSE and HSNE 

(100.9 ± 3.7 vs. 27.9 ± 2.8 [MNSE] vs. 28.8 ± 1.2 [HSNE], p<0.0001). INH-172 blockade 

was also more robust in RNSE vs MNSE and HSNE (−45.1 ± 2.2 vs. −24.5 ± 2.3 [MNSE] 

vs. −29.5 ± 1.4 [HSNE], p<0.0001). Calcium-activated Cl− secretion with UTP-stimulated 

ISC was most robust in MNSE (42.8 ± 1.7 vs. 32.2 ± 3.1 [RNSE] vs. 23.6 ± 1.1 [HSNE], 

p<0.0001). Tukey post-hoc analysis indicated RNSE Isc was significantly different from 

MNSE and HSNE under all pharmacologic conditions (p<0.05).

Ussing chamber analysis was also completed on NSE cultures from CFTR−/− rats (n=12), 

mice (n=12), and humans (n=12) after pharmacologic manipulation with amiloride, 

forskolin, and UTP (figure 6). All responses were markedly greater in RNSE when 

compared to mice or humans. Amiloride-sensitive ISC (−83.4 ± 7.0 vs −21.1 ± 2.4 [MNSE] 

vs −2.4 ± 0.6 [HSNE], p<0.0001), forskolin-stimulated ISC (16.7 ± 1.2 vs 3.1 ± 1.0 [MNSE] 

vs 1.4 ± 0.3 [HSNE], p<0.001), and calcium-activated Cl− secretion with UTP (126.4 ± 4.1 

vs 52.7 ± 3.9 [MNSE] vs 11.9 ± 2.4 [HSNE], p<0.0001) were all significantly more robust 

in RNSE cultures. Post-hoc Tukey’s HSD tests revealed amiloride, forskolin, and UTP-

sensitive ISC were significantly different for all group comparisons (p<0.05) except for 

forskolin-stimulated ISC in MNSE vs HSNE.

CFTR expression in wild type rats is comparable to that seen in mice and humans

PCR was performed to evaluate the relative amounts of CFTR mRNA expression in 

CFTR+/+ NSE cultures derived from CFTR+/+ rats (n=3), mice (n=3), and humans (n=3). 

CFTR expression was comparable between all 3 groups (97.0+/−3.0 [RNSE] vs 129.9+/

−22.0 [MNSE] vs 91.1+/−30.0 [HSNE], p=0.376) (figure 7).

DISCUSSION

The use of various animal models has been paramount in advancing our understanding of the 

pathophysiology of cystic fibrosis. Additionally, they facilitate the development of novel 

drug therapies to improve CF treatments. In the past, murine models have often dominated 

CF animal studies, as CFTR−/− mice are readily available for both in vivo and in vitro 
studies. While they do exhibit CF gastrointestinal pathology, mice fail to reproduce many of 

the characteristic traits observed in humans.23 As such, researchers have developed a number 

of animal models in an effort to more accurately imitate the wide range of multi-organ 

pathology seen in humans with CF.
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Our current study aims to characterize RNSE cultures that were developed at an air-liquid 

interface (ALI) for the purpose of studying CF sinusitis. We found that the overall phenotype 

of ion transport in RNSE cell cultures is quite comparable to electrically robust, mucociliary 

epithelium of the sinonasal airways and exhibits Cl− -secretory and Na+-absorptive 

pathways. These findings are valuable for allowing future in vitro studies of CF airway 

physiology, particularly for the purpose of pharmacotherapeutic testing.

When comparing RNSE cultures and tissue, we found that cultures demonstrated a more 

vigorous ion transport phenotype as compared to tissue. Unlike CFTR−/− rat NSE tissue, 

RNSE cultures were found to have statistically significant CFTRInh-172 and UTP-stimulated 

ΔISC. However, both CFTR−/− cultures and tissue demonstrated a statistically significant 

reduction in forskolin-stimulated ΔISC. In contrast to previous CFTR−/− rat studies of 

tracheal short-circuit currents21, we found that forskolin-stimulated anion transport was 

significantly greater in both RNSE cultures and tissues derived from the WT when compared 

to KO rats. This is a relatively expected finding since forskolin enhances the activation of 

CFTR, which is almost negligible in the CFTR−/− rat. Whether the previous postulation by 

Tuggle et al. that CFTR in WT rats is constitutively active and thus less susceptible to 

forskolin-stimulated activation remains unclear.21 However, there appears to be an 

observable difference between tracheal and RNSE ISC measurements. Interestingly, we 

found that RNSE tissues were more sensitive to amiloride-stimulated ISC than RNSE 

cultures, which may indicate that tissues exhibit higher levels of Na+ transport at baseline. 

Nevertheless, we found that RNSE cultures are preferable over RNSE tissues for conducting 

ion transport studies with pharmacologic manipulation as changes in ISC appear to be more 

appreciable when directly comparing CFTR+/+ and CFTR−/− phenotypes.

Similar to what has been demonstrated in murine and prior rat CFTR−/− models, all RNSE 

preparations exhibited robust calcium-activated Cl− secretion as measured by UTP-

stimulated ISC, which is also consistent with what is observed in humans.41,42 However, this 

is in stark contrast to what we found in our previous study of porcine NSE cultures, which 

demonstrated a markedly diminished calcium-activated Cl− secretion as measured by 

activation of UTP.31 Unlike the CFTR−/− porcine model31, rats do not appear to develop 

spontaneous sinus disease. In fact, the development of spontaneous sinus disease in CF pigs 

may be due, in part, to certain phenotypic differences when compared to CF rats. For 

example, pigs do not express abundant alternative Cl− channels as seen rats.43 Abundant 

calcium-activated Cl− secretion could provide alternative pathways that result in a normal 

CF rat sinus phenotype. This suggests that, similar to murine models, rats do not develop 

observable manifestations of CF-sinus disease in vivo. Thus, rats too are likely to be limited 

in their translational utility. Still, histopathologic evaluation of maxillary sinus tissue in WT 

and KO rats exhibited some observable differences, with CFTR−/− rats demonstrating a 

greater amount of submucosal glands per millimeter basement membrane. Although the 

mechanism for development of sinus disease is largely unknown, we previously attributed it 

to reduced alternative Cl− transport pathways in our study of porcine CFTR−/− models.31 We 

speculated that the absence or non-functionality of vigorous alternative pathways play a role 

in development of sinus disease in pigs. This is in contrast to what we observe in the current 

study, which demonstrates a strong UTP-mediated ISC in both rats and mice and suggests 

that alternative Cl− pathways are present, functional, and potentially serve to ameliorate Cl− 
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ion imbalance in these models. While these conjectures require further evaluation, there are 

likely several factors involved in the development of CF sinonasal disease.

Overall, when compared to mice and humans, RNSE cultures demonstrate similar CFTR 

gene expression and nasal electrophysiological profiles but a significantly more robust ion 

transport phenotype. These findings suggest that RNSE cultures are more responsive and 

susceptible to ion transport modulators than their human and murine counterparts. This 

further supports our conclusions that RNSE cultures represent a good model for in vitro 
pharmacologic manipulation studies. The phenotype exhibited by RNSE in both CFTR+/+ 

and CFTR−/− rats suggests they may be a better model for in vitro ion transport studies when 

compared to mice.

CONCLUSIONS

While CFTR−/− rats do not appear to develop spontaneous sinus disease, our study 

characterizing NSE cultures in WT and KO rats demonstrated several findings to suggest 

that the rat is a useful model for in vitro ion transport studies. RNSE cultures could represent 

a physiologically applicable means for studying CF-related sinonasal disease and provide a 

useful model for pharmacologic studies in CF by providing a relevant comparison to in vivo 
rat nasal potential difference measurements. Furthermore, future studies attempting to 

induce sinus infection in the CF rat are planned.
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Figure 1. 
CFTR+/+ and CFTR −/− rat nasal epithelia at high (25×) and low (5×) magnification are well 

differentiated when cultured at an air-liquid interface. Polarized epithelia are highly 

differentiated with widespread ciliogenesis. Robust ciliary beating with 80 to 90% ciliation 

was identified in all cultures.
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Figure 2. 
AB-PAS staining of CFTR+/+ and CFTR−/− rat maxillary sinonasal epithelia was examined 

for submucosal gland density at 25× magnification and measured as submucosal gland per 

mm basement membrane. CFTR−/− rats demonstrate higher density of glands, which 

areindicated by the black arrows.
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Figure 3. 
(A) Representative Ussing chamber current tracings and (B) summary of current 

measurements with SEM from CFTR+/+ and CFTR−/− rat nasal septal epithelial tissues 

following administration of amiloride, forskolin, CFTRInh-172, and UTP.
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Figure 4. 
(A) Representative Ussing chamber current tracings and (B) summary of current 

measurements with SEM from CFTR+/+ and CFTR−/− rat nasal septal epithelial cultures 

following administration of amiloride, forskolin, CFTRInh-172, and UTP.
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Figure 5. 
CFTR+/+ species comparison of ion transport phenotypes with (A) representative Ussing 

chamber current tracings and (B) summary of current measurements with SEM from 

CFTR+/+ rat, mouse, and human nasal septal epithelial cultures following administration of 

amiloride, forskolin, CFTRInh-172, and UTP.
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Figure 6. 
CFTR−/− species comparison of ion transport phenotypes with (A) representative Ussing 

chamber current tracings and (B) summary of current measurements with SEM from 

CFTR−/− rat, mouse, and human nasal septal epithelial cultures following administration of 

amiloride, forskolin, and UTP.

Tipirneni et al. Page 17

Laryngoscope. Author manuscript; available in PMC 2018 November 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 7. 
CFTR+/+ species comparison demonstrating relative amount of CFTR expression in rat, 

mouse, and human.
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